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ELECTROKINETIC DENSIFICATION OF SOLIDS
IN A COAL MINE SEDIMENT POND
A FEASIBILITY STUDY

(In Two Parts)
2. Design of an Operational System

By R. H. Sprute,! D.J. Kelsh,2 and $. L. Thompson?®

ABSTRACT

The Bureau of Mines conducted a feasibility study and designed an
operational system for consolidating waste coal sludge in a 1l10-acre
pond by applying direct current between buried and floating electrodes.
Consolidation would reduce the sludge to half its present volume, there-
by extending the working life of the pond as well as creating a safe,
stable Iimpoundment. The project was conducted by the Bureau under an
agreement with the Washington Irrigation and Development Co. (WIDCO),
located near Centralia, WA. Part 1 of this report, published as Report
of Investigation 8666 in 1982, covers the results of laboratory tests at
the Bureau's Spokane Research Center and of a small-scale field test at
WIDCO's coal preparation plant. Test results show the process is effi-
cient and cost-effective when power is applied at low current density.
Part 2 (this paper) describes a detailled design for an electrokinetic
system to dewater WIDCO's 110~acre pond with a 27.4-acre electrode
array. Densification of the inactive sludge pond will require 3.6 yr of
treatment for a total cost of $1,450,000. The study and design are site
specific, but design procedures and analyses are sufficiently detailed
to serve as a gulde for applying the process to any sludge pond.

TElectrical englneer, Spokane Research Center, Bureau of Mines, Spokane, WA.

2Research chemist, employed part-time at Spokane Research Center, Bureau of Mines,
Spokane, WA; professor of chemistry, Gonzaga University, Spokane, WA.

3Electrical engineer, Washington Water Power Company, Spokane, WA,



INTRODUCTION

Bureau of Mines personnel, with engi-
neering assistance from WIDCO, designed
a system for electrokinetically consoli-

E Washington Irrigation and Development
;wﬁ Co. (WIDCO) operates a large surface mine
in western Washington State to supply

coal for a 1,400-MW steam~electric gener— dating existing pond contents. The

; ating plant near Centralia, WA, The process will consolidate all of the

! mine's preparation plant typically sludge sufficiently so that the pond can

?i charges the pond with about 2,600 gal/ be capped with coarse refuse for total
;‘ min, or 11.6 acre-feet of waste per day. reclamation. This project qualifies as

Suspended solids are extremely resistant an acceptable modification to an existing

SR s R

5{ to natural settlement forces, and after a process already listed on the original
few years, sediment congolidation by Office of Surface Mining application;
natural means is slow to nonexistent, therefore, new  environmental impact
resulting in a soft, thixotropic product statements are not required. Safety

Hf containing 25 to 35 wt pct solids. Since features are included to minimize elec-

s startup in 1970, the pond has grown to trocution hazards that will exist in the

? 110 acres with a center depth of 110 ft. bare bus area, where the maximum phase~

! Plant records show that the average to-phase potential will be 137 V (RMS)
accumulation rate in the pond has been  during the first 10 days and 96 V there-
2,5 acre—-feet per day. The pond 1is now after. The hazard due to the potential
nearly filled, and WIDCO management is between bare bus and earth is minimal
searching for  future storage space. because all  conductors are tightly

Electrokinetic dewatering to consolidate
the pond contents, thereby increasing the
life of the pond, was one of a number of
alternatives under consideration by the
company at the time of this study.

For the electrokinetic option, electric
power is applied to a 27.4-acre array of
submerged anodes (positive potential) and
floating cathodes, causing suspended
solids to migrate downward while water in
the thickening sediment moves upward.
The relatively clear surface water 1s
then decanted and normally recycled for
plant use. Previous laboratory and field
tests iIndicate that treatment in this
manner at low current density will
economically reduce the sludge between
electrodes to about half dits original
volume., Outlying areas also will densify
gignificantly, but to an unknown extent.
In the lower 85 to 90 pct of the volume
of the electrode area, the final product
will be a very firm, claylike material.
The top 10 to 15 pet will also consoli-
date but will be soft, ranging from soupy
to moderately cohesive. Outlying areas
will be soft but cohesive (1).4

4ynderlined numbers in parentheses re-
fer to items in the list of references
preceding appendix A.

connected to earth.

The complete design package, including
drawings, analyses, specifications,
costs, and an executive summary, was
formally presented to mine management at
a September 1984 meeting of representa-
tives from the Bureau and WIDCC at their
offices in Centralia, WA. WIDCO manage-
ment enthusiastically accepted  the
proposal as a viable solution. However,
they had hoped to recelve some Government
funding to help defray the costs of
demonstrating  this new technology;
receiving none, they decided to pursue
other options. WIDCO may eventually
reclaim the old pond using electrokinet~-
ics, but there is no immedliate plan to do
S0,

This report describes in detail the
design specifications for the WIDCO pond.
The WIDCO site is presented as an example
of how this technology can be applied to
dewater sludge ponds. Although some of
the design criteria are site specific,
this report provides a guide for other
companies planning electrokinetic
dewatering systems for sludge ponds.
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THE PROBLEM

WIDCO, owned by Washington Water Power
Company, operates a large, multiseamed
surface mine in western Washington to
supply coal for a 1,400-MW steam—electric
generating plant near Centralia, WA. The
mine's  preparation plant  thickener
typically discharges about 2,600 gal/min
(11.6 acre~feet per day) of underflow.
Disposal 1s made unusually difficult
by (1) the large volume of materials,
(2) suspended particles that are extreme-
ly resistant to natural settlement, and
(3) physical properties that change sig-
nificantly and wunpredictably as wmlining
progresses. From 1981 to 1984, disposal
was accomplished by £flocculating with
polymers, followed by dewatering with a
belt press, placement in mined-out areas,
and finally covering with coarse refuse.

The high cost of reagents and equipment
maintenance makes this procedure no
longer satisfactory.

From plant startup 4in 1970 until
installation of the belt presses, the
watery underflow was pumped into a pond
where solids settled slowly and surface
water was decanted for reuse in the
plant. At the time of the Bureau's
study, the pond was nearly full, covered
about 110 acres, and was up to 110 ft
deep. Most of the sediment was soft,

thixotropic, and noncohesive with a

25~ to 35-pet solids content. Company
records indicated that about 2.5 acre-
feet of storage volume was required for

each day of operation. Results of labhor-
atory and field tests conducted under an
agreement between the Bureau and WIDCO
showed that pond contents could be
economically reduced in volume by up to
50 pet with electrokinetic treatment if
current was applied at very 1low density
over a relatively long period of time.

In order to abandon the belt press
procedures, WIDCO management sought space
to safely store waste coal sludge (thick-
ener underflow) that would accumulate
from the coal preparation plant over a
3-yr operating period. The wvolume of
pond needed to contain this addition is
about 2,740 acre~feet, and the impound~-
ment for this soupy material must be
licensed and must meet all State and
Federal regulations for safety. A plan
to consolidate sludge i1in the existing
pond while simultaneously  adding new
sludge was developed by the Bureau, but
this option was later foregone by WIDCO
in favor of constructing new space.
Consequently, the design description that
follows assumes that no new material will
be added to the old pond during electro-
kinetic dewatering treatment.

AN ELECTROKINETIC CONSOLIDATION SYSTEM FOR WIDCO SLUDGE

An artist's concept of the electroki-
netic system designed for consolidating
existing sludge 1in the WIDCO waste pond
is shown in figure 1. The total system
includes five major components:

1. The cathode 1is the electrode
through which negative electric potential

is applied to the upper 1level of the
sludge body. The cathode array covers
27.4 acres over the deepest part of the



FIGURE 1.—Electrokinetic dewatering system—an artist’s concept.

pond and consists of 1,135 pieces of
galvanized iron fence wire (hog wire),
each measuring 14 by 2.67 ft. The fence
panels are suspended from floating Styro~-

foam® blocks and timbers so that they
float 3 to 4 1in below the pond surface
water. Horizontal orlentation of the
panels 1is maintained by the electrical
feeder cables and guy wires anchored to
shore. The guy wires are coated to
prevent electrochemical corrosion.

During operation, decanting of electroki-
netically developed surface water 1is
regulated to maintain 8 to 12 in of clear
surface water above the sediment in order

to effectively float and operate the
Sreference to gpecific products does
not imply endorsement by +the Bureau of

Mines.

cathode. The cathode 1is always at a
negative electrical potential relative to
the submerged electrodes (anodes) and its

immediate environment and thus will not
corrode; l.e., it is cathodically
protected. Therefore cathodes, connect-—

ors, and feeder cables could be salvaged
in good condition 1f  economically
justified.

2. The anode is the electrode that
imparts positive (direct current) poten-
tial to the sludge being treated. For
this design, four relatively large pieces
of any available iron are submerged
beneath each of the 1,135 cathodes at a
depth of about 36 ft. Each anode 1is

connected by individual, small,
insulated wire large, i1nsulated

its
to a



aluminum feeder cable suspended above the
pond surface on Styrofoam  blocks.
Connection of the copper wire to the iron
must exclude moisture to prevent corro-—
sion of the small electrical feeder wire
and of connecting devices such as screws
and terminal clips. This is accomplished
by recessing the connection in a care-
fully selected location, usually the most
massive area of the anode, and covering
the connection with sealant as shown in
the design analysis section of appendix A
(fig. A-6). Extensive laboratory testing
for corrosion has shown that this will
protect the connection until the anode is
essentially depleted. 0f the  three
materials tested to find the best anode

material to use with this project, DSA
{dimensionally stable anode, a patented
electrode) and iron performed about

equally well, and both performed signifi-

cantly better than aluminum. DSA was
attractive Dbecause it does not corrode,
and, therefore, a relatively small

quantity 1s required compared to that of
iron, which corrodes severely. However,
DSA is more expensive, and there would be
particular installation problems in that
DSA is a rather light, screenlike materi-
al that would not naturally sink suffi-
cieéntly dinto the sludge, which thickens
with distance below the surface. Because
of these considerations and the ready
availability of scrap iron at the mine
and elsewhere, diron was selected as the
preferred anode material.

Laboratory tests show
anode dissipates by electrochemical
corrosion in WIDCO pond refuse at a rate
of 1.15 g/(A°h). The amount of current
that each anode transfers varies with its
size and shape as well as with the level
of applied potential and sludge resis-
tance. Therefore, as discussed in appen~
dix A, each of the 1,135 anodes consists
of 550 1b of iron, divided into four
equal units symmetrically positioned
beneath the cathode. A total of 313 st
of iron is required for the anode array.
Splitting the anode into smaller units
improves the current distribution pattern
in the sludge body. The smaller elec-
trodes are also much easier to handle and
install.

that an diron

Anode shape contributes to the effi-
ciency of current conduction through the
sludge. For example, as shown in appen-—
dix A, a plece of iron would be most
effective (offer least resistance) if
formed 1into a straight rod or wire and
buried horizontally. Conductivity of

that rod would decrease by 5 pct if it
were reshaped into an equilateral, equal-
legged Y-shape, and would be reduced by
39 pct if formed into an eight-point
stare. Therefore, for this project,
miscellaneous pleces of iron such as
dragline cable, pipes, construction

steel, drill steel, etc., were fabricated
into straight-, L-, or Y-shaped anodes.

Consideration was also given to the
potential impediments of coatings such as
oils, conventional paints, and creosotes,

as well as to the oxldation coating
normally present on scrap iron. Perform-
ance testing in the laboratory and field

by SRC has shown that normal coatings of
this type present no problem because they
corrode away relatively soon after the
iron 1s energized. Iron with unusually
impervious coatings, such as the epoxies

and silicons, requires special prepara-
tion to expose the metal for sludge
contact and should, therefore, be
avoided.

3. The electrical power system

includes an incoming distribution line to

furnish 480-V, three—-phase  power; a
specialized rectifier for converting
480~V alternating current (ac) power to
direct current {(dc¢) power; a high-
current~capacity, low-voltage distribu-~

tion system for transferring power from
the rectifier to the electrodes; and a
system of docks to support the large dc
conductors. In order to connect the

715~kW rectifier at the WIDCO treatment
site with the nearest source, new con-—
struction of 0.25 mile of three-phase,

2/0 ASCR, 5-kV primary distribution line
is required. In addition, 0.5 mile of
exlsting primary line must be converted
from single phase to a three~phase, 2/0
ASCR, 5-kV system. A platform-mounted
transformer bank at the treatment site
will reduce three-phase, 4,160~V primary
voltage to three-phase, &80~V secondary
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outpute. The primary side of the trans-—
former is protected with fused cutouts,
pole-mounted disconnects, and lightning
arrestors. Secondary output will be fed
through a manual, nonfused safety discon-
nect switch to the input terminal box on
the rectifier.

The rectifier for the project must be
specially built with unique features to
power the selected electrode system
effectively. First of all, as discussed

in appendix A, laboratory tests at SRC

show that treatment with pulsing half~-
wave dc power (that is, sinusolidal
pulses) rather than the normally used

pure dc power produces somewhat superior

results. Specifically, for WIDCO sludge,
a given amount of current appllied 1in
pulses rather than In a constant flow

should increase final consolidation by 3
to 4 wt pcte. A much greater advantage

has Dbeen clalmed by other researchers,
but thelr results have not been substan—
tiated 1n this work. In any case, the
rectifier's three—phase output will be
arranged to supply six individual, time-
separated, half-wave potentials. This
circuitry arrangement 1s easily accom-

plished and allows the primary treatment
area 1in the WIDCO pond to be separated
into six separate areas, each covering
about 5.5 acres and having an individual
electrode system and pulsed dc supply of
power. Such zoning will tend to equalize
current distribution through the sludge
and alleviate the possiblility of current
hogging by an area that for some unfore~-

seen reason has a lower electrical
resistance.
Special circuitry is included to

suppress the peaks of the output pulses;
{ee., 14 pct of the peak of each pulse
willl be blocked off. This degree of
suppression, selected after evaluating a

number of other values, significantly
reduces electrical heating loss in the
distribution system with a relatively
small reduction in the water removal

rate, which is directly proportional to
the ampere hours of applied current.

A  control switch permits operation in
either of two modes~-constant current or
constant voltage. In the first mode,
current output can be maintained within
5 pct of any set value as changes occur

in load resistance; i.e.,
within the unit's capacity,
remains constant. Similarly, 1in

voltage varies
and current
the
second mode, voltage remains within 5 pct

of a selected value, and current output
varies with changes in load resistance.

The required maximum output rating of
the rectifier 1s calculated as 715 kW
continuous duty and 70 V RMS, with refer—
ence to the neutral value for each of the
six half-wave output circuits. The maxi-
mum current output rating per pulse is
3,475 A RMS, and the combined maximum
from the six outputs expressed in terms
of a constant current is 8,886 A.

The rectifier unit should be weather—
proof, pad mounted, and equipped with all
required safety devices, including over-
load protection for individual diodes,
transformers, and the overall system.

Salvage value will be minimal for this
specially designed unit unless a similar
need arises, e.g., another large waste
coal or phosphate Iimpoundment.

4. The dc electrical distribution
system shown in appendix figures A-1,
A-3, and A-12 through A-18 employs a

rather complicated circuit of large and
small conductors along with a few large
diodes to prevent flow of current in the
wrong direction. The distribution system
is complex Dbecause a large quantity of
current must be delivered over relatively
long distances. Also, the six individual
de potentials from the electrical power
source (two half-wave outputs per each
phase) must each be delivered by a separ-
ate circult to six individual areas. The
pulse 1in each of these circuits 1is a
flat-topped sinusoid (fig. A-20) with a
frequency of 60 ¢/s and equal on-off
times of 1/120 s. The amplitude of the
pulses varies according to area require-—
ments, ranging from 2,967 A RMS for zone
5 to 3,479 A for zone 2. In normal oper-
ation, an adjustable current regulator
will automatically raise or lower the
output voltage as necessary to compensate
for changes in resistance so0 as to main-
tain the selected level of current flow.
Circuitry for delivering power includes
one run of aluminum tubing for each of
the six output circulits and one addi-
tional run, or neutral, which serves as a



common return. The size of the tubing
increases with distance from the recti-~
fier and with the amperage. The bus 1is
routed along the east side of the treat-
ment area and ranges in size from 4-in-0D

pipe with 1/4-in walls for zone 1 to 8-
in-0D pipe with 3/8-in walls for zone 6.
Large, insulated aluminum feeder cable

laterally from
areas, and

for the
from the

distributes the dc power
the bus across the treatment
finally, small insulated wires
branch c¢ircuits carry power
feeder cables to the electrodes.
The bus system is supported 12 to 15 in
above the pond surface by 43 wooden docks

aligned along the east Dboundary of the
treatment zone. BEach dock has enough
Styrofoam logs to give a net support

capacity of about 3,600 1b per dock. The
24~-ft-long aluminum tubes, with dlameters
ranging from 4 to 8 in (bus), span the
open space. Their ends are solidly fixed
to wooden crossbars, which are in turn
attached to the docks midway between the
dock edges and the centerline. One of
the crossbars on each dock is fastened
solidly, while the other is free to
swivel horizontally about its center
point; 1.e., this bar 1s attached with
one large center pin, which allows hori-
zontal flexibility. The 6-ft gap between
bus ends on the dock (the space between
the fixed and swivel bars) is bridged by
insulated aluminum  jumper cables in
gsufficient number and size to provide the
necessary current—carrylng capacity. The
jumper cables provide necessary flexibil-
ity and also provide a convenient means
for connecting the feeder cables that
cross the pond with simple T-splices.,

The ramp also can be used as staging
space for construction (perhaps supple-
mental to a relatively large, mobile,
winch-powered, construction dock) and
could support a 2-ft catwalk to provide
access for construction, operation, and
salvage when electrokinetic treatment has
been completed.

The dock guy system Includes an elec-
trical cable system anchored to the west
bank as discussed earlier, and a nonelec—
trical, steel cable system attached to
the east shore. The nonelectrical cables
require particular attention because they
will be in contact with earth potential

on the shore and, possibly, with sludge
in the pond. The pond sludge near the
surface will probably be negative in

potential with respect to the surface of
the host earth. Such a difference in
potential, even if slight, would soon
corrode and destroy the cable if a
conducting path were available., Cathodic
protection procedures were considered,
but coating the wire with coal tar enamel
was chosen because of simplicity,
adequacy, and lowest cost.

During normal operation, the maximum
potential on the aluminum phase bus (with
respect to neutral) will be about 48 V
RMS, but it can be as high as 69 V during
the first 10 days after startup. Corres-—
ponding potentials measured £rom phase
bus to phase bus are 166 and 239 V RMS.
Therefore, electrocution hazards are
present in the aluminum  bus area.

