
Technical Report 1681
September 1994

VLF Cutler Hollow
Core Cable
Repair/Replacement

P. Hansen

Approved for public release; distribution is unlimited.



i

EXECUTIVE SUMMARY

OBJECTIVES

The objective of this project was to find a solution to the hollow core cable breakage prob-
lem in the VLF Cutler topload. A field survey was conducted. Some candidate solutions were
developed and costed out. Drawings and specifications were prepared for two of these options.

RESULTS

The findings of the field survey were the following: (l) The 225-ft sections of hollow core
have never been observed to break; only the 775-ft sections have broken. (2) Severe icing condi-
tions often exist at Cutler during winter, and deicing is necessary for the topload conductors. The
support catenary does not deice, and short sections of conductor cable could be attached to it that
would not deice. (3) No spare Calsun bronze� or hollow core cable was on site. The spare cable
on site is not suitable as a topload conductor because it does not have enough resistance to deice
properly. (4) The panel hoist winches are already at maximum load, and increasing the total
weight in the topload panels is not practical.

Maintaining the existing operational capability to operate at full power down to 14 kHz is
desirable in order to provide contingency long-range coverage when using the planned split-
array mode. One operational area that could be reached in this way is the Arabian Sea. Surface
electric field calculations indicate that a 1.5-inch-diameter cable is necessary to eliminate corona
formation at the lower frequencies. This eliminates the option of repairing the hollow core cable
by replacing the end fittings and making up the lost length by extension of the l-inch-diameter
Calsun bronze.

CONCLUSIONS

Four options are presented that retain full existing operational capability, and replace or
repair only the 775-ft hollow core sections. Option 2 is the recommended long-term solution
with option 4 recommended for short-term, or emergency repairs if necessary. Options 1 and 3
are included as contingencies.

(1) Replace the 775-ft sections of hollow core with a specially made 1.47-inch-diameter
cable having a stainless steel core and copper alloy exterior. This will add 7750 lbs to the outer
portion of the topload and requires a commensurate reduction in insulator weight. The amount of
weight reduction required cannot be achieved by removing insulators from the existing strings of
Lapp insulators without reducing the withstand voltage below acceptable limits. Thus, this
option requires replacing the Lapp insulators with new Racal-Decca safety core insulators. The
cost of this option is $2.2M for the new cables installed, with another $0.75M for the new
insulators.

(2) Cut and replace the end fittings on the hollow core, retaining a 250-ft section while
replacing the remaining 550 ft with a specially made 1.3-inch-diameter cable having a stainless
steel core and copper alloy exterior. The cost of the cable alone for this option is estimated to
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be $1.43M ($0.75M less than option 1). This option adds less weight to the topload so compen-
sating weight reduction can be accomplished by removal of a few Lapp insulators; thus, saving
the cost of new insulators (an additional $0.75M). The only drawback is the lack of experience
in the manufacture of composite cables and some uncertainty as to the breaking strength of this
cable. This is not a serious drawback as the breaking strength will likely be acceptable for the
Cutler application.

(3) Cut and replace the end fittings on the hollow core sections, while retaining as much
cable as possible. The total length cut out by this and the previous repair would be approximate-
ly 16 ft, which would be made up with 1.5-inch copperweld cable (nondeicing) located at the
support catenary end. This solution is less expensive (estimated at $500k) and extends the hol-
low core life about 10 years, at which time the same repair could be repeated by using a longer
(25-ft) section of copperweld.

(4) Repair the existing hollow core by cutting and replacing the end fittings only on severely
damaged sections. Replace the missing 16 ft of hollow core with 1.01-inch copperweld having a
1-inch copper jumper in parallel (nondeicing) as a 2-wire cage with cable separation of 4 inches,
center to center. VLF Jim Creek has copperweld cable available and can produce the sections.
The major cost is installation, which could be done by Cutler personnel.

Drawings have been prepared by LANTNAVFACENGCOM for options 3 and 4, which are
included as appendix E. Originally, option 3 was to be the interim or emergency fix. However,
option 4, which was developed after preparation of the option 3 drawings, is the simplest and
least expensive and, therefore, became the recommended option for interim or emergency
repairs.

RECOMMENDATIONS

(l) The above options range from a permanent, but expensive, 100% replacement program to
an inexpensive interim repair for individual cables as needed. Since the extent of the problem
cannot be known until the internal condition of the cables is determined, it is recommended that
the Navy x-ray all 192 hollow core connections before deciding which option to pursue.

(2) Jim Creek personnel should prepare some 1.01-inch-diameter copperweld sections
according to the drawings provided and ship them to Cutler to have available as an interim or
emergency fix (option 4) should the x-ray program indicate that any hollow core cables have 
six or more broken wires. Also, procure the special clamps required to maintain the 4-inch 
center-to-center spacing between the copperweld cable and the 1-inch copper jumper.

(3) A firm price should be obtained from vendors for the recommended 1.3-inch-diameter
cables, and plans and costs developed for the installation of option 2 as the permanent fix.

(4) No spare cable exists on site for either the l-inch-diameter Calsun bronze or the 1.5-inch
hollow core conductor cables used in the Cutler antenna topload. No vendor can supply either of
these cables off-the-shelf. We did, however, find an off-the-shelf alumoweld cable, 1.01 inches
in diameter, that could be used as a direct replacement for the Calsun bronze. If the alumoweld
cable is installed as a partial replacement, and is in contact with copper alloy cables, suitable
bimetallic fittings will be needed to reduce electrolytic corrosion.
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BACKGROUND

The U.S. Navy operates several very low frequency (VLF) and low frequency (LF) transmit-
ting sites around the world as part of the submarine broadcast system (SBS). The Navy has used
LF radio broadcasts for ship-to-shore communications since the turn of the century. The Navy’s
VLF/LF shore transmitting sites have been constructed, modified, and upgraded at various times
over the course of this history. The antennas at each site are unique in that they are of different
types, constructed at different times, operate at different frequencies, have different radiated
power capabilities, have different bandwidths, etc.