Another danger is the possibility of
accidentally dropping a conducting
object, such as a large pipe wrench,

across the energized, uninsulated alumi-
num buses. Such an accident could draw a
sustained, several—-thousand-ampere arc
that. would probably vaporize the wrench
while causing personnel injury from burns
via flying molten metal, blindness from
excessive radiant energy, fires, etc.
The final design should include provi-
sions to alleviate these Thazards by
making certain that power to the buses is
off Dbefore allowing personnel to enter
the dock or catwalk areas. Such provi~
sions should be automatically activated;
€.g., a gate across the ramp access
should be electrically interlocked with
the rectifier so as to automatically
disconnect power when the gate is opened.

required to

clarified
surface for
reuse. The

5. The decant system is
remove electrokinetically
surface water from the pond
return to the plant and
system, as indicated in the right center
of figure 1, includes two 8-in polyvinyl
chloride pipes supported above the pond's
surface with Styrofoam and timber buoys.
The pipes extend up the inside of the dam
surface, through the dam a few feet below
the roadway, and then down the face of
the dam to a creek below the toe. (The
creek flows into a holding pond, which is
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the source of process water for the
preparation plant.)

The dintake ends of the
located over the deepest
disposal pond and are
screens and foot valves.
has two capped standpipes
the highest point just off the roadway.
These plpes are used to fill the decant
lines with water while evacuating air for
initial syphoning, or to reestablish the
process 1f vacuum is inadvertently lost.

The combined discharge rate of the two
8-in pipes is about 900,000 gal/d--246
pct greater than the maximum predicted
extraction rate of 365,000 gal/d, which
includes both natural and electrokinetic
dewatering. The excess decant capacity
is required to remove rain water and to

pipes are
part of the
equipped with
Each pipe also
located near

allow accelerated removal of accumulated
surface water when necessary.

The discharge end of each pipe 1is
equipped with a manual valve that 1s used
to regulate the decant rate. An operator
can periodically monitor and adjust these
valves to maintain an 8~ to 12-in layer
of water on the pond surface so that the
electrode system floats.

The decant lines must be somewhat flex-
ible to adapt to changes in contour and

elevation of the pond surface with
decantation, sludge consolidation, and
rain water accunulation. This 1s

achieved through the natural flexibility
of the pipe itself and by using flexible
couplings instead of standard fittings in
some of the joints.

SYSTEM OPERATION

The following  paragraphs  describe
operational procedures for using the
electrokinetic equipment outlined in the
foregoing paragraphs, as well as anticl-~-
pated results. The WIDCO system must
consolidate a large amount of existing
sludge (perhaps 5,000 acre~feet). At
treatment end, 1t must leave the pond
contents sufficiently consolidated to
allow eventual capping with coarse refuse
and topsoil for total reclamation or,

alternatively, to provide additional
storage space for up to 3 yr of plant
operation.

Treatment consists of applying electric
power between submerged anodes and float-—
ing cathodes. At WIDCO, these electrodes

(1,135 pairs of anodes and cathodes)
would have been installed in a regular
pattern covering 27.4 acres over the
deepest part of the pond. Electrode

theory shows that this array will actual-
ly cause current to flow throughout the
entire sludge body, but the intensity or
current density will diminish rapidly
with distance from the electrode.
Laboratory and field tests do show that
the field is very effective for a dis-
tance beyond the perimeter of 1.25 times
the separation distance between elec-
frodes. At WIDCO, this would have
equaled 5.6 acres. The total area
affected, the actual area of the array

plus the additional area around the peri~-
meter, is called '"the primary treatment
zone. " At the WIDCO site, 1t would have
equaled 33 acres.

Application of power, with the upper
electrode negative, will cause particles
in the upper region {(muddy water) to move
downward while water 1in the sediment
migrates upward to the cathode. In addi-
tion, significant flocculation occurs in
the muddy water zone, probably induced by
the hydroxide i{ons generated at the
cathode.

Surface water separates as a result of
several factors. Continued treatment
gradually dilutes the muddy water through
electrophoresis or downward particle

migration, but stops short of total
clarification. Meanwhile, the depth of
surface water gradually increases with

electro-osmosis, i.e., the upward migra-
tion of surface water in the sediment and
consequent consolidation.

Soon after treatment starts, a precise~-

ly defined layer of very clear water
develops at the cathode and continues to
grow in depth with treatment. The water

in this layer does not clear gradually,
but rather is a clear layer that grows in
depth. This clear—~layer phenomenon is
attributed to coagulation at the cathode;
ice., small particles coalesce into
larger units that are sufficiently



massive to settle under the influence of
gravity without being hindered by thermal
convection or diffusion.

Coalescence at the cathode
caused or enhanced by the
reaction:

may be
electrode

2H,0 + 2e” —> Hy(g) + 20H (aq).

The hydroxide lons can react chemically
with the suspended solids, thereby alter-
ing composition and/or surface charge,
and the increased electrolyte concentra-
tion can compress the electrical double
layer of charge that  surrounds each
particle, thereby reducing the charge
repulsion that normally keeps the parti-
cles from making contact with each other.
When the repulsion barrier is sufficient~-
ly small, cohesive contacts between
colliding particles are frequent, and
sedimentation is appreciably enhanced as
the particles grow larger.

The electrode array is divided into six
roughly equal =zones of 5.5 acres, as
shown in appendix figure A-3. Each zone
is energized by its own individual half-
wave direct current potential. Thus, in
sequence, each of the six zones 1s pulsed
60 times per second with a sinusoidal
potential of 1/120 s followed by an equal
period of zero potential. The ratio of
peak potential (flat-topped
crest) to an equivalent average value of
constant current, assuming a perfect
rectifier, is about 2.8. The postulated
reason for improved results with pulsed
power compared to constant dc dis that,
for a given quantity of charge passed
through the e¢ircuit, the much higher
potential, even though brief, imparts a
greater force for particle movement
and/or water transport.

A critical point in the design process
is selecting a current density that will
be applied to the sludge. This number is
important and must be carefully deter-
mined because it must produce effective
and efficient results and 1s also a key
factor in designing and selecting equip-
ment. Based on consistent results from a
variety of laboratory and field tests,
the average current for treating WIDCO
sludge is specified to be 6 to 7 mA per
square foot of horizontal cross—sectional

sinusoidal
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area in the 33~acre primary treatment
zone. Thus, typically, each square foot

of the primary area will be treated with
current that constantly pulses from zero
A to a peak value and back to zero over
1/120 s, followed by an equal off period.
The total applied current expressed as a
constant value (dc) is about 8,886 A.
Generally, the water clarification rate
with a 6- to 7-mA/ft? current density
achieves a high of more than 1 gal/(A*h)
shortly after treatment begins. This 1s
maintained through 60 to 65 pct of the
entire treatment time, but then begins to
decline slowly, reaching a very low value
near the final stage.
Overall, as discussed in
and calculations section of
to this report, the average

the analysis
the appendix
water clari-

fication rate over the entlre 3.6-yr
period 1s conservatively estimated at
0.75 gal/(A*h). Therefore, electrokinet-
ically produced clear water 1n the
primary zone will range from a high of
213,000 gal/d through much of the treat-
ment to a minimal amount near the end,

and will average about 160,000 gal/d.

The outlying area of 77 acres will also
dewater as a result of receiving a small
amount of current from the electrode
array and because a gradually increasing
slope toward the electrodes will develop
as the pit din the primary area deepens

with treatment. The outlying area is
expected to yileld an average of 152,000
gal/d of surface water. Additional

surface water will also result from rain-
fall, which is quite heavy at times.

The decant line intakes will be located
over the deepest part of the pond, where
treatment should ultimately lower the
sludge level by nearly 20 ft. Thus, when
treatment 1s complete, the primary zone
will serve as a sump with the up-slope
gradient directed toward the pond bound-
aries, similar to conditions achieved in
the small test pond shown in figure 14 of
RI 8666 (1).

Valves on the discharge end of the
decant lines should be periodically
adjusted to remove surface water continu—
ously as it develops while maintaining an

8- to 12-in layer of water on which to
properly  support surface electrodes.
This layer will also allow occasional
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relocation of the cathodes, if warranted,
to minimize mounds and valleys. As
treatment nears completion, all of the
surface water can be removed, allowing
the cathodes to rest in the sediment.

As outlined in the appendix A calcula-
tions, during the 3. 6~yr treatment
period, the depth of sludge in the pri-
mary area between electrodes is expected
to be reduced by 16.4 ft. During this
period, material in the 20-ft 1layer
beneath the anode will also be consoli-
dated by about 2.5 ft. Thus, the level
in the primary zone will be lowered by
18.9 ft, «creating 626 acre-feet of new
storage space. When treatment has been
completed, i.e., water extraction ceases,
all of the sediment in the primary zone
should be a firm, claylike product,
except for a shallow surface layer,
possibly averaging 12 in, which will
remain soft. This entire 33-acre zone
could probably be capped immediately with
coarse refuse and topsoil.

An accurate quantitative prediction of
consolidation in outlying areas 1is not
possible in the absence of test data. On
the basis of electrode theory, some
current will certainly be present in
every portion of the pond. It will
diminish with distance from the electrode
and thus will be very small at the outer-—
most edges—-perhaps about 1 pA/ftZ. Even
such low density, applied for 3.6 yr,
should cause significant densification.
In addition, as the depth of the pit in
the primary zone increases with continued
treatment and decanting of surface water,
the slope of sediment surface in the
outlying area will also increase. This
increasing slope should aid both natural
and electrokinetic dewatering. Shrinkage
cracks will develop on the exposed sedi-
ment to assist in drying. The entire
procedure is conservatively expected to
increase solid content of sediment in the
outer zone by an average of 6 pct, to a
total of 31 wt pct solids. This consoli-
dation will result in 608 acre-feet of
new storage.

Thus, with treatment complete, the 77
acres of sediment in the outlying area
would be soft but cohesive with a 31-pct
s0lids content. It would slope into the

primary treatment area and be liberally
crisscrossed with large shrinkage cracks
to allow air drying along with wvery slow
natural dewatering.

Available storage in the pond after
completion of the treatment process is as
follows:

Acre-feet

New storage developed in the

33-acre primary aredssesseses 626
New storage developed in the
77-acre outside are8isessceee 608

Additional available space
from the existing sludge
level of 384 ft to maximum
fill capacity of 391 ftesases 770
Total availlable space
after treatmenteeovoesovse 2,004

Plant records show a sludge accumula-
tion rate of 2.5 acre—feet per day.
Therefore, the project would provide
storage space for only 2.19 yr of plant
operation-—0.81 yr short of the 3-yr
goal. It should be recognized, however,
that the calculated value of 2,004 acre-
feet of available storage after treatment
is considered conservative for the
following reasons:

l. Consolidation of sludge in the 77-
acre gsecondary area will probably signif-
icantly exceed the 6-pct figure used in
this design.

2. Storage space calculations did not
take into account a small amount of
settling that can be expected in the
lowermost 54 ft of sludge in the primary
ared.

In addition, it appears that the given
sludge accumulation rate of 2.5 acre-feet
per day may be high. Therefore, comple-
tion of the project would result in at
least 2,004 acre—feet of storage for
2.19 yr or more of plant operation.

Agsessment of sludge conditions
throughout the pond will obviously have
to be carefully made at the end of the
treatment period before selecting post-
treatment procedures. Two procedures are
possible:



1. Immediately cap the primary zoune
and other areas, such as deltas, with
coarse refuse and topsoil. Maintain a

drainage channel from the secondary zone
into the decant point in the primary
zone. Sludge in the secondary zone wiltl
continue to dewater by natural forces.
Selected areas can be capped as feasible.
Total reclamation in this manner would
probably require several years with
relatively low cost.

2. Immediately cap the primary area of
33 acres with coarse refuse and topsoil,
being careful to preserve the heavy alu-

minum  bus. Maintain drainage channels
from the secondary zone into the decant
point in the primary zone. For the

select 5 or 10 acres of the
simple elec-

second step,
outlying zone and install a
trokinetic densification system (verti-
cally installed pipes) specifically
engineered for particular existing condi-
tions. The treatment period could be
reduced by using a  greater current
density, but with proportionally higher
cost 1if such increased cost can be
justified. When consolidated, this plot
could be capped and reclaimed, and a
second section could be selected and
dewatered. This sequence could continue
until the entire pond is densified, with
120 acres of real estate reclaimed and
avallable for normal use.

The electrical energy requirements and
cost estimate, described in detail in
appendix A and excluding reclamation
option 2, are summarized as follows:
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Energy requirements (3.6 yr), kWeh:

Power consumed by electrodes

and sludgeesesssoscocsvsasens 6,601,000
Power consumed as heat in

distribution systemeseecosss 3,491,000
Power consumed in rectifier,

as inefficiencyeeecssoncocss 1,121,000

Total power consumption.. 11,213,000
Cost estimate:

Substation, 800 kV+A, and

primary lineeescecessosscesss $45,000
Rectifier installation and
fabrication, 715 KWeseuvoooses 52,000
Dock system, 43 each, with
catwalks, hardware to mount
bus, and anchorsSeececescscses 221,400
Direct current distribution
system, complet@eesissesnseecss 288,221
Anode array, complete€esceeceas 123,400
Cathode array, complet@sceccos 47,900
Decant system, completecessses 15,000
Engineering cost to finalize
deBignieececsescosnsossssasses 30, 000
Contingencles and omissions,
10 petescecesscnncesoccssnasns 79,291
Contractor profit, 10 pctaeee. 90,221
Total installation coste.. 992,433
Electric power cost (3.60 yr) 313,954

Maintenance and operation--
includes testing, sampling,
decanting, and equipment
UPKEEDos sseenscnssssonsncesns 144,000
Total estimated project

Cost.o---ocoocooo.oooa.o!

1, 450, 387

SUMMARY AND CONCLUSIONS

Large tallings ponds can be densified
and dewatered by applying direct current
between floating and submerged elec-
trodes. The process 1s especially recom—-
mended for very finely divided solids in
suspension and 1s effective for many
types of materials, provided that suffi-

clent electrical charge is naturally
present on the particle surface and that
electrical conductivity of the slurry is

Laboratory evaluations
candidate mate-
for a

not too high.
should always be done on
rials before proceeding with plans
field installation.

This report has described an electrical
dewatering process for a particularly

difficult slurry of wultrafine coal and
clay. Other slurries will have their own
unique characteristics, and optimum
levels of current density, electrode
placement, etc. must be determined on a
case-by-case basis. However, the use of
half-wave rectified power is thought to

be generally more efficient than straight
dc, and should be applicable to any type
of electrokinetic dewatering system.
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APPENDIX A.~--DESIGN PROCEDURES

The use of electric power to dewater
and consolidate watery slimes and sludges
in ponds and underground mine stopes is
essentially a new concept for which
established design procedures and manuals
do not exist. Much more experience in
both research and use is necessary before
comprehensive time-tested procedures for

this technology will be avallable.
Therefore, this appendix is 1ncluded to
show design considerations, caleulations,
computer programs, etc., used in prepar-—
ing the WIDCO system. It will be a help-
ful technical guide to anyone involved in
planning an  electrokinetic dewatering
systes.

GIVEN DATA AND ASSUMPTIONS

Current elevation of pond sUrfacE.eceseessseesssesosesessssesnscsnssorsseie fles 384
Surface area of pond at current elevation (approximate)ececessessesssesssacres.. 110
Elevation of filled pond surfac@esececessevocsessssoeesenssassecsansssaseasfboes 391
Surface area of pond at maximum fill level (approximate).eseesssecscssssacres.. 120
Maximum depth, CUITENLesesceoosascsssossccssssssossessssssscassssnoscssssssliblon 110

45

Average depth (approxim&te)‘cooococoo000.00000loooooocootooooo'oo'oooo'o.oftco

Volume of existing sludge (approximate)s.ecesssescecsssassscssssesssacre~feet.. 5,000
Volume required to accommodate disposal needs of the preparation plant's waste

for the ensuing 3 YrZueeeeeesseessssssasecssssssosesssasassssseessacre—feetss 2,740
Average moisture content of the sludge in the primary zone from the surface

to a depth of 36.3 i R S 1 pct.- 68'9
Average moisture content in the primary zone from a depth of 36.3 to 56 ft

wt pct.. 58.6

Average moisture content of sludge outside the primary zone€sseessecsaseWt pctes 81

Average grain size, pct:

Smaller than 00074 MMs 2 6006690868600 09 0 ee6s10s8sessscretstterscsertsrssonrssnsse
Smaller than 0.020 Mile 0 0065066080 660s66860606068600ts060866806000s860806000a00ssbe68abstss
Specific gl’.‘aVity Of Solids..oooooooooooooac000tooooooooloooccaooocoeeooccocooo

91
67
201

Average resistivity of sludge in the primary zone from the surface to a depth
Of 36'3 ft“t..."..l.‘.'.'...l."l....i.000.0.....‘QG.'....“..'Ql..ohm‘cm.. 1’050

Average resistivity of sludge in the primary zone from a depth of 36.3 to

56 ftotoco‘cooo‘o000!00000000‘000.c00Ooco0OO0000oo0o00OQOOGOOOOOOOOQOOhm’CmOC 1,100

Average resistivity of the sludge outside the primary zone«e¢eeessesseeohmecm. 1,010

'As shown in figure A-1, depth varies from 110 ft in the front area to a few feel
along the outermost perimeter. Approximate average is 45 ft.

2Based on plant records.

Moisture contents and resistivities
shown above are based on three samplings.
The first sampling (1979) included 22
samples taken from depths between 3 and 9
ft within 100 ft of shore, generally in
the northwest area. This material was
assumed to be representative of much of
the perimeter area sludge. Moisture
content varied only about 3 wt pct in
this 6-ft sampling zone. Resistivities
of samples showed a variation of only 2
percentage points.

The second sampling (1981) extracted
samples from various locations in the
primary zone from depths of 3 to 30 ft
beneath the surface. Moisture contents

for 22 samples ranged from 74.3 to
68.4 wt pct; molsture generally decreased
with  depth, although not in direct
proportion. Average moisture content for
this layer was 71 wt pct.