The Cutler VLF transmitter, located in Washington County, ME, became operational on
4 January 1961. The Cutler antenna consists of two arrays, each having six diamond-shaped
topload panels made up of cables hoisted by halyards that are attached to 13 towers. Each panel
has eight active cables, called conductors, that carry the radio frequency (RF) current. One sup-
port catenary cable crosses the eight conductors in the center of the diamond. The RF conductors
in these topload panels are specially designed with low enough resistance to have acceptable
losses for VLF radiation, but enough resistance to enable deicing with 60-Hz current during win-
ter months. Most of the cables consist of a 1-inch-diameter strand of a special alloy called Cal-
sun bronze. However, in order to provide corona-free operation at the high-radiated power lev-
els, some sections of the conductors are 1.5 inches in diameter. The 1.5-inch diameter conductors
were specially made with hollow center conductors covered by Everdure� alloy exterior wires
in order to meet the size, strength, resistance, and weight requirements for use in the antenna.
These cables, known as hollow core cables, make up part of the outer two cables on each panel.
The hollow core sections on the cables inside of the catenary are 225 ft long, while those on the
outside of the catenary are 775 ft long.

During 1972, a fractured cable wire was found on the exterior of one hollow core cable near
one of the terminals. More detailed inspections of the cables were done in 1972, ’73, ’74, and
’75. Damage to the hollow core cables was found in 22 locations on the 775-ft cables. The entire
antenna systems consists of 192 hollow core cable terminals. Half of these are on the ends of the
long hollow core cables and half on the ends of the short hollow core cables.

A major effort was carried out over several months by the Naval Civil Engineering Labora-
tory (NCEL) to determine the cause of the fractured cables and recommend a fix. This effort
included radiographic (x-ray) inspection of the cables, and installation of an accelerometer on a
cable at Cutler. The radiographic inspection revealed internal damage in the form of broken
wires that could not be observed externally. NCEL recommended immediate repair or replace-
ment for cables with six or more broken wires. In order to determine internal damage, an x-ray
program was undertaken each summer for several years. Conversations with the NCEL person-
nel involved indicated that the damage was caused by large wind-driven vibrations that occur
under rare special circumstances. All of the failures occurred within a few inches of the terminal
fittings on the longer hollow core cables. No breaks have occurred in the 1-inch cables that
attach to the hollow core.

Because no direct replacement for the hollow core cable was available during the NCEL
effort, the recommendation was to repair the hollow core by cutting off the damaged portions
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and installing new swage-type end fittings. These fittings are large crimp-on connectors or termi-
nals. The length of cable removed by the cutting was to be replaced by inserting a piece of hol-
low copper pipe at each end. The 1-inch-diameter copper-cable electrical jumper across the
mechanical junction was to be clamped to the hollow core cable in the usual way. In addition,
the jumper would be clamped to the terminal fitting with a special clamp to add support to the
hollow core cable in the area near the terminal end. This repair was subsequently implemented.
Replacement of all 96 terminals on the 775-ft pieces of hollow core were completed from 1978
to 1989.

Recently (summer 1992), a few years after completion of these repairs, exterior cable dam-
age was visually observed at two locations near the new terminals on two of the 775-ft hollow
core cables. This was the same type of symptom that eventually led to the 100% repair project.
Because of this, the Commander, Naval Computer and Telecommunications Command
(CNCTC) decided to replace all the hollow core cable, if possible, and tasked NRaD to specify a
suitable replacement cable. Specifically, it was to be determined if the hollow core could be par-
tially or completely replaced by the spare 1-inch-diameter Calsun bronze cable thought to be
available on site. We were also asked to investigate the possibility of using off-the-shelf non-
deicing cables.

To date, the visual inspections of the cable that have been accomplished show minor exterior
damage in only two locations. This, by itself, does not dictate the necessity for a replacement
project. However, due to the hollow core construction, internal breaks can exist with no external
evidence. The overall cable condition, including internal wires, can not be determined visually.
An x-ray program is needed to determine the present extent of damage. This information can be
used to estimate the breakage rate and remaining cable life.

APPROACH

Field surveys were performed at the Cutler transmitter to examine the damaged cables, spare
cable, deicing process, and to interview the personnel involved. Reference documents were
obtained that described the previous NCEL effort. Surface electric fields on the topload wires as
a function of position and frequency were determined by computer calculation. Corona voltage
limitations on wires of similar diameter were measured at the Forestport High Voltage Test
Facility. Various manufacturers were contacted, but no off-the-shelf cable having suitable diame-
ter, strength, weight, and resistance was found. Kershner, Wright and Hagaman P.C. (KW&H)
was contracted to locate a replacement cable and, subsequently, designed several special cables
of various diameters that could be used in place of the hollow core. However, these cables are all
heavier than the existing cable and very expensive. One manufacturer was found that could pro-
duce these cables (Sherburne Metal Products, Inc.) and a quote was obtained.

ANTENNA DESCRIPTION

The U.S. Navy VLF transmitting station at Cutler, ME is the “flagship” of the Navy’s fixed
very low frequency (FVLF) transmitting sites and has been operational since 4 January 1961.
The station is located in Washington County, ME on a peninsula near the small town of Cutler.
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This site normally operates with a radiated power level of 1-million watts termed “full
power,” and at times as high as 1.8-million watts radiated, termed “maximum power.” In order
to radiate power levels of this magnitude in the VLF band, an enormous antenna system is
required. The Cutler VLF antenna consists of two separate arrays (north and south), each con-
sisting of 13 towers. Every array has a center or zero tower called NO (for the north array) and
SO (for the south array), which are 997.5 ft tall. Each array has six middle towers 875.0 ft tall,
which are located with equal spacing on a circle of radius 1825 ft centered on the zero tower.
Each array also has six outer towers 799.0 ft tall, also equally spaced on a circle of radius 3070
ft centered on the zero tower. A plan view of this antenna is given in figure 1. Every array is
over 1 mile across and, together, they cover almost the entire peninsula. This antenna system is
one of the largest in the world.

Figure 1.  VLF Cutler.

Each array consists of six diamond-shaped panels made up of cables supported from the tow-
ers by insulated halyards leading to permanent winches located at the bottom of each tower. A
top view of one panel is given in figure 2. Each panel has eight active cables called conductors
that carry the RF current. One support catenary cable crosses the eight conductors in the center
of the diamond. The RF cables in these topload panels are specially designed to have low enough
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resistance to have acceptable loss for VLF radiation, but enough resistance to enable deicing by
running 60-Hz current through them when needed during the winter.

Most of the conductor cables consist of 1-inch-diameter wire made from a special alloy
called Calsun bronze. However, in order to provide corona-free operation at the high-power lev-
els, some sections of the cables are 1.5 inches in diameter. These cables, specially made with
hollow center conductors covered by exterior wires, were made of Everdure alloy in order to
meet the size, strength, resistance, and weight requirements. The cables, known as hollow core
cables, make up part of the outer two cables on each panel. The hollow core sections on the
cables inside of the catenary are 225 ft long, while those on the outside of the catenary are 775 ft
long.