The third sampling (also 1981) included
numerous extractions from wvarious loca-
tions in the primary zone at depths rang-
ing from 1 to 56 ft below the surface.
For this layer, water content generally
decreased with depth from 98 wt pet at 1
ft, to 62 wt pct at 36 ft, to 45.1 wt pet
at 56 ft. Average moisture content of
the sludge was estimated to be 68.9 wt
pet from the surface to a depth of
36.3 ft and 58.6 wt pct in the zone from
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FIGURE A-1.—Electrokinetic system location plan.
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36 to 56 ft. Resistivity definitely
increased with depth, although somewhat
erratically, averaging 1,050 ohmeem in
the upper layer and 1,100 in the lower
level,

The first two sets of samples were
representative portions takem from each
of twenty-two 50-gal drums of sludge
extracted by lowering the suction line
intake of a pump to a specific level.
The third set of samples was collected
with an Alpha sampler, which 1s designed
to extract essentially intact samples
from any desired level. The number of
samples is relatively small for such a
large and quite old pond, particularly
for the outside area. Nonetheless, the
data are assumed to be adequately
representative and are used in the
following deslgn calculations.

Laboratory and field tests have consis-—
tently shown that this particular sludge
can be dewatered by the electrokinetic
process to a maximum of 54 wt pet solids.
At this point, the material is a hard,
claylike product which 1is stable and
sultable for capping with coarse refuse
for total reclamation. While the maximum
limit of 54 wt pct has been used in this
deslgn, greater dewatering is in fact
possible, based on previous Bureau work
in underground mining, where results
significantly improved with upscaling
from laboratory efforts.

The Bureau has not to date wused half-
wave dc power for dewatering waste.
Nevertheless, based on  unpublished
results by others and on laboratory
results from SRC, thils design assumes
that such power will produce results
better than those achieved by constant de
power.

During installation, the anodes will
sink until completely impeded by mechani~-
cal resistance of the sludge, which
becomes more dense with depth. Field
tests indicate that large pleces of iron
will probably sink to a depth of about
36.3 ft. 1If they do not sink by gravita-
tion, they will be driven to this depth

by application of negative dc potential.
Field tests elsewhere have shown this
process to be very effective. Therefore,

the d1nitial depth of the anode for the
primary =zone is placed at 36.3 ft below
the surface elevation of 384 ft.

Treatment in the WIDCO pond would use a
horizontal layer of anodes 36.3 ft below
the surface, and cathodes suspended 3 or
4 in below the surface (figs. 1 and A-1).
Application of power (surface electrodes
negative) would draw water from the
thickening sediment to the surface for
decanting. The rate and finagl degree of
dewatering between the electrodes can be
reliably predicted. As demonstrated by
small-scale laboratory tests, material
beneath the anode will also dewater
to some extent. For example, in a
5-1/2-in-diam by 10-in-deep test cell
filled with WIDCO coal sludge where the
cathode is located on the wupper surface
and the anode from 2 to 6 in below the
surface, the material below the anode
dewatered to an average solids content of
54 wt pet. Whether this occurs because
of electro-osmosis, by  negative pore
pressure, or by a combination of these
influences has not been determined. No
research is known that provides data for
predicting results in this zone. It is
confidently assumed for purposes of this
design that the material in the 20-ft
layer beneath the anode 1in the primary
zone will dewater by an average of 5 wt
pet points.

Results of the tests in the small
earthen pond (_1_)1 will be used to predict
consolidation in the outlying area—-an
assumed average final solids content of
31 wt pet for this sludge at the conclu-
slon of treatment.

Development of clean surface water will
esgentially occur by two processes:
particles will migrate downward, and
water 1n the sediment will move upward.
Laboratory and small-scale field tests
(with WIDCO sludge) have consistently
shown that clear, decantable surface
water develops at an average rate of
0.75 gal/(A*h) of applied current over
the entire dewatering process.

TUnderlined numbers in parentheses
refer to items in the list of references
preceding this appendix.




DESIGN CALCULATIONS AND ANALYSES

Development of Electrode Arrangement

electrode system design
specific existing
Three design

An efficient
will take advantage of
conditions when possible.
concepts were evaluated:

1. Vertical electrodes: Perforated
iron pipe (6~ to 8-in-diam) wrapped with
filter cloth to exclude entry of solids
would extend from pond floor to surface
and be spaced on 150~ to 200-ft centers.
Water would be removed from each of these
cathodes with a system of pumps. An
array of iron rods (anodes), also verti-
cally installed, would encircle each
catholde.

Satisfactory
large, fabric—covered
relliable water removal system would be
costly and technically difficult. Clog-
ging at cathode perforations and pump
failures are also probable. The final
condition of the sediment would be less
than desirable-~large, firm mounds of
cake around each anode and a significant
quantity of soupy product surrounding
each mound and cathode.

installation of numerous
cathodes with a

2. Horizontal electrodes with upper
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efficients It does not take advantage of
electrophoresis, i.ee., the eleetrically
driven downward migration of suspended
particles that would <clarify surface
water. Installation would be costly
because of the need for numerous pumps
and a large quantity of perforated,
fabric-covered, diron pipe on a pond
floor. Severe operational problems could
be expected from filter c¢loth failure,
silting in the pipes, or pump failure.

3. Horizontal electrodes with upper
electrode negative: The bottom elec—

electrode positive: Large, perforated
iron pipe, burlap-covered and equipped
with pumps and nonmetallic discharge
pipes, would be lowered to the pond floor
to form a horizontal grid (cathode)
covering about 27.5 acres. The anode,
made from any available scrap i1ron to

allow for severe corrosion during treat-—

ment, is held on the pond surface with a
flotation system.
This arrangement, using gravity

electro-osmosis (drawing water to the
bottom), should be electro-osmotically

trode, made up of pleces of any available
iron (old drill rod, cable, etc.), would
serve as the anode. It would be sized to
be dissipated by electrochemical corro~
sion at the conclusion of treatment.
Heavy electric bus and cables used for
distributing power to the electrodes
could be salvaged. Because no corrosion
would occur at the cathode, the upper
electrode (cathode) can consist of a
number of light iron grids (with maximum
surface area per unit weight). Material
would consolidate at the bottom of the

pond, and clear water would develop at
the surface for removal by decanting or
pumping.

With careful design, the final sediment
surface can be fairly flat—-a desirable
feature 1if the pond is to be abandoned or
converted into a  recreational lake.
Maintaining an effective and adequate
anode throughout the treatment cycle is
seen as the major problem because severe
electrochemical dissolution will occur.

The third approach is obviously the
best in terms of technical and economic
feasibility.

The number, shape, and arrangement of
individual pieces of iron and grids are
discussed later in this appendix.
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Density Versus Water Content

To calculate density (d) at various water contents, assume 100 1b of sludge at

70 wt pet water and 30 pct solids, and the specific gravity of solids = 2.01.
Therefore,
70 1b
Vol Hy0 = ————e—r = 1,122 ft3;
omume B2¥ T Sah 1v/t0 ’
Volume solids = 30 1b = 0,239 £t3;

(62.4)(2.01) 1b/ft3

Total volume = 1.361 ft7;

d at 70 pct water = E%%%Tl%E? = 73.48 1b/ft3.
Similarly——
d at 90 pet water = 65.72 1b/ft3,
d at 85 pct water = 67.50 1b/ft?3,
d at 80 pct water = 69.37 1b/ft3,
d at 75 pct water = 71.36 1b/ft?,
d at 65 pct water = 75.70 1b/ft3,
d at 60 pct water = 78.07 1b/ft3,
d at 55 pet water = 80.66 1b/ft?3,
d at 50 pct water = 83.36 1b/ft?3,
d at 45 pet water = 86.24 1b/ft?3,
and d at 40 pet water = 89.34 1b/ft3.,

A graph of the foregoing 1s shown in figure A-2.

Water Removal Versus Ampere Hours

Water production rates (gallons of clear surface water per ampere hour of applied
current) achieved in numerous large and small laboratory tests on WIDCO sludge range
from slightly greater than 1 gal/(A*h) at the beginning of the process, when water
content 1is high, to less than 0.01 gal/(A*h) near the end of the process, when the
electrokinetic effect approaches insignificance. The average throughout a given
dewatering process in which the horizontal configuration is used in WIDCO sludge has
been fairly well established at about 0.75 gal of c¢lear surface water per ampere
hour. It should be recognized that this rate of 0.75 gal/(A*h) produces essentially
crystal—clear surface water. For the operational system at WIDCO, however, surface
water can be decanted in a significantly less clarified condition because it will be
returned to the plant for reuse. Consequently, the actual dewatering rate for the
WIDCO project should turn out to be greater than 0.753 gal/A+h). This ensures a
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margin of safety because the 0.75 value will be used in the design calculation even
though the final value could be much greater.
The time and power required to reduce the moisture to 50 wt pct can be determined

as follows:

The average existing moisture contents for sludge above and below the anode are
given as 68.9 and 58.6 wt pct, respectively. Therefore, density of sludge with 68.9
wt pct moisture = 73.97 1b/ft>, water content at 68.9 wt pet (73.97) (0.689)
= 50.96 1b/ft>, and solids content at 68.9 wt pct (74.97) (0.311) = 23,01 1b/ft3.

The dewatering goal is to reduce average molsture to 50 wt pet, f.e., 23.01 1b of
solids and 23.01 1b of water. Therefore, water to be removed from each cubic foot of
material above the anode = (50.96-23,01) = 27.95 1b/ft>, (3.350 gal/ft>), density of
sludge with 58.6 wt pct moisture = 78.80 1b/ft3, water content at 58.6 pet (78.80)
(0.58%) = 46,18 1b/ft>, and solids content at 58,6 pet (78.80) (0.414) = 32,62
1b/ft”.

The dewatering goal is to reduce the molsture in the 20-ft layer beneath the anode
by 5 wt pet, i.e., from 58.6 to 53.6 wt pct moisture. Thus, for water (wy) in sludge

at 53.6 wt pet,

= W1
0.336 = -——=37.43

where wi = 38.51 1b/ft°>.

Therefore, water to be removed from each existing cublc foot of material beneath
the anode = (46.18 - 38.51) = 7.67 1b/ft> (0.921 gal/ft3.

Total water to be removed from each 1— by l- by 36.3—-ft column of material above
the anode = (36.3) (3.350) = 121.6 gal.

Total water to be removed from each 11— by 1- by 20-ft column of material beneath

the anode = (20) (0.921) = 18.4 gal.
Total amount of water to be removed from each square-foot column in the primary

zone from the surface to a depth of 20 ft beneath the anode = (121.6 + 18.4) = 140.0
gal.

Total treatment current required, for each square—foot column, at the extraction
rate of 0.75 gal/(A*h) of applied current = 140.0/0.75 = 186.7 A~h.

Total required ampere hours for the primary zone (186.7 A*h/ft? x 33 acres x
43,560 ft%/acre) = 2.68 x 108 A.h.

Rate of current application (at a density of 6.5 mA/ft?) expressed in terms of
constant dc = 9,343 A,

Total hours of treatment, including an arbitrary assumption that 5 pet of the cur—
rent applied to the electrodes travels through the sludge in the secondary zone
= (1.05) (2.68 x 10%/9,343) = 30,110 h (3.44 yr).

The values for current density (6.5 mA/ft?), total continuous current (9,343 A),
and treatment time (3.44 yr) are close approximations. The final design numbers will
be designated later in thils study after evaluation of resistances, power losses, and
costs.

The range of the current density suitable for this design 1s 0.006 to 0.007 A/ft?.
Densities lower than 0.006 have been shown to be ineffective in a Bureau large-scale
laboratory test. Values higher than 0.007 are undesirable because electrical effi-
clency decreases rapldly with increase of current density. The application rate is
tentatively set at 0.0065 A/ft?, but it must be coordinated with other factors such

as array size, bus size, costs, etc.
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FIGURE A-2.—Water content versus density, WIDCO coal
sludge, 1981.

Size and Shape of Array

Selecting the best electrode array in
terms of size, shape, and location in the
pond is a difficult problem. TFor the
horizontal electrode configuration to be
used in this pond, one must consider such
factors as the portion of the contents
that should be consolidated into a dense
product, any cost limitations, the
follow-on plan for the dewatered pond,
the time factor, etce.

No specific follow~on plans are assumed
in this design. The void developed by
treatment may be refilled with waste
sludge or fi1lled with fresh water to
serve as an artificial freshwater lake.
The consolidated material could also be
capped with coarse mine refuse and top-
soil to form useful land. In any case,
cost must be minimized wherever possible,
and treatment should eliminate the poten-—
tial hazards that normally exist with a
large mass of unconsolidated sludge.

If the entlre pond--a horizontal area
of 110 acres—-were to be covered with
electrodes, problems would arise because
of the great varilation in depth, from 110
ft in the front area to only a few feet
near the perimeter, as shown 1in figure

A-1. One solution mwmight be to size
individual anodes, in accordance with the
dissipation rate of 1 g/(A*h) of applied
current, to last only long enough to
accomplish the desired results. With the
anode corroded away, current to that area
would be minimal. The depth wvariation
problem could also be solved either by
applylng current density in proportion to
sludge depth or by disconnecting circuits
to areas when consolidation is completed.
The prineipal advantage of the 1l0-acre
array would be effective and expeditious
consolidation of all the sludge 1in the
pond. The main disadvantages would be a
very high cost due to a mammoth electri-
cal bus and distribution system and the
low cost effectiveness of the equipment
installation 1n the shallow areas.
Another approach uses a relatively
small array, on the order of 5 acres.
The array would be installed off the dam
heel 1in a corner of the impouundment.
Treatment would consist of consolidating
the 5-acre block and then capping the
area with coarse refuse and perhaps top-
soil. The reclaimed area would serve as
a platform for repeating the process on a
second 5-acre plot. The process would
continue until the entire pond area was

- reclaimed. The main disadvantages of

this method are a long overall treatment
time, the loss of the option to immedi-
ately generate additional space for stor-
ing the plant’'s current waste sludge, and
a relatively high cost. The advantages
include design flexibility which can
accommodate wvarious circumstances, the
abllity to monitor the success of various
design configurations, and the develop-
ment of comprehensive technology.

The third approach would use a floating
cathode constructed so that it could be
relocated when consolidation in a partic-
ular area is complete. The size of the
array would probably be limited to about
1.5 acres or less. Building larger
arrays sturdy enough to withstand occa-
sional relocation by winch power would be
very costly. If structural, electrical
power supply, and relocating problems
could be satisfactorily solved, this
concept could be quite efficient, allow-
ing use in areas of greatest need and
where electrokinetic efficiency 1is high.



The principal problem, aside from con-
struction, is that two or three of these
arrays may be required to densify the
pond contents 1n a reasonable period of
time, and five or six arrays would be
required 1f the new storage space 18 to
be developed in the pond (by densifica-
tion of existing sludge) rapidly enough
to provide space for the plant's current
waste sludge. The cost of construction
and operation would probably be exces-
sively high.

A fourth and final concept had an array
installed as one unit over the deepest
part of the pond. This system would be
large enough to reclaim a major portion
of the pond area in a reasonable period
of time and/or allow for sufficiently
rapld dewatering to provide necessary
storage for the preparation plant's
current sludge (thickener underflow)
disposal needs. This system was selected
as the most feasible, and its design iIs
discussed in the following paragraphs.

The array selected as the most practi-
cal after an evaluation of several other
configurations 1s shown 1in figures A-l
and A-3. The most Important considera-—
tions in its development were -

l. The electrode arrays and the elec—
trical bus system, the most costly
features of the project, become more
expensive as the treatment area
increases. Therefore, separation between
the upper and lower arrays should be
large to allow treatment of a relatively
large volume for a given horizontal area.

2. The separation between upper and
lower electrodes should be reasonably
unlform throughout the primary treatment
area. This ensures that the resistance
between electrodes is «close to uniform
throughout the grid.

3. If the pond were Dbeing filled
during treatment, the electrode array
must cover enough pond surface to provide
dewatering rates in excess of 2.5 acre-
feet per day, to keep pace with refuse
input from the preparation plant, but not
be so large that extension into the more
shallow reglons reduces vertical separa-—
tion of the electrodes to an undesirable

degree.
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Field tests have shown that large
compact iron shapes will sink to a depth
of about 36 ft throughout most of the
deepest part of the WIDCO pond. Field
tests also show that 1f an electrode
should fail to achieve the 36.3-ft depth,
it can readily be driven to the desired
depth by applying a relatively high nega-
tive potential of 50 to 75 V dc for a few
minutes. Thus, for this design, the
separation between the upper and lower
electrodes is set at 36.3 ft.

Test results indicate that, where the
existing sludge depth is 75 ft or more,
the iron electrodes can be rather easily
placed to a 1level 36 ft beneath the
surface. However, in shallower depths,
installation to 36 ft 1is moderately
difficult. Each individual electrode in
the shallower areas would probably
require electro-osmotic assistance. The
pond surface is now at an elevation of
384 ft. The Dboundary of the proposed
array approximately colncides with the
310-ft contour line shown in figure A-1,
and the area of the electrode array is
about 27.4 acres. The size of the array
can be increased if the 27.4-acre unit
proves to be inadequate during the design
process.

Each dron anode 1s paired with a
cathode which floats at the surface of
the pond. Each palr of electrodes 1in the
array exerts 1ts principal effect on its
immediate wvicinity, but each palr also
induces a very small amount of current in
each of the other electrodes. The effect
is somewhat more pronounced with pulsat-—
ing current, and it also causes a very
small amount of current to flow into
every part of the sludge body. However,
in calculating the number of electrode
pairs that will be needed, such minor
effects are ignored.

The number of electrode pairs required
for a functional system is determined by
the following criteria:

l. The electrical resistance of the
total electrode system (all pairs of
anodes and cathodes considered as a unit)
must be very low so that the heating
(I2R) does not waste energy or impede the
electrokinetic process. For electrodes
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Cumulative electrode pairs, see note 8
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in sludge (or earth), resistance 1is
always highest at the iron-sludge inter—
face because the cross-—sectional area of
conducting sludge, which has conductivity
much lower than that of metal, is rela-—
tively small, and gas bubbles may also be
present. Resistance at such interfaces
is reduced by dincreasing the surface
areas and by dispersing the contact
points over a broad range rather than
clustering electrodes 1in one locatione.
Therefore, during the design process, it
is very dimportant to analyze a selected
electrode system for total electrical
resistance. Such an analysis 1s included
later in this report.

2. Each palr of
dewatering effect throughout
pond. The effect 1is greatest
between the electrodes and
immediate vicinity and falls
with distance from the
Laboratory and field tests
effective dewatering for such a system
extends horizontally and radially to a
distance of 1.25 times the vertical
separation. Thus, 1f electrodes are
spaced too sparsely, aslide from possible
electrical resistance problems, treatment
will leave mounds of consolidated materi-
al about each electrode pair with valleys
of unconsolidated sludge between the
mounds . Too many pairs will cause uni-
form consolidation and provide good elec—
trical resistance, but the cost would
unnecessarily high.

exerts a
the entire
directly
in thelr
off rapidly
electrodes.
indicate that

electrodes

Based on successful applications in
previous Bureau dewatering projects,
galvanized iron fence wire panels (hog
wire) were selected for the design.
These rectangular units would be held
about 4 in below the surface with light,
wooden tilmbers and Styrofoam blocks. The
tentative panel size is 2.67 ft wide by
15 £t long. This size must satisfy elec—
trical resistance requirements as deter—
mined (via electrical resistance calcula-
tions) later in this report.

Various electrode patterns were drawn
to scale and evaluated to determine
adequate electrical coverage based on the
fact that each electrode's field balloons
out horizontally. The pattern selected

(fig. A-3) spaces the

and longitudinally at
respectively. In every
space  between grids will be almost
totally encompassed in the electrical
field from each of the bordering elec~
trodes. This possibly excessive electri-
cal coverage is justified by the improved
efficlency at the electrode-sludge inter-

cathodes laterally

35 and 30 ft,
case, the _open

face, by the improved level of final
consolidation in reglons between elec-
trodes, and by the insertion of an

insurance factor in case individual elec—
trode performance falls below expecta—
tions. With this placement, primary
coverage for each electrode equals 35 by
30 ft, or 1,050 ft?, Therefore, the
targeted area of 27.4 acres will be
equipped with 1,135 sets of electrodes.

Individual Anode Design

Each of the 1,135 individual anodes
more or less dewaters 1its own specific
area. The following factors must be

taken into consideration in the design of
the anodes:

l. Type of material used for the
electrodes.

2. Quantity of water
per anode.

3. Quantity of current applied per
anode and required treatment time.

4. Electrochemical dissipation rate
for anodes and welght of metal required
for completion of the procedure.

5. Most efficient shape of the anode.

6. Uniform erosion of anodes and con~
tinuous contact with electrical circuit
throughout treatment.

7. Manner of placing anode, i.e., in
one piece versus several pileces advan-
tageously distributed.

8. Adequate connection of electrical
feeder wire to the anode so that it is
maintained until the anode corrodes
away.

9. Appropriate electrical resistance
across anode-sludge interface to minimize
energy consumption.

10. Evaluation of possible adverse
effect of coatings (rust, oll, creosote,
etc. ) usually present on scrap metals.

to be extracted




The three types of material tested for
use as anodes in the WIDCO project were
aluminum, iron, and dimensionally stable
anode (DSA), a commercial electrode made
of titanium coated with an oxide that
prevents corrosion.

Each of these was tested with various
current densities and in combination with
cathodes fabricated from diron, aluminum,
DSA, and galvanized iron fence wire. An
aluminum anode was the least desirable
because of its excessive dissipation rate
and 1its past performance in densifying
solids and producing clear surface water.
DSA and iron anodes performed about
equally well in developing clear surface
water and solid sediment regardless of
the material in the cathode. Dissipation
was relatively high with iron anodes, but
nonexistent for DSA.

If dron were to be used, a large
proportion of the required amount 1is
available at the mine site in the forms
of scrap drag-line cable, drill steel,
railroad rail, construction steel, etc.
Additional scrap 1is readily available
from various salvage operations in the
immediate wvicinity. In contrast, DSA
anodes are a licensed product and are
"available from only one source 1in the
general form of lightweight screen (i.e.,
expanded metal about 1/16 in thick). 1f
iron anodes are wused, a very large
quantity of inexpensive scrap metal will
be required. On the other hand, the DSA
option will use a manufactured product of
relatively small mass which 1is quite
expensive per unit weight. Although the
comparison was only approximate, neither
option was found to be clearly preferable
in terms of cost.

DSA is attractive because only a rela-
tively small quantity of material is
required, and it has an acceptable cost,
good performance, and resistance to
anodic dissipation. A DSA anode could be
used indefinitely. The main disadvantage

is the difficulty of installation. This
screenlike material, with its large
surface area and small weight, would be

difficult to submerge to a depth of 36 ft
where the sludge is relatively dense.
Using iron for anodes is acceptable in
terms of cost, performance, and avail-
ability. Also, most of the electrodes
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would probably sink by gravitation to the
required 36-ft depth. The high corrosion
rate and the consequently large amount of
metal required for completion of the
project are the principal disadvantages.

After evaluating all the pertinent
factors, iron was selected as the anode
material for this project.

As determined earlier, each electrode
palr 1s expected to dewater a horizontal
area of 1,050 ftZ with a current density

of 6.4 mA/ft? over a treatment period of
3.49 yr.  Corrosion of iron anodes has
been calculated to occur at a rate of

1.15 g/(A*h). Thus, the amount of iron
required for each of the 1,135 anodes is
(1,050 £t2)(0.0064 A/ftZ)(3.49 yr)(365 d
/yr)(24 h/d) (1l.15 g/(A*h)) (1073 kg/g)
(2.205 1b/kg) = 521 1b. This allows for
dissolution, assuming that current is
distributed uniformly  throughout the
array and that the diron is completely
dissolved away. However, because of
variations in water content and other
properties, some anodes could carry more
current than  others. Also, further
design changes could probably slightly

alter current wvalues. Finally, 1t is
probable that at least some pieces of
iron will break off before complete
dissolution. To compensate for these
factors, the weight of required anode
should be increased to 550 1b each.
Thus, a total of about 313 st of iron is

required for anode irone.

Miscellaneous scrap iron will probably
be found in all shapes and conditions.
Generally, such random material must be
cut and welded into advantageous config—-
urations to create minimum electrical
resistance to sludge, to ensure easy
installation, and to minimize the chances

that pleces will break off from
corrosion.

As shown in figure A-4, for a given
length of wire, straight, horizontally

buried wire has the Jlowest resistance.
The resistance of a ' 500-ft-long, 1-in-OD
conductor buried 3 ft in 100 ohm*m earth
was calculated to be 1.38 ohms {(or 1.0
puR). The resistance of the L-
configuration was 1.029 times that of the
horizontal, straight wire, and the resis-—
tance of the eight-point star configura-
tion was 1.65 times that of the
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1.0 puR
' 1.029 puR
>>——— 1.058 puR
-——+——— 1.12 puR
1.12 puR
% 1.42 puR
-)K— 1.65 puR

The puR number compares
earth resistance for a given
length of conductor
installed in various shapes

FIGURE A-4.—Eftfect of electrode shape.

horizontally  buried conductor 2).
Therefore, compact electrodes will
require either more material or a greater
number of electrodes to achieve the
desired low resistance.

To alleviate breakage problems induced
by corrosion, anodes should probably be
shaped somewhat 1like a tree, i.e., the
point where the electrical power 1lead is
connected is the most massive while
branches are smaller and taper away from
the trunk. The central portion of the
anode (where the electrical lead wire 1s
attached) must be massive enough to with-
stand corrosion for the 1life of the
project. Typical examples are shown in
figure A-5. These configurations were
tested 1n the laboratory. A relatively
high current of 5 to 6 A applied for 15

to 20 days in a 3.5-ft3 body of sludge
showed the following:
l. The shapes shown 1in figure A-5,

and 2, corroded away without
the legs. The
also remained

examples 1
premature severance 1n
electrical connection

Although not completely eval-

competent.
uated, the transfer of current from a
unit area of the anode surface appears to
be greatest in the outermost zone because
of the relatively lower current density
in adjacent sludge, which results in
decreased interfacial resistance. Thus,
total disappearance of metal proceeds
from the outermost points into the
control connecting plate (rail). Based
on the laboratory results, either of
these shapes 1is adequate. Therefore,
both shapes are preferred for use on this
project.

2. The shape shown in example 3 1is
also acceptable 1f the anode is carefully
fabricated. The mass of metal must
generally taper down with distance from
the connecting points, as shown in the
example. Laboratory tests showed that if
the limbs have a uniform cross section,
such as in iron rod, random breakage will
occur.

Each anode 1is connected by a small
insulated wire to a large, insulated,
aluminum feeder cable suspended above the
pond surface on Styrofoam blocks. T
prevent corrosion of the small electrical
feeder wire and of the connecting hard-
ware, moisture must be excluded from the
connection of the copper wire with the
iron. Consequently, in this design, the
connection 1is released in a carefully
selected location in the central area of
the anode, and & sealant 1is wused, as
shown in figure A-6. Laboratory corro-
sion testing has shown that this method

protects the connection until the anode
is essentially depleted.

The impediments that might arise due
to the presence of coatings such as

olls, conventional paints, creosotes, and

oxides, some of which are normally
present on scrap iron, must also be
considered. Performance testing by the

and the field
coatings of this

Bureau in the laboratory
has shown that normal

type present no problem because they
dissolve away, leaving a bare, shiny
surface soon after the iron is energized.
Iron with specialized waterproof
coatings, such as epoxies and silicons,
must be specially treated to expose
the metal to  contact with  the



Electrical power lead to 7560-MCM
feeder cable on pond surface

Specialized connection

3 pieces (31.63 Ib each)
Railroad rail, 12 in long (44 Ib)

3/8-in fillet weld

Anode weight: 138.9 b
EXAMPLE 1

~Angle iron, 3/8~-by 4-by 4-in
4,94 ft long, 10.08 ib/ft, 2 pieces
{(49.39 b each)
le——— |ron plate, 1-by 12~-by 14-=in
(39.27 1b)

Anode weight: 138.05 Ib
EXAMPLE 2

Railroad rail, 12 in long (44 lb)

Dragline cable, 2-1/2~-in diam,
5 ft 8 in long, 16.7 lb/ft (94.7 Ib)

Anode weight: 138.7 |b
EXAMPLE 3

FIGURE A-5.—Anode construction.

2-in-QOD iron pipe, 8 ft 8 in long,
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Number 8 AWG,
copper, THW
insulation

RTV sealer

—

1/72'°
minimum

174"
minimum

[

Tear out from
connecting plate

FIGURE A-6.—Wire connection to anodes.

sludge and should therefore be
avoided.

As idindicated earlier, each anode must
include 5530 1b of diron. This amount of
iron, whether straight or Y-shaped, is
difficult to handle. To make handling
easier and also to dimprove electrical
efficiency, in this design the anode for
each electrode pair is instead composed
of four separate pleces wedlghing about
140 1b each. These pleces are arranged
around their companion cathode in a regu-—
lar pattern. This procedure will distri-
bute 313 st of diron (4,540 individual
electrodes) uniformly at a depth of 36 ft
throughout the primary treatment area.
As shown in figure A-7, the maximum
horizontal separation between the iron
anodes 1s only 17.5 ft. The even distri-
bution and close spacing (relative to the
vertical spacing between the anode and
the cathode) should yield good results.
However, the design may have to be

resistance is

changed if its electrical
found to be inadequate.

Individual Cathode Design

Earllier in the design process, each
cathode was assumed to consist of a 32-in
by l4-ft panel of galvanized dirom fence

wire held just below the surface with
timber and Styrofoam blocks. This selec~
tion had been made in order to allow

first—order calculations of other import-
ant desilgn characterlstics, such as the
required number of pairs of electrodes,
the ampere hours of current, etc. The
selection was based primarily upon satis-—
factory experiences with similar config-
urations in previous Bureau projects (1,
3. However, final selection in thils or
any comparable project must also consider
other factors, as discussed below.

Four different cathode materials were
tested in the laboratory. Iron, DSA, and
galvanized iron fence wire had essential-
1y the same efficiency in developing
clear surface water, densifying residue,
and resisting corrosion. Aluminum, on
the other hand, was found to corrode in
proportion to the density of current
transfer across the interface between
the electrode and the gludge. With a
current of 67 wA/ft?2, an appropriate
level for the procedure, the aluminum

corroded at a rate of 0.08 g/(A*h) of
current. Thus, this project would
consume nearly 19 st of aluminum. The

reasons for this consumption are believed
to be as follows.

Aluminum is a chemically reactive
substance, easily oxidized to the +3
state. When it is exposed to air or

another oxldizing environment, a tough
surface coating of aluminum oxide forms,
which protects the metal from further
attack. However, when an aluminum cathode
is submerged 1n the sludge pond, the
reducing environment quickly destroys the
oxlde coating, exposing the bare aluminum

metal to chemical attack by water and by
hydroxide ion. The following reactions
describe a plausible sequence which can
account for the observed cathodic corro-
sion of aluminum. "Normal" cathodic
reaction:
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1 electrode pair typical [———— 3 5 ]
for 1,135 locations 8.75" » 17.5" pea—
7' D
l e — f — =
6.17"
< | <X \Al AT
3W1Z_ ! ~T T i

: = = - m—
PPN Ny
2.67° 1 \\\\-\~_4'“/ / |

]
J
7
|
1
i

Angle-shaped anode Y-shaped anode

FIGURE A-7.—Electrode placement pattern.
2H20 + 2~ —> H2 (g) + 20H~ (A.)

Destroys Al,0z protective coating:
Al,05 + 3H, —> 2Al + 3Hp0
and/or
Al,03 + 20H" + 3Hp0 —> 2A1(O0H),~ ()

Electrochemlcal dissolution of exposed aluminum:
2A1 + 6Ho0 + 20H" —> 2[AL(OH)4]" + 3H,(g) @)

The AL(OH),~, once formed, migrates toward the anode. The increased concentration of
hydrogen (formed by reaction C) can be verified by collecting the gases generated
during electrolysis; the "extra" hydrogen 1s directly proportional to the loss of

aluminum from the cathode (4).
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One possible design would have used
stranded bare aluminum cables stretched
across the treatment area and held just
beneath the surface with Styrofoam
blocks. If 500-MCM cable (0.8l-in-diam)
were used and if a 15-pct "insurance"
factor were added on, approximately 21.9
st of cable would be required to obtain
73,000 1in ft of aluminum cathode (73
lines spaced about 15 ft apart). This
design was rejected because of high cost
and somewhat reduced performance, as well
as the probablility that such cable would
suffer breakage due to uneven corrosion.

DSA cathodes were eliminated because
they would have been significantly more
expensive and would not have been more
efficient or easier to install. Bare or
galvanized diron fence wire performed as
well as DSA, Galvanized fence wire is
readily available as stock material,

fencing must be specially
ordered. For the relatively small total
requirement of 16,000 1lin ft (32 in
wide), stock galvanized wire is the least
expensive. While paint and other coat~-
ings are not a problem on anodes, they do
impede performance when present on cath-
odes. However, galvanized fencing is new
and has excellent surface condition.

The wire fencing 1is also easily prefab~
ricated into individual units (fig. 4-8),
which are easily handled and installed.
We expect that the units will be mechani-
cally sound and durable, with a more-
than-adequate service 1life. While many
functional cathode systems can be
devised, this design uses the configura-
tion shown in figure A-8. Final selec-
tion, particularly in regard to size,
still depends on the evaluation of the
electrical resistance.

while Dbare

750-MCM aluminum (2 in parallel),

THW, 600-V positive feeder

Number 8, copper, THW, 600-V
feeder to anode (4 each)

Styrofoam block, beaded, 4-by

10-by 40~in (2 each)

Piywood, treated, 5/8-by
20~by 36=in (2 each)

|
|
\

Piywood, treated,
5/8~by 20-by
40-in (2 each)
Number 8, copper, THW
connection to cathode

Wooden timber, treated, 6-by 3/4-in
by 12-ft (2 each)

Cathode, galvanized iron fence wire
panel, 14—ft length with 28 strands on
6-in centers. 2-ft 8~in width with 8
strands, spacing ranges from 6 to 3 in.
Average strand diameter 0.085 in.

7560~-MCM aluminum (2 in paraliel), THW,

600-V negative feeder

FIGURE A-8.—Individual cathode design.



Treatment With Half-Wave Direct Current

Laboratory test results at SRC show
that for a given amount of power, treat-
ment with half-wave dc potential {{i.e.,
sinusoidal pulses), rather than the
normally used constant dc power, produces
somewhat superior results. Specifically,
if such treatment were applied to WIDCO
sludge, the final consolidation would be
increased by 3 to 4 wt pet. Much greater
advantages have been claimed by other
researchers (personal communication), but
such results have not been published and
remain speculative. There 1s an added
and more important advantage to using
half-wave 1in this project, because a
three~-phase rectifier c¢an readily be
arranged to  produce six individual,
sequential, half ~wave potentials, as
shown 1n figure A-9. This feature 1is
used in this design to separate the WIDCO
treatment area into six 5.5-acre zones,
each of which is equipped with a separate
electrode system and voltage. Thus, even

in the unlikely event that a low-
resistance spot in the treatment area
should occur {e.g., 1f a salt solution

was deposited at some point in the treat-—

ment zone), problems with the sludge
treatment would be confined to that
area.

As shown in figure A-9 4, each of the
three phases produces two continuously
pulsating potentials—-one positive and
the other negative. Each of the pulses
is sinusoidal and has a frequency of 60

¢/s with an equal on-off time of 1/120 s.

When such potentials are applied to
resistive loads, such as electrodes in
sludge, the resulting current will also

be sinusoidal and in phase with the
driving potentials. The amplitude of the
current pulse will be 1nversely propor-
tional to the load resistance (anode to
cathode resistance) and directly propor-
tional to the level of applied voltage.
In actual operation, individual regulat-
ors will maintain the current to each
zone at a constant value and will auto-
matically raise or lower output voltage
as necessary to compensate for changes in
load resistance.
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The circult arrangement for the half-
wave concept, as shown in figure A-9,
requlres seven output terminals at the
rectifier. Each of six serves a specific
zone, while the seventh (neutral) is a
common return for all six =zones. As
indicated in figure A-9, when all phase
currents are equal (i.e., resistance and
applied voltage are uniform in all six
zones ), the system 1s balanced. Under
such a condition, the currents for regu-
lar sinusoidal pulses are always algebra-
ically equal to zero, and normally there
is no current in the neutral leg at the
transformer connection. However, owing
to the space arrangement and to possible
charge imbalance, some sections of this
bus will have wvery high current. This
will be discussed later in this report.
As previously discussed, the current to
each of the six zones in the treatment
area consists of sequential sinusoidal
pulses lasting 1/120 8 alternating with
equal periods of zero flow. Thus, at any
given instant, there will be unique and
changing current patterns, as shown in
figures A-10 and A-ll. Figure A-10
shows the pattern at the instantaneous

time ty when the phase A potential is at
its maximum value {positive with respect
to neutral) and phases B and C are each

at half of their maximum negative values
(negative with  respect to neutral).
Resulting current flow in the neutral bus
from phase A is in the opposite direction
to current flow from phases B and C. For
a three-phase transformer with balanced
outputs and identical phase-to-phase

loads, the current will be equal to zero
at all times.
Most electron flow in the six zones of

the electrode array will occur between
electrodes within each respective zone,
l.e., from anodes in zone 1 to cathodes
in zone 1. Electrodes in dimmedlately
adjacent zones will be sufficiently close
to offer an alternative conduction path,
however. For example, referring to fig-
ure A-3, the least resistance (shortest
distance) between cathode 1 and 2 occurs
between docks 9 and 10. Here the
distance 1is about 47 ft, and current flow
will be significant. At the far end of
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POTENTIAL, Epq
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<€
-
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TIME
Epc ®phase to neutral voits (RMS)
= yoltage with load connec ted phase to phase

*——~ Positive half of phase A ocutput
Ip

! - 6 individual dc potentials as shown are
available from a 3-phase rectifier

17120 s

1/120 s

FIGURE A-9.—Pulsed potential from a three-phase rectifier.
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6 Zone numbers
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s
—yl

o /
/

Diodes

Neutral bus

Notes:
— ! 1. Indicated current paths aq, bo, and co

, o oH—— -

Incoming

power,

480-V, A Phase B

3'-phase, |1 11 |

60-Hz o oM Phase C
Controller— Transtormer, 3-phase
switch panel

| are tor instant tq (see tigure A-9).
I Degree of line thickness implies

Rectifier unit

relative density of current flow.