The halyards are insulated from the panels by a string of 16 Lapp compression cone fail-safe
insulators with large grading rings on each end (figure 2). Each individual fail-safe insulator
weighs 750 lbs and the complete insulator string, plus hardware, weighs more than 6 tons. One
insulator string is on each panel corner, and the total weight of insulators on each panel exceeds
24 tons.

Figure 2.  Cutler topload panel.
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DEICING

The weather conditions along the coast of Maine are such that severe icing occurs during the
winter months. The original requirement for the VLF Cutler transmitter called for continuous
operation in all weather conditions. In order to survive severe icing, the antenna halyards are
lead through a counterweight system so that as the ice buildup increases the panel weight, the
counterweights let the halyards out, lowering the panel. The counterweight system is designed to
allow the panels to lower all the way to the ground, if necessary. During installation, this actually
happened. As the ice melts, the counterweights hoist the panels back to their original position;
thus, the arrays will survive no matter how large the amount of ice buildup.

However, as the ice builds up and the panel lowers, the antenna capacitance increases and the
antenna must be retuned. The tuning range is limited and the limit eventually reached whereby
the antenna can no longer be tuned and transmission ceases. The solution to this problem is to
deice the antenna system by heating the wires with 60-Hz current. Constructing a deicing system
that would allow simultaneous transmission and deicing would have been prohibitively expen-
sive. Instead, two arrays have been built that allow transmission on one array while the other is
deicing. This approach allows ice to build up on the transmitting array while the other array is
deicing. When the one array is sufficiently deiced, the roles are reversed. This continues as long
as necessary. Obviously, for this approach to allow continuous transmission, the deicing system
must completely remove ice from one array in, at most, the amount of time it takes to reach the
tuning limit on the other array. The design value for heating chosen to accomplish this was 1.64
Watts per square inch of surface area, which corresponds to approximately 500 kW per panel or
3 MW for the entire array. The Cutler deicing system has the capability of operating at up to four
times this much heating. Note that deicing power significantly exceeds transmit power.

The topload panels are fed by a four-wire cage made up of 1-inch copper cables. For trans-
mitting, eight topload panel cables are all fed in parallel, one pair fed by each of the cage wires.
For deicing, the topload cable pairs are fed in series with 60-Hz current. To provide the correct
amount of heating with reasonable 60-Hz current, the topload cables need to have an appropriate
resistance. For a given current, the heating in watts per square inch should be essentially the
same for all cables. The deicing system is configured such that each 1-inch-diameter copper
cable in the feed cage carries the full deicing current. This current is divided between two of the
1-inch-diameter topload conductors. Since heating is proportional to current squared, these
topload cables must have about four times the resistance of the feed cage cables to provide the
same heating. This was accomplished by making the 1-inch topload cables out of Calsun bronze,
which has a conductivity equal to 19% of copper.

The heating in the 1.5-inch-diameter portion of the cables must be 50% greater than in the
1-inch diameter cable because the surface area is proportional to the diameter. Consequentially,
the larger diameter sections must have more resistance, which is contrary to the normal variation
of resistance with diameter. This was accomplished by making a composite cable known as hol-
low core by using hollow copper tubes in the inner portion and wires of a copper alloy called
Everdure, which has a conductivity equal to 7.75% of copper, for the outer portion. Mechanical
connections of the topload conductor cables are made using swage-type end fittings combined
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with clevis shackles. Electrical connection is insured by crossing the mechanical connections
with a 1-inch-diameter copper jumper cable clamped to the cables on both sides.

HOLLOW CORE BREAKAGE HISTORY

VLF Cutler became operational in 1961. The panels are lowered for inspection each summer
during a maintenance period. During 1972, a fractured cable strand was found in the 1.5-inch
hollow core cable near the tip of one of the cable terminals. More detailed inspections of this
area were done in 1972, ‘73, ‘74, and ‘75. Similar damage to the hollow core cables was found
in 22 locations. There are 192 hollow core cable terminals in the entire antenna system. Half of
these are on the longer 775-ft sections and half are on the shorter 225-ft sections. The damage
was only observed on the longer cable sections. A major effort was carried out by NCEL to
determine the cause and to recommend a fix for this problem. This effort included radiographic
(x-ray) inspection of the cables, and installation of an accelerometer on a cable for observation
of the vibrations that remained in place for several months (Lew & Takahashi, 1976; Gaberson
& Takahashi, 1975).

The results of the NCEL analysis indicated that the failures were caused by wind-driven
vibrations of the cable and jumper, which flexed the hollow core cable at the location where it
entered the end fitting. Conversations with Mr. Tingley Lew and Dr. Howard Gaberson of NCEL
indicated that the vibration problem was caused by large aeolian vibrations (vortex shedding and
galloping). Dr. Gaberson indicated that these large amplitude vibrations are rare and occur only
when the wind conditions are just right. All of the failures observed to date have occurred in the
750-ft hollow core cables because they are longer and subject to more wind vibration. The report
also indicated that a large share of the failures were in panels approximately orthogonal to the
prevailing north wind direction. All of the failures occurred about 2.5 inches from the end of the
swage terminals. These swage terminals are large crimp type connecters that cover approxi-
mately 2 ft of the cable at the end. The swage fitting provides a stiff connection to the cable;
thus, any cable motion flexes the cable most at the point where it exits the swage. The major
share of the breaks were in the outer layer of hollow tubes, located just under the outer layer of
solid strands. No breaks were observed in the 1-inch Calsun bronze hollow core or in the shorter
225-ft sections of hollow core.

Dampers were not recommended as part of the solution for two reasons. First, it was felt that
the clamp on the vibration dampers available at that time could lead to localized stress in the
vicinity of the clamp and result in more failures. Secondly, the analytic results prepared by
NCEL indicated that the many modes with differing frequency could cause the damage. Which
modes were causing the damage could not be determined. Therefore, their frequencies could not
be specified. Since the available dampers absorb energy in a limited frequency range, it was not
possible to select the appropriate dampers.

It was recommended that the hollow core cable ends be radiographed yearly, and that any
cable with six or more broken wires, which corresponds to a 10% reduction in breaking strength,
should be repaired immediately. The recommended repair procedure is described in detail in
Lew & Takahashi (1976).