2. Subscript 1 denotes current from
positive half of a phase potential, and
subscript 2 denotes negative half.

3. Main electrode reactions are~

cathode: 2e™ + 2HpO—Hy +20H™
anode: 40H"—=2H,0+0,+4e™
overall: 2H30—=2H5 +0»

FIGURE A-10.—Current flow pattern at time t,.

zone 2, the anodes connected to dock 16
are approximately 213 ft from the nearest
cathodes in 2zone 1, and current flow
between these electrodes will be much
smaller. Spacing between nonadjacent
zones (240 to 420 ft) is so 1large that
current flow between electrodes in these
zones will be negligibly small. However,
the interaction of electrodes in adjacent
zones, illustrated in figure A-10, will
significantly increase overall dewatering
efficiency.

Figure A-11 shows current flow at time
to, when current in C phase is zero and
currents in A and B phases are equal and
opposite. Again, there 1s significant
interaction between electrodes from zZone
to zone.

The blocking diodes shown in figures
A-10 and A-1l1 are dincorporated in the
design to prevent damage or counterpro-~
duction by current flow in the wrong
direction. For example, at ty, cathodes
1, 2, and 3 (fig. A-11) are positive with
respect to cathodes 5 and 6. Without
blocking diodes, current could flow
setween cathodes 1, 2, and 3 (acting as
anodeg) and cathodes 5 and 6. If this
occurred, the small fence wire would soon
be corroded away.

As shown in figure A-9C, each of the
eix circuits will carry continuously pul-
sating power. At the anticipated current
density of 0.0065 A/ft?, the required
current per zone will be equal to
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Phase buses
Blocking diodes

Floating
% cathodes
S RN B ST c
|b1\\1 02\\\\\‘32 : 2 sSubmerged
anodes
y ; 4 v 5 v 6 Zone numbers

{ o 4~ ]
| Diodes
!
N — _ {
. fo ™ oH— !
Incoming
power,
480-V, —T10 O Phase B L] L] L
3-phase, |, i Ph Cl
60-Hz ase
© ] Neutral bus
e o - — — I Note: Indicated current paths by and co are
Controller— Transformer, 3~phase | for instant to (see figure A-9),
switch panel l Degree of line thickness implies
Rectifier unit, 0-to 10,000-A, O-to 50-Vdc output relative density of current flow.
FIGURE A-11.—Current flow patiern at time t;
(5.5 acres/zone)(43,560 ft?/acre)(0.0065 depending upon results obtained in the
A/ftz), or 1,557 A in terms of constant design calculations for the dec bus, the
dc. However, the ratio of the peak value electrode resistance, and the power
of half-wave sinusoidal pulses to an  consumption.
equivalent constant current is 3.14 to 1.
Thus, instead of a constant flow of 1,557 Direct Current Distribution System
A, the current will continuously pulsate
from an instantaneous peak of 4,889 A to The dc distribution system, illustrated

0 A, Apparently, this relatively high
peak, even though brief, is largely
responsible for the superior results that
occur with wuse of  half-wave power.
Obviously, the increased effectiveness
must be weighed against the dincreased
rate of power consumption. Power con-
sumption increases in proportion to the
RMS of the current flow. Therefore, it
may be necessary to flatten the top of
the sinusoidal wave via transistor ele—
ments to achieve acceptable power losses.
Such a modification of the applied pulse
might “Be incorporated into this design,

in figures A-3 and A-12 through A-18, is
complex becduse the s8ix individual dec

potentials generated by the rectifier
(i.e., two half-wave outputs per phase)
must each be delivered to a specific
area. The problem is intensified by the
large quantity of current to be deliv-
ered, the numerous electrodes that must

relatively long
the zones.
rates

be connected, and the
distribution lines to some of
The extraordinarily high current

will cause large heat losses 1in the
conductors (I%R), which must be offset
by increasing the size of the system



Neutral bus, aluminum pipe (common return). For amperage see figure A-21,
/ Phase bus, 6 each, aluminum pipe of varying size

lL.ateral feeder, aluminum cable

/ :

(surface electrodes)
A

AN
185 anodes,

iron (submerged)

188 cathodes

AN
174 anodes

174 cathodes

VA A B

AN
185 anodes

185 cathodes

VAR

NN
181 anodes

191 cathodes

NAASD
-

204 anodes

204 cathodes

NAA

194 anodes

194 cathodes

Treatment zone 8
1/2-wave, phase C

Treatment zone 5
1/2-wave, phase B

|_ Treatment zone 4
1/2-wave, phase A

| Treatment zone 3
1/2~wave, phase C

| Treatment zone 2
1/2~-wave, phase B

Treatment zons 1

I_..T__l

LA W

RMS

current with G.14~=pct

suppression, 3,186 A

Average continuous
current, 1,449 A

fFeeders to pond electrodes,
For details see figures A-13 to A-18.

B 1/2-wave, phase A

Ly
s
.
¢
BA
y ¥ Blocking diodes
L M Cathodes
36’ typical
T' D Anodes
. 450
typical
Zone 4 Zone 1
Rectifier, pad-mounted, weatherproof,
716-kW, 70-V (RMS), 6 output circuits,
automatically current reguiated
Inout Fused disc,
4:0_’\; ; 3-phase,

! 600V, Output terminal box, 6
3-phass, | . . .
€0-Hz shunt trip, circuits, fused, hinged

800-A and locked access
Qutput COMMON — & 4 4 + 4+ +
$A 9B #C
6, 1/2-wave outputs, rated at
Typical for 3,479 A (RMS-modified
ye sinusoid), 68.6 maximum V
B zones

FIGURE A-12.—Electrical diagram.

phase to neutral (RMS)
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Neutratl
cables to
rectifier

feeder

Aluminum jumper cables (italic numbers Indicate quantity).

Wooden dock with. Styrofoam logs,
12«by 12~ft, 3,8600~1b support capacity

[ e . >

:«——Stee! cable to
anchor on shore

i

Swivel~-type bus support

4 ~ft-wid
G e |

Wahith KO

whbortn &

L

-2

IVA!I are 1,000 MCM with THW insulation unless otherwise noted.
6
5
5
5
4
4
3

R

= i

Dock 2
Cathode//Anode

To 19 electrode
pairs, circuit 2

Dock 1 See note 4

Cathode//Anode

To 19 electrode
pairs, circuit 1

See note 1 Cathode
To 20 electrode

pairs, circuit 3
Start zone 1, phase A negative. All 4~in OD by 1/4-in wall.

Fi - :
ixed-type bus support ~See note 5

Notes:

LS 0 S - I

See note 3
] ] .- 6 | 1 —_ 6 =
i i g % = o) L s S
Meutral bus 5 5 l 5
5 [ | g': 1 l‘ll g: T [g: s by
4 T 4 = S =2 4
3 - 3 = ==y 3
[T gy L L, O] Ty O
Dock 4 Dock 5 Dock 6
Cathode//Anode Cathode//Anode Cathode//Ancde
To 21 electrode To 21 electrode To 22 electrode
pairs, circuit 4 pairs, circuit 5 pairs, circuit 6
Zone 1, phase A negative ~Zone 6, phase C positive
Zone 2, phase B negative- ~Zone 5, phase B positive
- Zone 4, phase A positive

Zone 3, phase C negative -

All docks joined with catwalks as shown above

All docks spaced on 30~ft centers unless otherwise noted

All tubing is round aluminum, 8-in OD with 3/8-in wall unless otherwise noted
Each lateral includes 2, 750-MCM, THW aluminum conductors in parallel

All buses for zones 2 and 3 are 8~in OD with 1/4-in wall

FIGURE A-13.--Distribution system, docks 1 through 6.
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Dock 7 Dock 8 negative Dock 9
Cathode // Anode Cathode// Anode Cathode// Anode

To 22 electrode
pairs, circuit 7

To 24 electrode
pairs, circuit 8

Start phase B negative, 1/2-wave dc, zone 2

To 26 electrode
pairs, circuit 9
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Dock 10 Dock 11 Dock 12
Cathode// Anode Cathode Anode Cathode// Anode

To 27 electrode
pairs, circuit 10

To 29 electrode
pairs, circuit 11

To 29 electrode
pairs, circuit 12

M6 T~y [ 6 o -6 .
5 X T 5 Y 5
5 L s l s— |
19 1 k) K | L. 3 U )
[T 4 ~LIT I Ny U [TT- 5 f—~LT1
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Dock 13 Dock 14 Dock 15
Anode Gathode Anode Cathode/{Anode

To 29 electrode
pairs, circuit 18

See notes 1 and 2, figure A-13

To 30 electrode
pairs, circuit 14

See note 3, figure A-13

To 30 electrode
pairs, circuit 15

FIGURE A-14.—Distribution system, docks 7 through 15.
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Dock 16 Dock 17 Dock 18
Cathode// Anode Cathode// Anode Cathode// Anode

To 30 electirode
pairs, circuit 16

End phase B negative, zone 2

To 30 electrode
pairs, circuit 17

8tart phase C negative,

To 27 electrode
pairs, circuit 18

1/2~wave d¢, zone 3

== 5 5 5 TET

5 & ]

b ¥ “ | 53 5
& 51 &
4~\ 4_‘ e 3_

- | o T ] g TErn M

Dock 19 Dock 20 Dock 21
Cathode // Anode Cathode// Anode Cathode// Anode

To 26 electrode
pairs, circuit 19

To 26 electrode
pairs, circuit 20

To 27 electrode
pairs, circuit 21

/
,m-___ Coated steel cable, 5/8~in, to anchor on shore
Vi
[ - 8 = [ rs3
5
b] ] .|5 | ) 5 |
5 5\ 5
2 5 5
o 20 20 | - - _— - e
Dock 22 Dock 23 Dock 24
Cathode Anode Cathode Anode Cathode Anode

To 27 electrode
palrs, circulit 22

End phase C negative, zone 3

To 28 electrode
pairs, circuit 23

Start phase A positive,

To 29 electrode
pairs, circuit 24

1/2-wave dc, zone 4

FIGURE A-15.—Distribution system, docks 16 through 24.
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Dock 25
Cathode Anode

To 30 electrode
pairs, circuit 25

To 30 electrode
pairs, circuit 26

/ Dock 27
Cathode// Anode

To 31 electrode
palirs, circuit 27

= -6 facs -6 =] 3, 6 —

5 5 5

H 1= i 1 =
5'L\ -

T T 1.2 5 &
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/ Dock 28 Dock 29 Dock 30
Cathode //Anode Cathode Anode Cathode

To 32 electrode
pairs, circuit 28

End phase A positive, zone 4

See notes 2 and 3, figure A-13

To 33 electrode
pairs, circuit 29

Start phase B positive,

To 34 electrode
pairs, circuit 30

1/2~-wave, zone 5

6 - P [=_6 - P
5 5 5
o | = —_— 1 £
41 41 3
— [ rae IR L L2 - x
Dock 31 Dock 32 / Dock 33
Cathode // Anode Cathode // Anode Cathode// Anode

To 85 electrode
pairs, circuit 31

FIGURE A-16.—Distribution system, docks 25 through 33.

To 35 electrode
pairs, circuit 32

See note 3, figure A-13

To 35 electrode
pairs, circuit 33
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Dock 34 Dock 35 Dock 36
Cathode Anode Cathode// Anode Cathode// Anode
To 35 electrode To 34 electrode To 32 electrode
pairs, circuit 34 palrs, circuit 356 pairs, circuit 36
End phase B positive, zone 5 Start phase C positive, 1/2-wave, zone 6
1 - 1 ) ™. L* L § 1y "3
S 6 1 LI § 6. I 3
Dock 37 Dock 38
Cathode// Anode Cathode Anode
To 30 electrode To 22 elactrode To 21 electrode
pairs, circuit 37 pairs, circuit 38 pairs, ¢ircuit 39
i
Coated steel cabls, §/8~in, to anchor on shore——»
I [ oo, - 4 o 1 2 3 2y 2 __,_[]15:_—
4 A °
. ) . . ’ . . ’
— J 4 k) 3 2 0
e o ‘ =)
Dock 40 Dock 41 Dock 42 Dock 43
Cathode// Anode GCathode // Anode Cathode Anode Cathode // Anode

To 13 electrode
pairs, circuit 41

To 19 slectrode
pairs, circuit 40

To 6 electrode
palirs, circuit 43

To 10 electrode
pairs, circuit 42

See notes 2 and 3, figure A-13 See note 3, figure A-13

FIGURE A-17.—Distrlbution system, docks 34 through 43.
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12— by 12-ft wooden dock 2-ft-wide catwalk

Swiveil-bus
crossbar

—1,000-MCM
bare aluminum,
5 each

Electrode feeder
pair, 750~-MCM
aluminum, THW,
2 each per leg

Electrode —
feeder anchor

Guy cable

v

Neutral bus, Phase bus, 1/2 wave,
8- by 3/8-in 8- by 3/8~in
aluminum tubing aluminum tubing

Fixed—-bus
crossbar

FIGURE A-18.—Typical layout of distribution system dock.
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(i.e., the cross—-sectional area of con-
ductors) as much as 1is economically feas-
ible. Therefore, the design described
here attempts, through iterative calcula-
tions, to achieve a favorable balance
between the costs of wasted heat losses
and those of system installation.

The components of the complete dc cir-
cult are shown in figure A-12. They are
shown in sequence, starting at the recti-
fier. The components Include -

1. Phase and neutral cables: Single-
conductor, insulated (THW)  aluminum
cable, in multiple parallel as necessary
for electrical capacity, connects the
rectifier with the aluminum tubing on the
first dock (fig. A-13). Cables are
fastened to wooden crossbars on the sur-

face of the ground, and are attached to
the tubling by arc welds and to the
rectifier by mechanical pressure
devices.

Each zone 1s fed with a
supported 12

2. Phase bus:
set of aluminum tubes (bus)
to 15 in above the pond surface by a
system of 43 wooden docks aligned along
the east boundary of the treatment zones.
The 24-ft lengths of round tublng span
the 18-ft spaces between docks. Resist-
ance calculations for the aluminum pipe
are based on an ALCOA resistivity value
of 3.13 x 107% ohm/cm?2.

3. Phase and neutral bus junpers: The
gaps between the 24-ft lengths of tubing,
i.e., across the top of the docks (fig.
A-18), are bridged with a sufficient
number of insulated (THW) aluminum cables
in parallel to achieve the desired capac-
ity. Jumper conductors are arc-welded to
the tubing.

4., Lateral cables: One set of rela-
tively 1large insulated (THW) aluminum
cables per zone carries current laterally
across the treatment zone from the phase
bus to one slide of the electrode pairs.
An identical set carries return current
from the second side of the electrode
palrs te the neutral bus. Guy wires off
the far end of each lateral cable hold
the entire array in place. Lateral
conductors are fixed to the aluminum
tubing by arc welds.

: Small insulated
(THW) copper wires connect the individual
electrodes to the large lateral cables.

5. Connector wires:

The electri-
sets of
each zone

6. Electrode resistance:
cal resistance between the
cathodes and anodes for
includes resistive effects of the two
sludge—-electrode interfaces, the sludge
body, and the reflective effect, 1in a
glven zone, from electrodes in all other
Zones. Electrode reslstance differs
somewhat for the various zones and also
can be expected to change significantly
as treatment progresses.

7. The neutral bus 1s connected to the
neutral point of the three-phase trans-—
former in the rectifier and serves as the
common return path from all electrodes.
It consists of 24-ft lengths of aluminum
tubing, In series, as described above for
the phase bus. The neutral current is
proportional to the phase current imbal-
ance. This is wvery large in some por-
tions of the bus, primarily because of
the large physical separations between
the six half-phase loads. Neutral cur-
rent will be different 1in each span,
ranging from a very high to a relatively
low value, as shown by calculations later
in this study.

As established earlier, to fulfill the
dewatering objective will require appli-
cation of an average dc of about 0.0065
A/ft2 over the primary treatment area, or
a total of 9,344 A. This study will
assume equal distribution of this current
te all electrode palrs. Thus, each elec—
trode pair will conduct 9,343/1,135, or
8.23 A. This value multiplied by the
number of electrode pairs in a given zone
establishes the approximate current for
that area 1n terms of continuous dc.
However, the actual current i1s in the
form of regular 60-cycle sinusoidal
pulses which may be altered and somewhat
reduced by suppressing the peaks to
moderate I?R losses. The relationships
between continuous de¢ and half-wave
sinusoidal pulses of both the standard
and an altered version are shown in fig-
ures A-19 and A-20. Applied current flow
to each =zone 1is shown in table A-l. The
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IRMs=RMS (heating)=1p(0.707) Iig=average sinusoid=1p(0.637)

-

4——_\<;;;—Ip=peak sinusoid —

ia=equivalent average
for continuous pulsing

TIME

FIGURE A-19.—Continuous current versus sinusoidal pulses.

values for current, with subscripts 1 through 6, are values for the sinusoidal pulses
for which the peak values have been suppressed by transistor control. As shown in
table A-1l, such suppression causes a substantial reduction in power consumption for a
relatively small decrease in the average current. For example, as shown by lines 12
and 13 (fig. A-20), suppression of the top l4 pct decreases the average quantity of
current by 4.9 pct while decreasing power consumption by 12.8 pct.

Four combinations of wvarious distribution system components were evaluated with
regard to efficieney, voltage drop, and cost. The cases were considered sequential-
ly, i.e., reasonable estimates of item requirements were made in case 1, and after
calculations had forecast the consequences of those assumptions, they were modified
for case 2 and the calcualtions were repeated, etc. Given the impossibility of
optimizing a system for more than one variable at a time, this 1is a reasonable
approach, and we believe results of the fourth case study are not far different from
the best that could be achieved with additional "tinkering."

Calculations were performed to relate average and RMS currents for wvarious levels
of peak suppression. The area bounded by a truncated wave with an original amplitude
of one unit was calculated. This calculation was repeated for truncated amplitude of
0.84 to 0.94 as shown in table A-2. The RMS value was obtained by using the computer
program in appendix B, and the area under one curve was found by integrating sin 0
from O to sin~! (truncated amplitude) and adding this to the area of the rectangle.
For example, suppose the amplitude is truncated to 94 pct of its maximum value. The
area under the truncated curve from O to m/2 is given by

sin~1 (0.94) = 70.05° = 1.223 rad
Area of rectangle = (w/2- 1.223) (0.94) = 0.327
70.05°

Total area = ‘( sind*ds + 0.327
OO

~lcos(70.05°) - cos0°] = 0.327
-0.341 + 1.0 + 0.327
0.986

]

o
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The area under the nontruncated curve calculations are quite unusual and proce-
from 0 to w/2 is 1, and the percentage of dures are presented in more detail.
- the total area dis (0.986/1.0)(100 pct) Results for the first three cases are
o = 98,6 pct. presented briefly. Greater detail is
Calculation procedures for losses d1in given for the fourth and final case,
| individual components are simple but which 1s the one selected for installa-
i tedious, and therefore are not included tion. Both regular and altered sinuosi-
da here. However, for the neutral Ileg, cal pulses were evaluated for this case.
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TABLE A-1. - Applied current to individual zones, amperes
Item Zone Zone Zone Zone Zone Zone
1 2 3 4 5 6

Ip ~Required amperes expressed as an

average constant value.eesseasessoss | 1,597 1,679 1,572 | 1,523 1,432 | 1,539
I, --Peak value of sinusoidal pulse, with

half-wave rectification to achieve

T Assoasosncosnssscncesesanssnnannsas | 5,015 5,272 | 4,936 | 4,782 4,497 | 4,833
Ig ~-RMS! value of sinusoidal pulse (l.,e.,

Ir=heating effect)ssesoonsecnaseeess | 3,5451 3,727 | 3,490 | 3,381 3,179 | 3,417
Ir; ——RMS with 6 pct clipped clipped from

pulse peaksS.eeseseecassceconseasnsasas | 3,468 3,646 | 3,414 | 3,307 | 3,110 | 3,342
Ia, --Average constant calue with 6 pct

SUPPresSSioNe sesseesnesossesecsossasas | 1,575 1,656 | 1,550| 1,502} 1,412 | 1,518
IR, —-RMS current with 8-pct suppression... | 3,469 | 3,647 | 3,415 3,308 3,111 | 3,343
Ip, ——Average constant value with 8-pct

SUPPTESSiON. cevsssovvesvseeannesssee | 1,564 1,644 | 1,539 1,491 | 1,402 | 1,507
Irs; ——RMS with 10-pct suppression.essassess | 3,409 | 3,584 | 3,356 | 3,251 | 3,059 | 3,286
IAS —~—Average constant value with 10-pct

SUPPTreS8ioNesseescesrassnacnssveanes | 1,549 1,628 | 1,525 1,477 | 1,389 | 1,493
Ir, --RMS with 12-pct suppression.......... | 3,359 3,532 | 3,307 | 3,204 3,012 | 3,237
Ip, ——Average constant value with 12-pct

SUPPTESSi0MNeseevesvsnvnennasssesaees | 1,533 1,612 1,509 | 1,462 1,375 | 1,477
Irg ——RMS with ld-pct suppressioneeesssssee | 3,309 3,479 | 3,257 | 3,156 2,967 | 3,189
Iag ——Average constant value with l4d-pet

SUPPTeSSioNaseeescescansssscnossasnses | 1,519 1,597 | 1,495 1,449 1,362 | 1,464
Irg —~RMS with 16-pet suppressioneesesssses | 3,259 3,426 | 3,209 | 3,108 2,922 3,142
Ipg ——Average constant value with l6-pct

BUPPTreSSioNe s eesserevnonvenannsasees | 1,500] 1,577 1,476 | 1,430] 1,345 | 1,445
IRMS = root mean square.
TABLE A-2. - Average and RMS values for Each of the 20-ft lengths of the neu-

various levels of suppression

Suppression of RMS value Area, pct
peak value, pct

94 0.69 98.6

92 .69 97.9

90 .68 97.0

88 .67 96,0

86 .66 95,1

84 «65 93.9

tral bus along the east boundary carries
a different level of current, as shown in

figure A-21, ranging from very low to
very high amperage. The neutral bus
accumulated return current from all the

individual electrode pairs, each of which
is fed with sinusoidal pulses. Thus,
starting from the far end of zone 6, dock
43, the neutral bus receives (from lat~-
eral 43) a sinusoidal pulse with an RMS
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23/Latiral and dock number

@ @ 43—
4,272 (4,069) 1% 510/230@) 109 (102) 109749
22 42
4,080 (3,887) 493/222 291 (272) —52/88
21 41
3,910 (3,725) 1% 493/222 © 529 (494) 2387107
20 [ - 40
3,770 (3,500 W a78/274 [ ¢ 875 (817) 0 576/ 7586 ©
e 19 N A 39 o
3,655 (3,479) 4757214 1,259 (1,178) 384/173 g
18 38 ~
3,585 (3.391)'g 4937222 1,661 (1.551)“ 4027181
17 37
3,503 (3,328) —536/248 2,209 (2,062) 548/247
16 — ‘ 36
&218(3&61)“ 548/247 2,798 (&60?)“ 584/2683
15 356
2,857 (2,8186) 1% 548/247 3,413 (3,1886) [ 620/279 —
14 34 -
2,726 (2,599} 16 548/247 N 2,738 (2,587) [ 639/288
13 o 33
2,540 (2,424)»~ 528/238 T 2,917A2,76 H,, 6397288 w
e 12 N e 32 o
2,398 (2,291)Y 529/238 3,165 (2,998).¥ 639/288 r'g
11 31
N
2,300 (2,206) 529/238 3,465 (3,284) 639/288
10 30
2,280 (2 176) 493/222 - 3,796 (3,597) 618/27¢8" —J
9 — 29 —_
1,948 (1,874) [e 4747214 3,558 (3,373) 602/271
8 28
1,642 (1,598) [ 4398/197 3,684 (3.502) 584/263 <
‘ 7 27
1,362 (1,350) 4037181 3,848 (3,662) 566/255 )
6 26 - c
1,086 (1,112) 4037181 T 4,089 (3,845) 547/247 '3
5 oY 25
826 (900) 385/173 'g 4,257 (4,053) 547/247
4 N 24
578 (717) 385/173 4,490 (4,275)[ 530/238 J
3
O—5e5r755— —
374 (5986) 3662164 Notes: (D Current in lateral~smaller
% value is required amperes expressed
281 (558) 84?4156 as a constant direct current; larger
a72 (612) [ 547775 value describes required current in

Neutral cables |to rectifier

terms of the RMS value of an
equivalent sinusoidal, 60-Hz,

1/2~-wave pulse
@ Values shown are the RMS currents for a particular section of the
bus averaged over the period indicated in figure A-22
@Parenthetic numbers represent RMS current with pulse altered as

shown in flgure A-20

FIGURE A-21.—Neutral bus current, individual sections.

current (i.e., root mean square or heat—
ing effect) of 109 A. From dock 43
through 35, the pulses from the laterals
are all in phase with one another and add
directly, as denoted by figure A-22,
diagram B, resulting in a gradually
increasing sinusoidal pulse. Starting at
dock 34, the pulses from zone 5 are added
120° out of phase to the single large
pulse emanating from the bus at dock 34.
This develops an irregular pulse, grad-
ually increasing in average amplitude as
shown 1n diagram ¢, figure A-22. Pulses
from zone 4 are added 120° out of phase

to the pulse from dock 30 (summation of
pulses from zones 5 and 6), resulting in
pulses as shown in dlagram D, figure A-
22. Across zones 3, 2, and 1, the pulses
are subtractive and result in the pat-
terns shown 1n figure A-22. A short
computer program (appendix C) was used to
calculate current for each Individual
section of plpe as an RMS current, for a
normal as well as an altered pulse, aver-

aged over the pulse time period, e.g.,
180°, 300°, etce Results are shown in
figure A-21. The home run current repre—

sents system dImbalance and amounts to a
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FIGURE A-22.—Current pulses in neutral bus.
372-A sinusoidal pulse expressed as and five 1,000-MCM conductors for the
constant current or 612 A RMS, altered run connecting the rectifier to the neu-

pulses. Heating loss in the bus is equal
to the product of the RMS current squared
and the bus resistance and 1is summarized
in table A-3.

Case 1 considered 4-in-0D by 3-1/2-in-
ID pipe for the phase bus, a set
of four 1,000-MCM cables in parallel for
each phase bus for the run from the rec—
tifier to the first dock, a set of four
500-MCM conductors in parallel for each
phase bus jumper, one 500-MCM conductor
for each lateral across the treatment
area, one No. 10 AWG copper wire to con-
nect each individual electrode to a lat-
eral cable, a 6-in—0D by 5-1/2-in-ID pipe
for a neutral bus and a set of five 500-
MCM cables for each neutral bus jumper,

tral pipe on the first dock.

TABLE A-3. - Heating loss in neutral
bus across various zones per case
study, watts

Regular

sinusoidal Altered sinusoidal

Zone pulses pulse, case 4
Cases Case

1-3 4
leas 859 440 465
2ean 6,561 3,316 3,016
Jees | 16,433 8,301 7,522
4eo. | 15,281 7,724 6,993
S5¢ce 6,984 3,530 3,166
6uao 2,381 1,206 1,053




52

Case 1 results are summarized as follows:

Heating loss in the distribution system, exclusive of electrodes.......kW.. 285
Approximate cost for installing the distribution system (exclusive of docks
and electrodes) plus the cost of energy loss in the distribution system
conductors:
Estimated cost for installationeeesecsssccsscnsasescsscasssssosssncesacses $136,000
Approximate cost for energy loSS.eiecestescrsvorssssssscssonssnscsnscacsns 210,000
346,000

Total...‘.l...ﬁlﬁotli....l.........’..CQ.....'..'..ll......l...'..I.'i.
Typical voltage drop across the treatment zones, i.e., difference in volt-
age applied to the nearest and most remote electrodes.eesseseesse.V, RMS.. i3

The principal objections to this system are excessive power loss and voltage drop;
case 2 will therefore enlarge some of the system components.

Case 2 evaluated a combination of various pipe sizes for the phase bus (increasing
in diameter with distance from the rectifiers) including 4-, 5~, and 6-in 0D (all
1/4-in wall), a set of five 1,000-MCM cables from the rectifier to each phase bus on
dock 1, four 1,000-MCM cables from the rectifier to each phase bus on dock 1, four
1,000-MCM conductors in parallel for each set of phase bus jumpers, one 1,000-MCM
conductor for each lateral across the treatment zones, one No. 10 AWG copper conduc-
tor for connecting each electrode to a lateral, one 6~in-OD pipe (1l/4-in wall thick-
ness) for the neutral bus, five 500-MCM conductors in parallel for each set of
neutral bus jumpers, and five 1,000-MCM conductors in parallel for connecting the
rectifier to the neutral bus on the first dock.

Case 2 results are summarized as follows:

Heating loss in the distribution system, exclusive of electrodeS.e.e...kW.. 204,000
Approximate cost for installing the distribution system (exclusive of docks
and electrodes) plus the cost of energy loss in the distribution system
conductors:
Estimated cost for installationNiesesessesssscerosssossnessesasasssessaess 5185000
Approximate cost for energy loSSeeceseccesssnscesnssstsarssscsssoosnscscnass 150,000

Total..'.......‘.......I....Q.....'.I......l..l........!..l.....l'....' 335’000
Typical voltage drop across the treatment zones, i.e., difference in volt-
age applied to the nearest and most remote electrodeS.sessesesvess.V, RMS,, 6.73

Results for this study show higher—than—desirable heat loss and voltage drops.
Therefore, some component sizes will be increased for case 3.

Case 3 considered 4-in-OD by 1/4-in-wall-thickness pipe for phase bus to zone 1,
8-in-0D by 1/4-in pipe to zone 2, and 8-in-OD by 1/2-in pipe to zones 3 through 6; a
set of six 1,000-MCM conductors in parallel from the rectifier to each phase bus on
the first dock; for phase bus jumpers, four 1,000-MCM conductors to zone 1, five
1,000-MCM conductors per set to zones 2 through 5, and six 1,000-MCM conductors for
zone 6; one 1,000-MCM conductor per lateral across zone 1 and one 1,250~-MCM conductor
per lateral across zones 2 through 6; connection from laterals to individual elec-
trodes with No. 8 AWG copper conductor in zones 1 through 5 and one No. 6 AWG copper
conductor in zone 6; one 6-in-0D by 1/4-in-wall-thickness pipe for the neutral bus;
five 500-MCM conductors for the neutral bus jumpers; and five 1,000-MCM conductors
for the run connecting the rectifier with the neutral bus on the first dock.
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Case 3 results are summarized as follows:

Heating loss in the distribution system, exclusive of electrodes...e...kW.. 142,000
Approximate cost for installing the distribution system (exclusive of docks
and electrodes) plus the cost of energy loss in the distribution system
conductors:
Estimated cost for insStallatioNecsscecseesesscesssosnsvanscnsesscssssnass $347,000
Approximate cost for energy 10SS.:eceosscssssoscsscesasssacascsnsancesesss 105,000

Total‘.0..‘.Q.OO.I..'.l.l.“‘l.lll...l..“l..l“ll‘l....lll‘00..‘.‘06.‘ f’*52’000
Typical voltage drop across the treatment zones, i.e., difference in volt-
age applied to the nearest and most remote electrodeseeseeesss. .V, RMS.,. 5.40

This «case study shows adequate efficiency but excessive installation costs. A
lower voltage drop across the treatment zones would be desirable. Generally, case 4,
as indicated below, reduces the size of some components used in case 3 but increases
the size of others to stem losses and voltage drops.

Case 4 considered the following components:

Phase cables, rectifier to phase pipes on first dock; six each 1,000-MCM conductors
per phase pipe: resistance is 0.0029 ohm/1,000 ft.

Phase bus, aluminum pipe:
Zone 1--4-in-0OD by 1/4-in walls, 0.0065 ohm/1,000 ft.

Zones 2 and 3--8-in-0D by 1/4-in walls, 0.0033 ohm/1,000 ft.
Zones 4, 5, and 6-—-8-in-OD by 3/8-in walls, 0.0022 ohm/1,000 ft.

Jumpers, phase bus:
Zone l--three each 1,000-MCM conductors in parallel, 0.0059 ohm/1,000 ft.
Zones 2 and 3-—four each 1,000-MCM conductors in parallel, 0.0044 ohm/1,000 ft.
Zones 4 and 5--five each 1,000-MCM conductors in parallel, 0.0035 ohm/1,000 ft.
Zone 6--six each 1,000-MCM conductors in parallel, 0.0029 ohm/1,000 ft.

Note: The number of conductors per set is reduced by one per set near the end of
each phase run (and the neutral run), such that the last jumper set uses no more than

two conductors, the second to the last no more than three, etc.

Laterals across the treatment zones: Two each 750-MCM conductors in parallel for
each lateral run, 0.0118 ohm/1,000 ft.

Connector wires, laterals to individual electrodes: All No. 8 AWG copper, 0.653 ohm/
1,000 ft.

Neutral bus, aluminum pipe: All 8-in-0D by 3/8-in~thick walls, 0.0022 ohm/1,000 ft.

Jumpers, neutral bus: Each set includes five each 1,000-MCM conductors, 0.0035 ohm/
1,000 ft. (Bee note under Jumpers, phase bus.)

Neutral cables, rectifier to neutral pipe on first dock: Five each 1,000-MCM conduc-
tors in parallel, 0.0035 ohm/1,000 ft.
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Case 4 was evaluated with regular sinu—~ 86 pct of the original wvalue with the
soidal pulses and pulses for which the following results; results for altered
peak was suppressed (or truncated) to pulses are in parentheses.

Heating loss in distribution components, watts:
Phase bus and jumpers..‘...'i..“0‘0....00..0‘0....00....0.... 65’336 (56’949)

Laterals across treatment ZONESeesssesesscssscssssssssssnnsncs 23,250 (20,267)
Connecting leads (laterals to electrodesS)eesssessssccsseosacss 6,142 (5,354)
Phase cables (rectifier to first dock)eeeessescscassssceoncnes 24,516 (22,215)
Neutral cables to first doCKesesscsscessossasssesscscssscsnacns 6 (39)

TOtalesseososscrncssscsssssssascescscsosssnssasnsasscsssssssssncnns 124,484 (111,25?)
Cost estimate for installation of the distribution system
(exclusive of docks and electrodes) plus the cost of energy
loss via conductor heating at $0.0028/kW°h:
InstallatioNesscesssssscsceossssassssananssnssasssssossssscasse $260,500 (8265,000)
Energy (3 yr)oohnoococooooo000000000000Q.oooooooonoooonoooooto 92,336 (81,132)
ToLAleenssossceenescssonsssoscssassasceressosssssassscssssncns 352,836 (346,132)

Voltage drops in the distribution system  greatly moderated because the sludge body
for the worst and best case, exclusive of between the upper and lower electrodes
drops in electrodes, are shown in table will tend to demand a rather uniform
A-4, distribution of current. Also, if large
differences were to occur between the
The combination of components selected near and far end of a lateral, the region
for case 4 shows an acceptable balance of high current density will dewater
between 1Installation and power loss faster and become more reslstive, thus
costs. moderating  unequal current density.
Table A-4 shows zone 5 as the worst Therefore, the difference between the
case in terms of difference Dbetween nearest and most remote electrodes should
applied voltage for the electrodes most be no more than 2 or 3 V for any of the
remote from and nearest to the power six zones. Consequently, the case 4
supply, i.e., 26.3 and 1l4.7 V (full components are selected for this prelimi-
sinusoidal pulse). These values assume nary design along with application of the
that each electrode pair will draw equal altered sinusoidal pulse with léd-pet
amperage. In the reality of operation, suppression.
however, such voltage differences will be

TABLE A-4. - Voltage drop per zone

Item Zone 1 | Zone 2 | Zone 3| Zone 4| Zone 5| Zone 6

Most remote electrode in zZoneeesecsses 10.3 15.2 19.0 22.9 26.3 23.0
(9.7) | (14.3) ) (17.9) | (21.5) | {24.8) ! (21.0)

Electrode nearest to rectifiercsseccs. 0.2 5.1 | 9.3 11.6 14.7 17.4
L) (4.9) | (8.9)  (11.0) | (13.9) (16.4)
Difference...........’...0........... 1002 1001 9.7 11.3 1106 5‘6

(9.5) (9.4) (9.0) | (10.5) | (10.9) (4.6)

NOTE.~-Numbers 1in parentheses represent drops for pulses with peaks suppressed to
86 pct of a full sinusoidal wave.