As there was no replacement hollow core cable available at that time, the recommended
repair was to cut off the damaged cable portions, replace the end fittings, and add a solid copper
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bar insert to make up for the length of cable cut off. A 1-inch copper cable electrical jumper was
to be clamped to the hollow core cable in the usual way. In addition, the jumper would be
clamped to the terminal fitting (swage) with a special clamp in an attempt to reinforce the hol-
low core cable near the terminal. It was recommended that all of the 192 hollow core cable ends
be repaired in this manner.

Lew and Takahashi (1976) give a detailed procedure for cutting and replacing the swage ter-
minals on the hollow core cable. They recommend cutting the hollow core cable at a distance of
21 inches from the tip of the old swage terminal. Cuts to remove damaged portions of the cable
could be made up to 33 inches from the tip. New terminations were put on the cable ends and a
copper rod insert with stainless steel buffers for wear resistance was used to make up for the
length cut off. In addition, two shackles were added to allow rotation in two directions. The
insert and shackles are 4.5 ft long and add approximately 1-ft total length when the cut location
is 21 inches. If the cable were cut at the 33-inch position, the extra length added by the insert
would only be about 2 inches. The extra length is added so that the cable will not be under any
increased tension. Mr. Lew said that vibration rates and, hence, strand breakage rates increase
rapidly with tension. This suggests the possibility of extending the life of the hollow core by
reducing the tension in the hollow core conductors. This was discussed with the NAVFAC struc-
tural engineers, (Prince and Deneky)�, and was rejected because it would redistribute the ten-
sions throughout the topload. This would change the configuration of the topload and require a
new structural analysis to be sure no failure would occur under heavy wind loading. Also, reduc-
ing tension can actually increase large scale oscillations (galloping), which is the primary candi-
date for the failure mechanism.

The repaired portion of each terminal includes about 9.5 ft of material (copper bar, shackles,
jumper cable, and clamps) that does not have the appropriate resistivity to enable deicing by
electrical heating. Both Mr. Lew and Dr. Gaberson indicated that this would not cause a struc-
tural problem (which appears to be so) as this fix has been in place for several years now. In a
phone conversation, T. K. Lew (6 April 1993) recommended that, in the future, all extension
pieces required for repairs of both ends of the cable should be located at the end of the cable
nearest to the tower (catenary). This would reduce problems that might result from increased
loading if the extension pieces did not deice well. He also indicated, due to the uncertainty of the
amount of cable cut off, making the extension longer, so as to lengthen the spans by 1 or 2 ft
would reduce tension.

Conversations with Mr. Lew indicated that approximately four terminations were replaced
during the 1978—1979 time period using the recommended method. He observed the first two
repairs and stated that great care was taken to select swage materials compatible with the cable.
The swage termination and the cable should have, as near as possible, the same modulus of elas-
ticity. It is not known if this was done for all repairs.

Mr. George Thomas of NAVCOMMU Cutler indicated during a phone conversations with
Mr. Jim Schukantz (NRaD) that with the technique developed by NCEL between 1985–1989,
they completed replacement of all 96 end fittings on the 775-ft hollow core cable sections. Thus,

______________
1Prince, R., and B. Deneky, Chief Engineer for towers and structural engineer at LANTNAVFACENGCOM,
personal communications.
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all the 775-ft hollow core sections have new end fittings that were installed over a period of 11
years (1978—1989). The shorter 225-ft sections of hollow core have not been repaired and still
have the original end fittings.

THE SPECIFIC PROBLEM

During the summer maintenance period of 1992, breaks in the external portion of the hollow
core wires were observed near two of the hollow core terminations. As a result, CNCTC decided
to find a suitable cable to replace the 1.5-inch hollow core and tasked NRaD to find such a cable.
The original requirement was to find a suitable 1-inch cable to replace the 1.5-inch hollow core
cable. More specifically, could the hollow core cables be replaced with the spare 1-inch-diameter
Calsun bronze cable thought to be on site and/or easily obtainable. A part of the investigation
was to include the investigation of the possibility of using a cable that would not deice.

APPROACH

Field surveys were performed at Cutler to examine the damaged cables, the spare cable, deic-
ing records, and to interview the personnel involved. Reference documents were obtained that
documented the previous NCEL effort. Surface electric fields on the topload wires as a function
of position and frequency were determined by computer calculation. Corona voltage limitations
on wires of similar diameter were measured at the Forestport High Voltage Test Facility. Various
manufacturers were contacted, but no off-the-shelf cable having suitable diameter, strength, and
weight was found. KW&H were contracted to locate a suitable cable and subsequently designed
several special cables of various diameters that could be used in place of the hollow core. These
cables are all heavier than the existing hollow core cable and quite expensive. KW&H found one
manufacturer (Sherburne Metal Products, Inc.) who would quote on these cables.

FINDINGS

CABLE DAMAGE

The field surveys concluded that no damage to hollow core has ever been observed on the
shorter (225 ft) sections.

At present, external evidence of damage exists at the two locations shown below. The con-
nection number refers to the numbered locations in figure 2.

Panel Nearest Connection Replacement
Number Tower Number Date

N-5 N6 3 1986
N-3 N2 5 1984

The external damage is similar to that previously observed (broken outer strands). At pres-
ent, one outer strand is broken in one location, and two outer strands are broken at the other
location. The breaks are within 2 inches of the jumper clamp near the swage end fitting.
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NCEL recommended that clamps containing the copper jumper wire be replaced on the hollow
core cable and a nearby clamp on the termination fitting in an attempt to reinforce the hollow
core cable at the point where it enters the swage termination. However, all this did was to move
the location of the problem. Note that the time from replacement to initial evidence of external
failure was 6 to 8 years. The time until repair becomes absolutely necessary is not known
because the internal condition of the cable is not known. To date, only visual inspections of the
cable have been accomplished, and only minor exterior damage in two locations is visible. This,
by itself, does not dictate the necessity for a replacement project. However, due to the hollow
core construction, the cable can have internal breaks with no external evidence. The overall
cable condition, including internal wires, cannot be determined visually. An x-ray program is
needed to determine the extent of present damage, which can be used to estimate the breakage
rate and remaining cable life.