Thus, the selected operating current 1s
8,886 A (expressed as continuous current
in table A-1) and is 4.9 pct less than
the initially assumed rate of 9,343 A,
owing to peak suppression. This reduc—
tion will extend dewatering time propor-
tionally as specified later in this
design.

In final design, the foregoing calcula-
tions should be repeated with a higher
current to achleve the inltially selected
dewatering rate. The considerable time
and effort required for that adjustment
are not warranted for this preliminary
design effort.

Electrical Resistance of Electrode Arrays

The use of electrodes to dewater sludge
and slime 1in ponds or mine stopes 1is an
essentially new procedure. There are no
verified data for specifically predicting
the electrical resistance of an electrode
array immersed in a sludge deposit such
as that proposed for the WIDCO pond.

The problem is complicated because the
treatment area is divided into six separ~
ate zones with various areas and shapes.
Each 2zone requires a large number of
individual electrodes formed into a
specific array, and two layers of mate-
rial sghould be considered—-—-the sludge
with comparatively low resistivity and
the host earth with a much higher
resistivity.

The solution to the problem must be
reliable Dbecause resistance is the pri-
mary factor in specifying and purchasing
power supplies, bus systems, transform-
ers, etce While some tolerance can be
obtained by purchasing equipment with
some margin or adjustability, a major
mismatch of electrode systems and power
supply equipment would cause serious
problems.

Although the use of electrodes 1in the
densification process differs signifi-
cantly from the electrical grounding of
power systems, the baslc equations for
electrodes and the theory of current flow
through earth should apply. The analysis
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that follows develops a tractable anode-
cathode model and an earth model wusing a
two-layer earth, and discusses the ef~
fects of individual electrode shape on
resistance.

Anode or cathode resistance (R, or Rg)
is determlined by the self-resistance of
each individual electrode plus the mutual
resistance of all electrodes in the con-
figurations. Anode-to-cathode resistance
is determined by

Rge = Ry + R. - 2R,

where R, = sum of the mutual resistances
between all anode electrodes and each
cathode electrode divided by the number
of cathode electrodes (average mutual).

The dewatering anode and cathode are
arranged in a regular pattern and consist
of a multiplicity of individual conduc-
tors. For example, the anode might
include hundreds of dindividual units,
each made up of dragline cables welded
into Y-shapes, right angles, etc. Such a
large number and variety of units compli-
cate development of mathematical formulas
to calculate anode-to-cathode self- and
mutugl resistance. Therefore, the anode
and cathode are modeled as a ''parallel
conductor," which involves a relatively
small number of horizontal parallel con—
ductors whose distribution, total length,
and diameter simulate an array of numer-
ous small electrodes uniformly distrib-
uted throughout the treatment zone.
Results obtalned with the model should be
a close and somewhat conservative approx—
imation of the resistance of the actual
installation.

When the anode and cathode are in-
stalled in low-resistivity sediment
surrounded by much higher resistivity
earth, the resistance equation requires
that the two~layer earth contribution be
included. The formulas used to calculate
each of the components of the anode-
to—cathode equation for the parallel
conductor model, included at the end of
this section, are derived from those
developed by Tagg and Swartz (5-6).
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Figure A-23 shows the parallel conduc~
tor configuration used for the model's
anode and cathode. The anode conductors
are located at the average pond depth of
36.3 ft (d,), and the cathode conductors
are supported by floats at a depth of
0.3 ft (dg). Model calculations are made
by assuming either a homogeneous earth
with a resistance of 10.5 ohm'm or a two-
layer earth with a resistance of 10.5
ohm*m in the top layer (36.3 ft deep) and
390 ohm*m din the bottom layer. The
latter more nearly approximates pond—host
earth conditions. ~ When pond resistivity
differs from 10.5 ohm'm, calculated
anode~to—cathode resistance values can be
prorated by multiplying by the ratio of
actual resistivity to the . calculated
resistivity (10.5).

The model is first applied to =zone 2,
which has been arbitrarily selected, to
determine its electrode resistance and
the effect of wvarying the number of
conductors with various anode diameters.
Calculations are then performed and
tabulated for electrodes in the remaining
five zones.
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FIGURE A-23.—Anode-to-cathode resistance model.

The electrode array for zone 2 covers
an area of about 1,020 by 180 ft, with
204 wire fence panels constituting the
cathode and 816 iron shapes constituting
the anode. These electrodes are approxi-
mated in figure A-24 by curve 9/9. This
means nine each 2/0 AWG conductors, 1,020
ft long, are connected 1in parallel for
the cathode, and nine each 2.25-1n-0D
conductors, 1,020 ft long, are connected
in parallel for the anode. The number

and size of the parallel conductors for
this approximation were determined as
follows:

l. Each fence wire panel has eight l4-
ft-long strands and 29 crosswise strands
each 32 in long. The diameter of the
strands is 0.095 in. Thus, total strand
length per panel is 189.3 ft with a sur-
face area of 678 in2. An equivalent sur-
face area of 2/0 AWG cable (0.418~in-0D)
for 204 panels requires 8,777 ft of nine
parallel cables, each 1,020 ft long.

2., Ag determined earlier, 313 tons of
anode 1iron are required for the entire
treatment area in order to have suffi-
clent 1iron to compensate for corrosion.
This means that 52.2 tons are required
for zone 2. Use of 2-1/4-~in-0D dragline
cable at 12.31 1b/lin ft for all anodes
would require a total length of 9,130 ft

(nine parallel conductors at 1,020 f¢t
each).
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FIGURE A-24.—Anode-to-cathode reslstance for various num-
ber of parallel circuits.
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The effect of parameter changes on
anode~to—cathode resistance was deter—
mined for 2/0 copper cathode conductors
by a computer program (appendix D). The
number of parallel conductors was varled
for five different anode conductor
diameters: 1/4 in, 1/2 in, 1 in, 2 in,
and 3.5 in. Assuming an average pond
depth of 100 ft, a cathode depth of 4 in,
and an anode depth of 36.3 ft, anode-
to~cathode resistance values are plotted
agalnst anode conductor diameter in
figure A-24.

The electrode with 204 wire fence
panels for the cathode and 816 iron
shapes for the anode is approximated in
figure A-24 by curve 9/9.

Table A-5 and figure A-24 sghow the
variation in anode-to-cathode resistance
relative to the variation in the number
of parallel conductors and anode diame-
ters. Generally the change in circuit
resistance 1s small relative to large
increases in diameter and a moderate
increase in the number of parallel elec~
trodes. Therefore, the electrode array,
represented by the parallel conductor
arrangement of nine anodes and nine
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cathodes, 1s generally an acceptable
systeme

Table A-6 shows array resistance for
each zone for the selected electrode
patterns.

It must Dbe realized that these values
are not exact resistances but can

be accepted as good, conservative
approximations.
Finally, SRC'S extensive  previous

experience with electrode configurations
in various ‘types of sludges has shown
repeatedly that careful installation of a
reasonable pattern will result in an
anode-to~cathode resistance that readily
falls within 65 pct of the resistance of
the block of sludge between the upper and
lower electrodes. Using the model
presented here, 65 pct of the resistance
of the sludge body in zone 2 (1,050
by 180 by 36 ft) is calculated to be
0.0104 ohm.

This result provides verification that
the calculated wvalues are conservative
resistances——a deslrable position for a
design of this nature. Therefore, the
values shown Iin table A-6 will be used
for this design.

TABLE A-5. - Cathode-to—anode resistance with variation in number of electrodes and

diameters
Number of parallel Electrode resistance, ohms (top entry is fof 2-layer earth;
conductors bottom entry is for l-layer earth)
Anode Cathode | 0.25-in anode{0.50~in anode | l—=in anode | 2—in anode | 3. 5~in anode
8 7 0.0152753 0.0148148 0.0143491 0.0138834 0.0135075
.0152584 .0147980 .0143323 .0138666 .0134907
8 8 0144064 .0139460 .0134803 0130146 .0126386
.0143924 .0139320 0134663 . 0130006 . 0126247
i 9 0132466 .0128373 .0124233 ,0120094 0116752
0132323 0128230 0124091 .0119951 .0116610
10 10 0123437 .0119753 .0116028 .0112302 .0109295
.0123292 .0119609 .0115883 .0112158 .0109150
10 11 0119448 0115765 .0112039 .0108313 .0105306
.0119316 .0115633 .,0111907 .0108181 0105174
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TABLE A~6. - Electrode array resistance per zone

Item Anode~to—cathode parameters
Zone 1 Zone 2 Zone 3 Zone 4 | Zone 5 Zone 6

Conductor length...ft.. 780 1,020 940 1,065 1,220 980
Array widtheceos.o.ft.. 240 180 180 150 120 125
Number of anodes,

parallel conductors... 11 9 9 8 6 8
Number of cathodes

(2/0 cables)esessnsens 11 9 9 8 6 8
Anodes—to—-cathode

resistance, ambient

temp, ohm:

l-layer eartheeeseessss | 0.0125815 | 0.0119278(0.0129805{0.0129828 0.0145161 {0.0149034
2-layer earthevessvecan .0125948 L0119421 1 .0129961| .0129996] .0145336| .0149254

NOTE.—-The following conditions are present in all zones:

Anode diameter - 2.25 in.

Depth of anodes - 36,3 ft.
Cathode diameter — 0.418 in,
Depth of cathode - 0.33 ft.

Equations used to calculate each of the n¢
terms in the anode-to-cathode resistance
equation are given in figures A~25 and |
A-26,2 Terms are defined as follows:

SC

L = conductor length

SC

W = parallel array width

Xj
n, = number of anode conductors
Xre
i = anode conductors 1, 2, 3,...,n,
0D,
r = 1, 2’ 3’ s w
de
S, = spacing between anode conductors
Py
Sa =W/(na“1>
P2
X] = (i—l)Sa
Xl‘“a = (r—l) Sa k»
0D, = diameter of anode conductors n
d, = depth of anode
D

Sludge resistance - 10.50 ohm*m.
Host earth resistance - 3.90 ohm'm.
Average pond depth in treatment area - 100 ft.

2Computer program appears as appendix D.

[}

il

1]

number of cathode conductors
cathode conductors 1, 2, 3,...,n¢
spacing between cathode conductors
W/ (ne-1)

(j'l}sc

(r'1>3c

diameter of cathode conductors
depth of cathode

average resistivity of pond

average resistivity of earth
outside pond

(Po-P1)/(Po+Py), reflection factor

number of images for series
convergence

depth of top layer (average depth
of pond)
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To calculate
substitute

ne for nja

J for i

Xre for Xra
XJ for X
0D, for 0D,

Dec for dj.

cathode

L

resistance,

L +

FIGURE A-25.—Equation for anode resistance,

Electrical Power Supply

General Description. — The overall
system for this project includes a three-
phase 5-kV primary line to bring power to
the site, an 800-kVeA  substation to
transform 5-kV power into three-phase
480-V power, a specialized rectifier to
convert 480-V ac power to pulsating dec
power, a high~capacity, low—voltage
distribution system (bus) to carry dc
power from the rectifier to the electrode
array, and a system of docks to support
the large distribution bus system.
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Primary Distribution Line. — Connection
of the rectifier unit at

+ +
L
FIGURE A-26,--Equation for mutual resistance, anode-to-cathode.
The RMS voltage requirement per zone
the treatment  and phase is shown in table A-8.
requires For construction practicality, each of

site with the nearest source
constructing 0.25 mile of new three-
phase, 2/0 ASCR, 5-kV primary line and
converting 0.5 mile of existing primary
line from single phase to a three-phase,
2/0 ASCR, 5-kV system.

Substation. —~ A platform—mounted trans-—
former bank at the treatment site will
reduce the primary voltage to three-
phase, 480 V, The primary side of the
transformer is protected with fused cut-
outs, pole-mounted disconnects, and
lightning arrestors. Secondary output,
at three-phase, 480 V, will ©be fed
through a nonfused manual safety discon-
nect switch to the input terminal box at
the rectifier.

Rectifier Unit. — The rectifier unit
converts alternating current to direct
current and, as the heart of the system,
its capacities and performance character—
istics should be carefully specified.

Table A-7 1lists power consumption
demands for each zone and phase. The
total power consumption rate, with pulses
modified to suppress the top 14 pet of
the sinusoidal peak, is 525 kW, which
includes 110.3 kW to offset distribution
system losses and 414.8 kW to power all
of the electrodes.

the six output capacities should be equal
and should meet the highest individual
zone demand for current and voltage out-
puts. Thus, with the altered sinusoidal
pulse, output capacity for each half-wave
circuit should be (1/2)(68.6 V) (3,479 A)
= 119 kW, or 715 kW of total output
capacity for the rectifier unit.

It should be recognized at this point
that the rectifier capacity is based on
sludge resistance in an ambient state and
could be reduced if two constraints were
accepted. That is, as power is applied
to electrodes in almost any type of
sludge, resistance decreases very signif-
icantly with elapsed time. As discussed
later, electrode resistance for this
design decreases by a factor of 2 within
10 days after power 1s first applied.
Consequently, the rectifier capacity for
this project could be reduced accordingly
under the following operating conditions.
During system startup, maximum available
current at the electrodes must be reduced
in proportion to the wvoltage capacity
reduction. Availability of higher cur-
rent would ocecur gradually, over 20 to 30
days, with rising temperature of the
sludge adiacent to the electrodes. For
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TABLE A-7., — Power requirements per zone, watts!
Zone I Power consumption | Phase A | Phase B | Phase C
POSITIVE HALF OF CYCLE
Gevvvesessesee | Digtribution system 10SSeersevecss NAp NAp 20,501
Gevsavenaeeees | Power to electrodeSecececcecscescs NAp NAp 75,894
Jdesseessecsses | Distribution system 10SSesececesee NAp 20,234 NAp
Seevesecccases | Power to electrodeSesesssesecccees NAp 63,970 NAp
4eeesseacncess | Distribution system 1oSSeseececces 22,614 NAp NAp
bevsseesscnaas | Power to electrodeSeecescesecsavans 64,740 NAp NAp
NEGATIVE HALF OF CYCLE
3eeseveseessss | Digtribution system 10SSeecescececes NAp NAp 23,363
3eeeesssnssses | Power to electrodeSsiseceesssscenns NAp NAp 68,931
2¢000000asavee | Distribution system 1loSSescsceesss NAp 16,291 NAp
Zesssesseessee | Power to electrodeSeeescessscsnens NAp 72,270 NAp
leesecensssass | Distribution system 1oSSeeeeescsss 7,254 NAp NAp
lavssseceassas | Power to electrodeSecessosscsessnacs 68,953 NAp NAp
Total C¥Clesesveosssnesesasseosasnsaceoscanssase | 163,561 172,765 188,689

NAp Not applicable.

1Total required output from the rectifier = 525,015 w.

TABLE A-8. ~ Rectifier output voltage requirements, neutral to phase, volts, RMS

Zone Phase | Half of cycle Sinusoidal pulse without Altered slne wave

suppression l4-pect suppression)
leceeeeeeanees A Negative 53.6 51.3
desresvasannns A Positive 66.9 62.5
2eeesassnccsas B Negative 59.8 55,8
Seanseacencsns B Positive 72.7 67.9
Becesesecsenns C Negative 64.5 60.2
Bescenacccnnas C Positive 73.5 68.6

final design, evaluation and accept-
ability of this aspect and assoclated
cost reduction should be considered. For
this preliminary design, however,
selected rectifier capacity remains at
715 kW continuous duty and 70 V RMS.
Treatment of sludge normally requires
application of constant current at
selected rates, such as 0,006 to 0.007
A/ft? of area between the electrode
arrayse. The preset rate must be main-
tained at a constant value using auto-
matic regulators, regardless of the
changes that occur throughout the treat-
ment process, e.g., reduced resistance
between cathode and anode arrays because

of temperature increase at electrode
interfaces, decrease of water content,
etc. There may also be circumstances

where application of constant voltage
for short periods could be advantageous,
e. g., testing the performance of such a
modee. Therefore, the rectifier

specification should include the provi=-
sion that by control switch operation,
the unit can be placed in either of two
modes——constant current or constant volt-
age. In the first mode, current output
must be maintained within 5 pet of any
set value regardless of changes in load
resistance, 1.e., voltage output will
vary while current remains constant.
Similarly, in the second mode, voltage
will remain within 5 pet of a selected
value, and current output will wvary with
changes in load resistance.

The rectifier must also 1nclude the
necessary circuitry to suppress the top
14 pct of the sinusoidal pulses from each
of the six half-wave circuits.