SPARE CABLE ON SITE

The station list of spares includes 2000 ft of spare 1-inch-diameter Calsun bronze cable. No
such cable is on site now. No spare 1.5-inch hollow core cable is listed in the spares list nor on
site now. One cable reel containing a cable similar to the Calsun bronze was found in the riggers
storage yard. This reel contains about 2530 ft of cable from which an 18-inch section was cut
and taken to Forestport for further analysis. This cable is made up of 37#7 wires and the outer
layer of wires appear to be made up of Calsun bronze, while the core wires appear to be copper.
Resistance measurements confirmed that the outer layer of wires has the conductivity of Calsun
bronze (19~ Cu), and the inner wires have the conductivity of pure copper. This cable would not
be suitable as replacement for the topload conductors as its net resistance is too low for deicing,
and the strength of this cable would be less than the Calsun bronze cable.

The conclusion is that there is no spare cable for either the 1-inch-diameter Calsun bronze or
the 1.5-inch-diameter hollow core topload conductors at Cutler.

DEICING RECORDS

The deicing records, beginning in 1986, were obtained from the power plant. Analysis of
these records shows that deicing is used at various times in the months between August and
April. The power applied was between 3 MW and 6 MW, but was typically at or near 6 MW.
There were 93 incidents, which include some amount of time deicing one of the two arrays over
the seven winters from 1986 through 1994, or about 13 incidents per winter. Each incident goes
from a few minutes up to a little more than 1 hour of deicing.

Typically, several incidents occurred in a sequence as the deicing power was switched
between the two arrays several times. For example, during the winter of 1986–1987 six major
periods of deicing were listed, which consisted of respectively 7, 2, 3, 5, 10, and 3 incidents.
During recent winters, four major periods of deicing have taken place. For example, during the
winter of 1991–1992, four major periods consisting of 4,2,2, and 2 incidents, and during the
winter of 1992–1993, four major periods consisting of 2,1,4, and 6 incidents occurred. During
the last winter (1993–1994), there were 3 major deicing periods consisting of 4,1, and 4 inci-
dents.
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Sometimes, these major periods of deicing are spread over more than 1 day. For example, on
24 February 1994, deicing started at 11:46 AM and continued intermittently until 11:05 AM the
next day.

Conversations with the station personnel indicated that thick ice (approximately 2 radial
inches) was observed on the guy wires during the winter of 1992—1993.

The deicing circuit is such that the cross support catenary does not carry current and does not
deice. This is a very heavy cable and, presumably, the design considered ice loading on this
cable. Thus, short sections of repair or replacement cable that will not deice could be located at
the catenary with no effect on structural integrity.� The information cited throughout this section
was obtained from documentation of the previous NCEL effort.

The conclusion is that icing is a major consideration at Cutler and using cables that will deice
over most of their length is necessary; but, short sections that did not deice are acceptable as
long as they were located at the support catenary.

CORONA CONSIDERATIONS

The diameter of the cables in the topload was chosen to keep the surface electric fields below
the level that causes corona. The antenna modelling computer program NEC-IV was used to cal-
culate the charge density on the topload wires as a function of position and frequency (Deneris &
Logan, included as appendix A). Surface electric field (gradient) was calculated from the charge
density for the assumption of smooth wires using maximum power radiated from a single array
(worst case) (Deneris et al, 1994). Figure 3 shows the calculated gradient along the outside two
cables in the outer half panel operating at 14 kHz. The curves labeled 1.5 inches are for the
existing configuration with 775 ft of hollow core cable and the remainder 1-inch cable. The
curves labeled 1 inch are for a hypothetical configuration with all 1-inch-diameter cable. For the
existing configuration, the gradient is locally maximum at two locations; one on the 1.5-inch-
diameter wire that occurs at the catenary, and the second on the 1-inch-diameter wire at the con-
nection between the 1-inch- and 1.5-inch-diameter cables. Figures 4 and 5 give similar curves
for the gradient, which is much lower, when operating at 17.8 kHz and 24.0 kHz.

Originally, the designers estimated that the maximum gradient would be on the outer conduc-
tors near the catenary and designed the system to have a gradient of less than 0.8 kV/mm at that
location. A plot of the gradient at this location versus frequency taken from the original model
study (Alberts et al., 1957) is given in figure 6. Included on this figure is the gradient at the same
location calculated by NEC-IV, which gives excellent agreement. From this plot, it is seen that
the gradient at 14.0 kHz on the 1.5-inch-diameter cable is slightly above the corona requirement
of 0.8 kV/mm. The curve in figure 6 labeled NEC4 1 inch shows the maximum gradient on the
1-inch-diameter wire where it attaches to the 1.5-inch cable. At 14.0 kHz, this gradient is
slightly above 1 kV/mm. Figure 6 also includes the maximum power antenna base current for
single array operation versus frequency from Picard & Burns (1961), which was used to calcu-
late the gradients.

______________
2Prince, R., and B. Deneky, Chief Engineer for towers and Structural Engineer at LANTNAVFACENGCOM,
personal communications.
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Figure 3. Cutler VLF tophat (14.0 kHz).

Figure 4. Cutler VLF tophat (17.8 kHz).
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Figure 5. Cutler VLF tophat (24.0 kHz).

Figure 6. Cutler topload, maximum gradients single array, 1.5-inch and 1-inch cables.
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MEASURED CORONA EXTINCTION GRADIENTS

The gradient for corona extinction was measured on two frequencies at the Forestport High
Voltage Test Facility for several wires having diameters in the vicinity of 1 inch. The results are
shown in figure 7. Note that the gradient was calculated as if the wire were smooth.

By extrapolating the curve of figure 7 to a 1.5-inch- (38. 1-mm) diameter wire, a design gra-
dient of 0.8 kV/mm for wet conditions is adequate. Note that the frequency factor would make
the extinction gradient a few percent higher than the results of figure 4 at 14.0 kHz (Watt &
Hansen, 1992).

For the 1-inch- (25.4-mm) diameter wire, a reasonable wet design gradient from figure 7
would be 0.95 kV/mm at 28 kHz and a few percent more at 14.0 kHz.

Using the above design limits and examining figure 3, it is clear that the Cutler design is
marginal at 14.0 kHz from the point of view of corona formation. In fact, the 1.5-inch-diameter
cable would need to be extended and the 1-inch-diameter cable shortened to reduce the maxi-
mum gradient on the 1-inch cable below the design limit of 0.95 kV/mm.

For operation on 17.8 kHz, the curve labeled “outer wire 1” in figure 4 gives the gradient
that would exist if the 1.5-inch wire were replaced with a 1-inch-diameter wire. This curve indi-
cates that this replacement would result in marginal operation at 17.8 kHz because the maximum
gradient is slightly in excess of 0.95 kV/mm.

Figure 7. Corona extinction gradient versus diameter (uncorrected for air
dens).
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SPECIAL CABLES

KW&H designed several special cables of various diameters that could be used in place of
the hollow core. Table 1, taken from their report (included as appendix B), shows the options
they considered. Table 2 gives weights, breaking strength, and resistance for the KW&H recom-
mendations, as well as the various other cables that have been considered.

Table 1.  Alloy and strand makeup for Cutler panels.

OFF-THE-SHELF CABLES

Several manufacturers were contacted, but no off-the-shelf cable with suitable diameter,
strength, weight, and resistance was found that could replace the hollow core directly. Most of
the off-the-shelf cables considered are aluminum or alumoweld. Table 2 lists a 1.01-inch-diame-
ter alumoweld cable that has the appropriate parameters to replace the 1-inch Calsun bronze,
including a resistance only 7% less than that of the existing cable. However, if this cable were to
be used as a partial replacement, a method for corrosion control would be needed in locations
where the aluminum interfaces with copper alloy. The corrosion problem has been solved at Jim
Creek by using special bimetallic interfaces at these connections.
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REPAIR/REPLACEMENT OPTIONS

The available options have been analyzed and compared for practicality and cost. The four
options presented all assume retention of full existing operational capability, and replacement or
repair of the 775-ft hollow core sections only. Option 2 is the recommended long-term solution
with option 4 recommended for short-term or emergency repairs, if necessary. Table 2 contains
further information about the various cables considered and the options listed below are indi-
cated in the table by number.

OPTION l

Replace the 775-ft section of hollow-core cable with the cable labeled EVR 651 in table 1
(the KW&H recommended solution). The EVR 651 cable has a 1.47-inch diameter and consists
of 37#6, #302 stainless steel alloy wires in the core with 27#6, #651 low silicon bronze alloy
wires on the outside. Sherburne Metal Products, Inc. of Sherburne, NY has provided a bid to
supply 48,000 ft of this cable at $1.5M (appendix C). Before installation, the cable would need
to be prestressed, cut, and end fittings put on, estimated to cost another $200k.

This cable adds 2.05 lbs/ft, or 7524 lbs per panel, over the weight of the existing hollow core
cable. This added weight requires the removal of about 10 insulators per panel to equalize the
weight. The details of the removal of these insulators needs to be worked out. At least two insu-
lators per string of 16 could be removed without degrading the withstand voltage. However,
since three or more insulators would need to be removed from some strings, the withstand volt-
age could be reduced enough to impact performance. This is considered a major drawback to this
approach.

Installation, including removal of the appropriate insulators, is estimated to cost $500k and
would take place over two summers. Most of the work could be done with only one array down,
except for the panels in the bow tie area between the two arrays, which would require 1 week
each of down time. The replacement project would take place over two summers, one for each
array.

To avoid any performance reduction that would result from the removal of so many insula-
tors, it is strongly recommended that new insulators be used to reduce the weight for this option.
The existing Lapp compression cone insulators can be replaced with special high-strength Racal-
Decca safety core insulators. The details of the new insulators, such as the number, size, and
grading hardware need to be worked out. Without further analysis, it is estimated that one Racal-
Decca insulator per corner will be needed if the large existing corona rings are retained. A
detailed design effort may indicate that only one insulator is needed. The new insulators will cost
about $15k each, including hardware and shipping. Thus, estimated total cost for new insulators
at all 48 panel corners is $750k. The cost of insulator installation is estimated to be the same as
the cost of removing the Lapp insulators, which is included in the above cost of cable installa-
tion. Thus, the total cost of this option will be $2.2M for the new cable and up to $0.75M more
for new insulators.
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OPTION 2

KW&H recommended two 1.3-inch-diameter cables, which are shown in tables 1 and 2. One
cable is made up entirely of a copper alloy with 8.5% conductivity of copper. The other is a spe-
cial cable using a higher conductivity copper alloy Cu 851 for the exterior and a stainless steel
core. A 1.3-inch-diameter cable could be used without reducing operational capability by retain-
ing a length of the 1.5-inch-diameter hollow core cable in the region where the gradient is high-
est. The approach is to retain 250 ft of the hollow core in the outer half panel at the catenary end.
The remaining 550-ft section would be replaced with the new 1.3-inch-diameter cable. A plot of
the estimated gradient at 14.0 kHz is included in figure 8, which shows that the maximum gradi-
ents for this option are within the design limits for corona formation.

Figure 8.  Cutler VLF tophat.

This short length of hollow core presumably would not have the breakage problem. Even if it
did, enough spare hollow core remains to replace it two more times. The remaining 550 ft would
be made up of the new special stainless-steel core 1.3-inch-diameter cable. This cable adds 0.684
lbs/ft, or about 1505 lbs per panel, and requires removal of only two insulators per panel. This
option will be less expensive than option 1 because the cable diameter and length required are
smaller; thus, less material is required.

Originally, the all Cu 8.5 alloy cable recommended by KW&H was thought to be less expen-
sive as it is made entirely of the same alloy. Unfortunately, a supplier for the Cu 8.5 alloy cable
has not yet been found. Sherburne has stated that they will make a slightly modified version of
the other 1.3-inch-diameter cable suggested by KW&H (table 1), which consists of a core of
19#6, #302 wires, with an exterior made up of 41#6, copper alloy CDA 651 wires, which Sher-
burne produces regularly. This composite cable is acceptable and is included in table 2. It would
add slightly less weight than that added by the alternative of 100% copper alloy and requires
removal of only three insulators per panel.
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To make this cable, Sherburne will use two subcontractors: one to supply the stainless steel
and another to strand the cable. The quote given in appendix C for 30,000 ft is $727,310. Sher-
burne has not had any experience with composite cables and the above quote includes the cost of
a 500-ft trial sample for testing to be sure that the cable actually meets the requirements. They
are somewhat concerned about the final breaking strength, which is hard to predict for composite
cables. However, it is almost certain that the final breaking strength for this type of cable will be
acceptable. The estimated cost for stretching, cutting, and installation of end fittings for this
cable is again $200k. Installation cost is the same as option 1, or $500k, for a total of $1.43M.
New insulators are not necessary, but can be added to this solution for $0.5M. Option 2 is the
least costly long-term solution and should last indefinitely. It is the recommended long-term fix,
given that one is needed, and dependent on the outcome of the x-ray program.

OPTION 3

A third option, suggested by Bernie Deneky of LANTNAVFACENGCOM, would repair the
hollow core by cutting off the ends and replacing the new end fittings while retaining as much
hollow core as possible. The length cut out by this and the previous repair is approximately 16
ft, which would be replaced with a section of 1.5-inch copperweld cable (nondeicing) located at
the support catenary end. This solution is relatively inexpensive (less than $750k without new
insulators) and extends the life of the hollow core about 10 years, at which time the same repair
could be repeated by using a longer (20-ft) section of copperweld for another 10 years or so. One
drawback of this solution is that the 1.5-inch copperweld is a special order.

OPTION 4

This option is similar to option 3, but uses 1.01-inch copperweld cable for the added 16-ft
piece. The Navy already has this cable on site at VLF Jim Creek, and it could be made available
for the cost of the end fittings and shipping.

In order to control the gradient, this cable would have to be paralleled with a 1-inch copper
jumper held in place by Burndy clamps. In effect, this forms a 2-wire cage. Appendix D gives
the details of the calculation of the maximum gradient that would occur on a small section of the
2-wire and 3-wire cage in the Cutler topload by using the methods of Hansen (1992). The gradi-
ent versus wire spacing at 14 kHz for 2- and 3-wire cages made from 1.01-inch wire and located
near the catenary are given in figure 9. Note that the 2-wire cage gradient is slightly over 0.9 kV/
mm, which would be acceptable for a 1-inch-diameter wire from figure 5. However, the equiva-
lent diameter to use for the corona onset of a cage is not known exactly. At 60 Hz, some data
indicate the cage equivalent diameter for capacitance (see appendix D for definition) is a good
approximation to the equivalent diameter for corona onset (see figure 6 of Miller, 1956). If this
is so, then the design gradient for the cage should be 0.8 kV/mm. In order to get gradients below
this value, the 2-wire cage would need to have the wires spaced apart with a center-tocenter wire
separation of 4 inches. From figure 9, it is shown that a 3-wire cage would be acceptable with
wire separation of only 1 inch. These are the recommended wire separations for these two cages.
It would be useful to investigate this phenomena to determine a better value for the equivalent
radius for corona onset. The 4-inch wire separation for the 2-wire cage means that the special
clamps will be required, giving the wires the required 4-inch center-to-center separation. For the
3-wire cage, the standard clamps give adequate spacing.
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Figure 9. Cutler topload estimated cage gradient 1.01-inch-diameter wires near the catenary.

This cage section will not deice, but since it is short and located at the support catenary, this
is acceptable. The major cost of this option involves installation, which could be done by Cutler
personnel. This fix would extend the life of the hollow core for about 10 years and could be
repeated once more for another 10 years. It is the least expensive and could easily be available to
start installation by next summer. The 2-wire version of this option is the recommended short-
term fix for any cables that the x-ray program indicates will need immediate repair.

Drawings have been prepared by LANTNAVFACENGCOM for options 3 and 4, which are
included as appendix E. Originally, option 3 was to be the interim or emergency fix. However,
option 4, which was developed after preparation of the option 3 drawings, is the simplest and
least expensive and, therefore, became the recommended option for interim or emergency
repairs.
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CONCLUSIONS AND RECOMMENDATIONS

(1) The repair/replacement options range from a permanent, but expensive, 100% replace-
ment program to an inexpensive interim repair for individual cables, as needed. Since the extent
of the problem cannot be known until the internal condition of the cables is determined, it is rec-
ommended that the Navy x-ray all 192 hollow-core connections before deciding which option to
pursue.

(2) Jim Creek personnel should prepare some 1.01-inch-diameter copperweld sections
according to the drawings provided. These sections should be shipped to Cutler to have available
as an interim or emergency fix (option 4) should the x-ray program indicate that there are any
hollow core cables with six or more broken wires. Also, the special clamps required to maintain
the 4-inch center-to-center spacing between the copperweld cable and the 1-inch copper jumper
should be procured.

(3) Pursue option 2 as the permanent fix by developing plans and costs for the installation of
the 1.3-inch cable. This will include having NAVFAC engineers work with the manufacturer to
be sure the cable will be structurally acceptable.

(4) No spare cable exists on site for either the 1-inch-diameter Calsun bronze or the 1.5-inch
hollow core conductor cables used in the Cutler antenna topload. No vendor is available that can
supply either of these cables off-the-shelf. We did, however, find an off-the-shelf, 1.01-inch-
diameter alumoweld cable that could be used as a direct replacement for the Calsun bronze. If
the alumoweld cable is installed as a partial replacement and is in contact with copper alloy
cables, suitable bimetallic fittings would be needed to reduce electrolytic corrosion.
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OBJECTIVE

Our objective in this analysis is to predict the changes in current and charge distribution on
the VLF antenna at Cutler, Maine, after the proposed hollow core wire replacement. We present
results at 17.8 kHz and 24.0 kHz for two antenna configurations. All data is normalized to a 1.0
ampere feedpoint current.

ANTENNA GEOMETRY

The actual antenna at Cutler consists of two toploaded monopoles. Each monopole has six
diamond shaped panels made up of wires. These panels are arrayed as a six pointed star. Due to
the enormous size of each antenna, we considered only one monopole in this analysis.

Each array is suspended from 13 conducting, grounded towers. A center tower supports one
point of all six diamonds. There are two concentric rings of six towers, symmetric about the cen-
tral tower. The outer ring supports the outside corner of each diamond. The inner ring supports
the remaining points of each panel. All the panels are insulated from the supporting towers.

Each panel has eight wires that run from the center tower to the outer tower. The inner four
wires are 1 inch in diameter. The outer four wires have a stepped diameter of 1.5 inches near the
inner tower ring. These wires are scheduled for replacement by 1–inch–diameter wires.

COMPUTER MODELS

We performed the antenna analysis using the single precision version of the method–of–mo-
ments computer program NEC–4. We used two configurations for the calculations. The first
model (configuration 1) used 1.0 and 1.5 inch diameter wires, while the second (configuration 2)
used only 1.0 inch wires. Figure 1 is a view of the whole antenna. Figures 2 and 3 show the top
view of a single panel for configuration 1 and 2 respectively.

Since the actual antenna is rather complex, we made several approximations to construct the
models. For instance, we modeled the panel elements as straight rather than catenary wires.
None of the guy wires are modeled, and we assume a perfect ground. Since none of the towers
are electrically connected to the panels, they are freestanding in the model. In the feed region,
we used only one downlead for each panel. Also, since the center tower is not fed, the feed struc-
ture is somewhat asymmetric. This causes a slight drift in current and charge values from panel
to panel. Finally, since the dual outer wires on each side of the panels are so close, we were
forced to alter the geometry somewhat to allow NEC–4 to recognize them as separate wires. The
critical area on these wires is at the insulators, near the inner tower ring. Therefore, we modeled
them as a single wire near the vertex of each panel. At a distance of 17.15 m. (one segment
length) from the vertex, they split into two wires. The angle between the two wires is correct to
achieve the specified separation at the inner tower ring.

We used a large number of segments to give the best resolution possible for the current and
charge distributions. Samples of both quantities are provided at approximately 17 m. intervals.
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However, this required 2997 unknowns and took several hours to run. We thought it impractical
to increase the resolution beyond this point. Table 1 summarizes some of the specific dimensions
used for each configuration. The wire numbers correspond to those in Figures 2 and 3. The
1.5–inch wires in configuration 1 that we have plotted data for are 9, 24, 27, and 28. The
1.0–inch wires are 18, 19,31, and 32. The wire numbers for configuration 2 are 9, 18, 19, and
24.

Table 1.  Dimensions of the NECA Cutler antenna model.

RESULTS

For this analysis, we calculated effective height (), input impedance, and current and charge
distributions for both configurations. Table 2 presents the effective height and impedance results
for both 17.8 and 24.0 kHz.

Table 2.  Cutler VLF antenna analysis results.

The attached graphs contain plots of the current and charge distributions for the outer two wires
on a representative panel. The graphs are grouped by frequency and compare the results with and
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Figure 1.  Antenna model from above.

Figure 2.  Plan view of a single panel.
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Figure 3.  CFG2 panel.
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17.8 kHz DATA
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24.0 kHz DATA
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APPENDIX A
SECTION II

A COMPUTER ANALYSIS OF THE USNRS CUTLER VLF ANTENNA
ADDENDUM: 25 FOOT SEPARATION CONFIGURATION

by

C. A. Deneris and J. C. Logan
NRaD, Code 824
12 February 1993
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OBJECTIVE

Our objective in this analysis is to compute the change in charge distribution on the VLF
antenna at Cutler, Maine, when the separation distance between the outer two panel wires
changes from 54 to 25 feet. We wish to determine if the charge decreases for this configuration.
As before, we present results at 17.8 kHz and 24.0 kHz. All data are normalized to a 1.0 ampere
feed current.

COMPUTER MODEL

Presently, the dual outer wires on the Cutler antenna are 16.5 meters (54 ft) apart at the
middle catenary insulator assembly. We modeled this configuration (configuration 2) in our pre-
vious analysis. We now investigate the change in charge distribution when the separation
decreases to 7.62 meters (25 ft).

As with configuration 2, the small distance between the two extremely long wires forces us
to model them as a single wire near the vertex of each panel. However, we have to increase the
length of the single wire from approximately 33 meters (108 ft) to 273 meters (895 ft). This is a
significant change, but it is necessary to allow NEC–4 to recognize the wires as separate. The
segmentation is similar to configuration 2. Charge samples occur at approximately 17 meters
(56 ft) intervals. This results in 2829 unknowns. Table 3 summarizes some of the dimensions for
this model. The wire numbers correspond to those in figure 4.

Table 3.  Dimensions of the NEC-4 Cutler antenna configuration 3 model.

Configuration 3: 25� Separation

Inner Panel Outer Panel

Outer Wire (18) Inner Wire (19) Outer Wire (9) Inner Wire (24)

Length (m) 207.4 203.4 480.1 476.3

Radius (m) 0.013 0.013 0.013 0.013

RESULTS

We calculated input impedance and current and charge distributions for the antenna. Table 4
contains the impedance results for both frequencies. The values are very close to those for the
previous configurations.

Since we are primarily interested in charge distributions, the attached graphs do not contain
any current distribution information. However, these data are available if necessary. The graphs
compare the configuration 3 results with those for configuration 2. As before, the charge is
plotted as a function of distance from the middle catenary. “Inner Panel” refers to the side of the
panel from the middle catenary to the center tower. The “Outer Panel” is the other side.
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Table 4.  Cutler VLF antenna configuration 3 impedance calculation results.

Configuration 3: 25� Separation

Frequency (kHz) Input Impedance (�)

17.8 .191–j74.2

24 .355–j41.3

The first two graphs show data for the inner panel wires from the middle catenary until the
wires join (200 m). There is an artificial discontinuity at this point resulting from the single wire
approximation. Although not appearing in the first two graphs, the discontinuity is shown in the
final graph. This graph shows the results for the entire length of the inner panel wires. It clearly
shows the jump in both configurations at their respective junctions. Note that the charge for both
configurations approaches the same value after the wires have joined. However, since the junc-
tions do not occur at the same place, the charge appears to be much higher in the configuration 3
case.

COMMENTS

Our results indicate a slight decrease (�3%) in the charge magnitude for both inner panel
wires when the separation distance is shortened. There is also a slight drop on the outer panel/
outer wire distribution. Based on these results, it appears that moving the inner wire closer to the
outer wire had the desired effect. However, we have some reservations about the data, and would
like to caution against drawing any strong conclusions from the results.

There are two issues that concern us. First, we are unsure how much moving the junction
point on the outer wires affected the resulting charge at the end of the wires. It may be incorrect
to compare these new results with configuration 2, without first moving the junction point and
running that case again. Time and money constraints prevent us from testing this at present.
Second, there is a small segment issue along the middle catenary. For this configuration, the dis-
tance between the ends of the inner and outer wires is only 7.62 meters (�10–��). While that is
not necessarily a problem, we note it as a possible error source.

Charge Magnitude on Inner Panel Wires, 17.8 kHz 
Charge Magnitude on Inner Panel Wires, 24.0 kHz 
Charge Magnitude on Outer Panel Wires, 17.8 kHz 
Charge Magnitude on Outer Panel Wires, 24.0 kHz
Charge on Inner Panel Wires—Entire Length, 17.8 kHz
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Figure 4.  Plan view of a single panel,
configuration 3.
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APPENDIX B

BASIS FOR CUTLER CONDUCTOR SELECTION

Preparded by

Kershner, Wright & Hagaman, P.C.
February 12, 1993
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Table  B-1.  Alloy and strand makeup for Cutler panels.
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APPENDIX C

SHERBURNE METAL PRODUCTS, INC.

QUOTE
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APPENDIX D

CUTLER TOPLOAD, MULTIWIRE CAGE GRADIENTS
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APPENDIX E

MODIFICATIONS TO VLF ANTENNA TOP PANELS
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