The rectifier must be weatherproofed
for outdoor service, mounted on a pad,
and equipped with all required safety
devices, including overload protection of
individual diodes, transformers, reac~
tors, and the overall system. In
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addition, for personnel safety, the unit a regular pattern covering 27.4 acres
should have provisions for automatic over the deepest part of the pond.
shutdown whenever the access gate to the According to the principles of electrode

treatment area 1s opened. A manual theory, this array would actually cause
restart at the rectifier would be current to flow throughout the entire
required after such a shutdown. sludge body, but the intensity or current
density would attenuate rapidly with

Dewatering and Consolidation Results distance from the electrode. Laboratory

and field tests do show that the field is

The following  paragraphs  describe very effective for a distance beyond the
procedures used for predicting opera- perimeter of 1.25 times the separation
tional performance of the electrokinetic between electrodes. The sum of this
equipment described 1in the previous additional 5.6 acres and the actual area
section. The system must sufficiently of the array is designated (for this
consolidate a large quantity of existing design) as the primary treatment zone; it
sludge in a nearly filled impoundment so  encompasses 33 acres.

that additlional storage is provided for The application of power, with the
up to 3 yr of plant operation. If the upper electrode negative, causes parti-
pond 1s to be abandoned, the final pro~ <cles in the upper region (muddy water). to

duct should be totally stable, safe, and move downward while water in the sediment

suitable for eventual capping with coarse migrates upward to the cathode. In addi-

refuse and topsoil for total tion, a silgnificant amount of electroki-

reclamation. netie flocculation occurs in the muddy
The electrode array, comprising 1,135 water zone.

sets of electrodes, would be installed in

Congolidation in the 36.3-ft Layer Above the Anode (Primary Treatmept Area)

Initial water content, aVerageessesssosssscocssssossssssssssssscassrssecsWh pctes 68.9
Initial densityesseescsosssnsssocesosssossacsasassssssonnssnssseseensslb/ft3e. 73,97
Initial depthecssccacceessnsoonsosssnsocscorsoersoososavessnscnssssanossenesslitos 36.3
Water removed via treatmeNtescesssocsccocescsssnscossssocsssascsscasssslb/ftI3ee 27.96
Anticipated final water content, AVEerageecvscessossscssassssscosssssesWh PCLes 50

Final density'!..‘.’..0‘.'..0.'..'0..0..I.0..C......'C.......0...‘....1bxft3.' 83.4
Final depth of material above anodessssessscsscescansvssovssasenseenssresssftes 19.86
Volume reduection with treatment (36.3~19.86)(33)escectcesvcscsosssscacre~feet.. 542.5

Consolidation in the 20-ft Layer Beneath the Anode (Primary Treatment Area)

Initial water content, AVEragEesesesssrsssssosssssssnsscessssnsssocssesesWh Pl 58.6
Initial densityeeesessseoseossoorsesssssssssscasosssasssncssnssesssnseslb/ft3.. 78,80
Initial depth....-...-..............o.«...............-...................ft.. 20
Water removed via treatmentesesscssossssscsososcsasssssssassosscnsesnsslb/ft3.. 7.69
Anticipated final water content, AVErag@eesecessosesssssssscscsansssoseWt PCLes 53.6
Final densityeesessassessssasssncosrsvsssosnsscovsosasssscsssannsansaslb/Ft3.. 81.37
Final depth of 20-ft layereseesesesscsocsssoscsncsnssorsssssosnassosaseoscssselfbos 17.5
Volume reduction with treatment (20=17.5)(33)cenrecssessssnssnsssscsacre=feet.. 82.5



Consolidation in the Outlying Area
(Secondary)

An accurate quantitative prediction of
the amount of consolidation in the outly-
ing areas 1s not possible in the absence
of relevant test data. Although some
current will certainly be present in
every portion of the pond, it will dimin-
ish rapidly with distance from the elec-
trode and thus will be very small at the
outermost edges-—probably less than
1 p/ft2. However, applied for 3 to 4 yr,
even such a low density should cause
significant densification.

In the absence of more definitive and
confirmed information, the results of the
tests in the small earthen pond (1) can
be used to predict consolidation in the
outer zone. This seems reasonable since,
proportionally, the distances from the
electrodes to the sludge perimeter are
similar for both cases. These results
indicate that, at the conclusion of
treatment, the outer zone will have an
average solids content of 31 wt pct after
about 56 days of treatment. In contrast,
the average consolidation to be expected
by natural settlement might only equal
about 25 wt pct solids, which was the
average value of a large  number of
samples obtained from throughout the
upper 25 ft of the pond sludge. Thus
electrokinetic treatment for 3 to 4 yr
should increase solid content of sediment
in the outer zone by an average of 6 pct
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to a total of 31 wt pct solilds. At that
time, the material in the outer zone
would be cohesive but quite soft.

Ag treatment progresses, material in
the primary area consolidates, and sur-
face water is decanted. At the WIDCO
pond, a 33-acre pit with a final depth of
about 20 ft would develop. The area out-
side the electrode perimeter, when free
of surface water, should slope gently
into the pit. This gradient should
significantly improve natural dewatering,
with additional assistance from the
slight electrical field.

Also, many large shrinkage cracks
should develop, and this would enhance
evaporation. If enough time were allowed
after completion of the treatment
process, the outlying material would be
sufficiently dewatered to allow capping
with coarse refuse for total reclamation.
Total reclamation could be expedited if a
simplified second array were installed
after final treatment of the primary
zone.

The average water content of the outly-
ing, or secondary treatment, area Iis
estimated to be equal to the averaged
values of the samples collected from the
upper 36-ft layer of sludge and from the
layer 36 to 56 ft below the surface, or
in this case, (1/2)(75.5 + 60) = 67.8
wt pct. As discussed earlier, this mate-
rial is expected to consolidate by an
average of at least 6 wt pct during the
proposed treatment period.

Approximate Area of the Secondary Zone--77 Acres

Initial depth of secondary zone, AVErage.essessssessovecsonscssossssellos 42
Initial water content, aVEragEsesseesssccnsscsssssessscassoencseWh pPClee 67.8
Initial density, average 1b/ft3ieseeseesssnssssscncssssansnssnsslb/fL3., 74,4
Water to be removedessssececsvesssscsossssavesssvsnsssasosnsesssassegales 197,094,500
Final water content, AvVerage.ssscsscssssesssessscssccsscsesssseeWh pctas 61.8
Final densityeseesecsossessesossssscsssssssssssscsnsssscsansssselb/Ft3.. 77.2
Final depth of secondary zone, AvVerageesessesssescssssscccssssssesosllos 34.1

Volume reduction (77 acres)(42 ft=34.1 ft)eeveseiesesssveessecacre=feet.. 608
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Storage Space Available After Completion of Tteatment

Acre—feet

New volume between electrodes in primary ZoNEesoscesecssssssssssesncvenosns 543
New volume beneath the anode in primary ZoON€essesecesnsecssscorscssssscascas 82
New volume In secondary ZON@eecssuescesesesarssscssacssrssssecssossasnssoasases 608

Additional space from existing level to full capacity (elevation 384 to

391 ft)oooiclooaoooccocaluono.c.ooun.oo..o.loco.o..ooolaeloooolcnocoolo.n ?70

Total available space after treatmentssseseceessesossesscscressssssnaa 2,003

According to plant records, sludge
accumulates at the rate of 2.5 acre-feet
per day. Therefore, the 2,003 acre-feet
calculated to be avallable after treat-—
ment provides storage for only 2 yr and
71 days—-735 acre~feet short of the
3-yr goal.

It is possible that the estimate of the
required storage space, 2.5 acre~feet per
day, is too high, because the estimated
existing deposit of 6,000 acre-feet,
which has accumulated over about 10 yr of
operation, presents a calculated rate
which is 1lower than 2.5 acre-feet per
day. Nevertheless, this figure can be
used to calculate the minimum amount of
avallable storage space at the conclusion
of treatment. This is summarized as
follows:

1. After treatment, a minimum of ghout
2,003 acre—feet of space will certainly
be available. based on a waste accumula-
tion rate of 2.5 acre~feet per day, this
would accommodate the wastes generated in
2.2 yr of plant operation.

2. It is probable that treatment will
generate up to 62 acre—feet of additional
space. This estimate 1is based on the
assumption that greater dewatering will
occur in the secondary zone than was
assumed 1n the calculations. With this
additional space, treatment would yield
sufficient space to accommodate the
wastes from 2.26 yr of plant operation.

3. Available storage capacity, in
terms of years of plant operation, may be
significantly greater than that calcu-
lated because the assumed waste accumula-
tion rate of 2.5 acre-feet per day may be
larger than the actual rate.

The water clarification rate with a
6~ to 7-mA/ft? current density applied to
WIDCO sludge achieves a high of more than

1 gal/(A*h) shortly after treatment
begins and continues at this rate through
60 to 65 pct of the entire treatment
time. It then begins to decline slowly,
reaching a very low value near the final
stage. For this project, the average
rate for the entire treatment period is
estimated at 0.75 gal/(A*h) of applied
current. These values assume that the
surface water 1s essentially clear before
it is decanted. For this operation, how-
ever, surface water is routed to the
plant for reuse; therefore, total clari-
fication is not required or economically
justified. In the interest of being
conservative, this design will use the
rate of 0.75 gal/A*h), although the
actual rate  may be significantly
greater.

Thus, with an applied c¢onstant current
of 8,886 A (equivalent), surface water
develops in the primary zone at a maximum
rate of 8,886 gal/h and averages 6,665
gal/h.

Total water extraction from the second-
ary 77-acre zone, as derived earlier,
amounts to over 197 million gal after
3.6 yr of treatment. For want of better
evidence, this production rate 1s assumed
to be constant throughout the treatment
time, at 6,338 gal/h. With these assump-
tions, the total maximum rate for surface
water development is placed at 15,224
gal/h, and the average is 13,003 gal/h.
The decant lines must be sufficiently
large to remove thils accumulation as well
as additional water from rainfall that
occurs frequently at the project site.

‘The decant system includes two 8-in
plpes with a combined discharge capacity
of 37,500 gal/h~-240 pect greater than the
maximum predicted rate. The excess
capaclty may be required for periods of
heavy rain and to provide some flexibil~
ity in decanting operations.
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The selected operating current of 8,886
A amounts to a reduction of 4.9 pct from
the initially assumed level of 9,343 A
and its corresponding dewatering period
of 3.44 yr. The reduced operating cur—
rent lncreases treatment time to 3.6 yr.
Average current density for 8,886 A is
6.18 mA/ft2. Final design should test
the practicality of increasing density to
at least 6.5 mA/ft2,

Power Consumption

The rate of power consumption is depen-
dent wupon (1) electrical resistance of
the electrodes and the distribution
system and (2) amperage and pattern of
current flow (i.e., pulsating versus
constant) and is glven by the following
equation: power = I2R. For this design,
computer programs were used to calculate
resistances for the electrode array and
the distribution system in each zone.

However, electrode reslstance changes
during operation. Resistance between the
electrodes and the sludge decreases soon
after treatment begins. This is caused
by the I2R heating effect that occurs
across the electrode—to—-sludge interface;
i.e., sludge resistivity decreases with
temperature rise. This temperature rise
is most pronounced in the thin skin (and
successive thin 1layer) immediately next
to the metal electrode. Even though the
layer may be relatively thin, the total
"electrode-to—earth" resistance is
significantly reduced because much of the
resistance of an earth electrode 1is
concentrated immediately adjacent to the
electrode.

The power dissipation of 150 to 175 W
at each individual anode and cathode will
cause some increase in temperature. The
amount of increase with distance from the
electrodes cannot be easily calculated or
measured. Its effect, however, could be
easlly determined by a field test with a
palr of electrodes installed in the WIDCO
pond. Circuit resistance would be moni-—
tored for a period of time while applying
6 A of current, i.e., 0.0064 A x 1,050
ft2, This would quantify the relation-
ship between resistance and elapsed
time after initiation of treatment.

65

Sometimes, electrode resistance will
decrease by a factor of 3 within a few
days, depending upon the size of the
anode and the current. Field test data
are not available, so the results of a
somewhat similar laboratory test will be
used as a guide. Sprute and Kelsh (3,
table 3) showed that after 200 h of
treatment, resistance had decreased by a
factor of 2.1. The dimensions of the
test cell were 48 by 10 by 10 in.
Current density at the cathode was
0.004 A/in?, compared with 0.0094 A/in?
for the cathode selected for use 1in the
ponde The anode current in the model was
0.0012 A/in? of surface, as compared to
0.0017 in the pond system. Thus, for
both the test cell and the pond, current
density at the sludge-iron interface is
similar, although it is somewhat greater
in the pond electrodes. Both heating and
the consequent decrease 1in resistance
should also be somewhat greater in the
proposed operational system. Normally in
the sludge dewatering cycle, resistance
decreases with elapsed treatment time and
then increases abruptly near the end of
the process. The latter effect has not
been a significant factor 1in dewatering
WIDCO sludge. Therefore, in the follow-
ing power consumption calculations, the
resistance factor is incorporated as
follows:

1. For the first 10 days, reslstance
of electrodes is assumed to be as shown
in table A—-6.

2. For the remainder of the treatment
period, electrode resistance 1s assumed
to be the wvalues shown in table A-6
reduced by a factor of 2.

Power consumption and cost per zone are
shown in table A-9.

The calculated wvalue for the total
power consumed by the distribution system
and the electrodes equals 10,091,376
kW+h. According to a leading rectifier
manufacturer, rectifier efficliency 1is
equal to 90 pct. Therefore, the calcu-
lated total power requirement for the
expected project life of 3.6 yrs 1is
11,212,640 kW*h, for a cost of $313,954.
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COST ESTIMATE from-manufacturers and suppliers; labor

costs are based on -an engineering esti-

Table A~10 is a summary of a detadiled mate for required dinstallation -times.

project cost estimate (not included in Installation costs are based on the use

this report). The costs of equipment and of skilled workers (25 pct) and ordinary
materials are based on 1985 quotations labor (75 pet).

TABLE A-9. - Power consumption and cost

Item Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6

Power consumption, kW+*h:
Electrodes'seseseessss | 1,097,101/1,150,005|1,097,388(1,029,939|1,018,201(1,208,171

Distribution system. .. 229,651 515,749| 739,637| 715,925| 640,578 649,031
TOtalesessesnsensses | 1,326,751 |1,665,754|1,837,025(1,745,864|1,658,779|1,857,202

Cost for power consump-
tion at $0.028/kW*he... $37,149| $46,641| $51,437| $48,884| $46,446| $52,002

IPower consumption at the electrodes 1is based on the 2-layer earth resistance
values shown in table A-6.

TABLE A-10. - Projeet cost estimate

Item ) Labor | Material | Item total
Substation, 800 kV*A, and the 4-kV primary linec...... | $15,000 | $30,000 §45,000
Rectifier, 715 kW, furnish and installeecscsccccsasocs 6,000 | 46,000 52,000

Dock system: Includes 43 units, 12 by 12 ft each,
with catwalks, hardware to mount bus, anchors, and _
EUYSesosossoenossnnsoscecstosvossssssssasssssnssasssooce 80,900 | 140,500 221,400

DC distribution system: Includes phase and neutral
bus lines, laterals across treatment zones, electri-
cal connections to aluminum bus and electrodes, guys
from lateral ends to shore, and connections to

€1eCtrOdeSesesscovresvsessonsssssosssacannssssssonsss 89,335 | 198,885 288,220
Anode system: 4,548 iron anodes using 313 st of scrap

LrOMeorossesvesssscasessontssosscossasnsnosessassonssns 38,400 | 85,000 123,400
Cathode system: 1,135 floating gridScsssncossrcensosss 27,500 | 20,400 47,900

Decant line: 2 8-in polyvinyl chloride lines with
foot valves, fill standpipe, intake screen, discharge

VAlVESesassssosessessscsensssssssnsanessansnssssnssnos 4,000 11,000 15,000
Subtotal (labor and material)eecsssssccssecsscnsss | 261,135 531,785 792,920
Engineering cost to finalize designeesescesccessccones 30,000
Contingencies to missions at 10 pcteseesccccssnsssesas 79,292
Subtotal.-..'...........,.......n...............- 902,212
Profit (10 pet)ecoveoesoscsrsenonsssosssscsosussocsnsoas 90,221
Total installation COStecsssscccssocncsnosnsonssns 992,433
Electric power cost for 3.6 yr of operationNeseecescecss 313,954
Maintenance: Includes testing sampling, and decanting
(estimated at an average of $40,000/yreeeercssncosase 144,000
Total estimated cost for proiect'esessesssnsasecoss 1,450,387

'Salvage and removal not included (salvage assumed equal to removal costs).
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APPENDIX B.-—COMPUTER PROGRAM FOR CALCULATING NEUTRAL BUS CURRENT
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QO

THIS
WITH

AMPL
EN
PERC
TRUNC

D

PROGRAM CALCULATES THE RMS FOR ALTERNATING CURRENT
AMPLITUDE TRUNCATION OPTION

AMPLITUDE OF SIN FUNCTION

NUMBER OF DATA POINTS THAT ARE USED TO AVERAGE
PERCENT OF AMPLITUDE TO TRUNCATE WAVES (DECIMAL)
TRUNCATED AMPLITUDES

IMENSION AMPL(6),EN(6),TRUNC(6)

DATA PI/3.14159265/
DATA EN/181,301,361,361,361,361/
DATA AMPL/6%*0.0/

INPU

W

450 FORMAT(' INPUT PERCENT OF AMPLITUDE TO TRUNCATE WAVES (DECIMAL)')

R

T PERCENT OF AMPLITUDE OF WAVE TO TRUNCATE (DECIMAL)
RITE(6,450)

EAD(5,/) PERC

INPUT AMPLITUDE OF WAVES

W

RITE(6,500)

500 FORMAT(' INPUT 'NUMBER OF WAVES')

R

EAD(5,/) NP

DO 530 I=1,NP
WRITE(6,510) I
510 FORMAT(' INPUT AMPLITUDE OF WAVE NUMBER',I5)

R

CALC

T

EAD(5,/) AMPL(I)
ULATE PERCENTAGE OF AMPLITUDE

RUNC(I) = PERC % AMPL(I)

530 CONTINUE

CONV

R
R

ERT 120 DEGREES AND 240 DEGREES TO RADIANS

120 = 120. * PI/180.
240= 2%R120.

CALCULATE FUNCTION VALUE, SQUARE, AND SUM

SET

S

CONV

CUMULATIVE SUM TO ZERO

UM = 0.0
DO 1000 I=0,360,1

ERT I DEGREES TO RADIANS
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4700
4800
4900
5000
5100
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7600
7700
7800
7900
8000
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8200
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8400
8500
8600

[+ oW o]

C
c
C

c
¢
c

RAD = I * PI /180.
Pl = AMPL(1)*SIN(RAD)

SET Pl, P2, AND P3 TO ZERO IF NEGATIVE

IF(Pl .LT. 0.} Pl = 0.0
P2 = AMPL(2) * SIN(RAD-R120)
IF(P2 .LT. 0.) P2 = 0.0
P3 = AMPL(3) * SIN(RAD-R240)
IF(P3 .LT. 0.) P3 = 0.0
P4 = AMPL(4) * SIN(RAD-R240)

SET P4, P5, AND P6 TO ZERO IF POSITIVE

IF(P4 .GT. 0.0) P4 = 0.0

P5 = AMPL(5) * SIN(RAD-R120)
IF(P5 .GT. 0.) P5 = 0.0

P6 = AMPL(6) * SIN(RAD)
IF(P6 .GT. 0.) P6 = 0.0

CHECK IF FUNCTION VALUE EXCEEDS TRUNCATED VALUE
IF(Pl .GT. TRUNC(1)) Pl = TRUNC(1)
IF(P2 .GT. TRUNC(2)) P2 = TRUNC(2)
IF(P3 .GT. TRUNC(3)) P3 = TRUNC(3)

IF(ABS(P4) .GT. TRUNC(4)) P4 = -TRUNC(4)
IF(ABS(P5) .GT. TRUNC(5)) P5 = =TRUNC(5)
IF(ABS{(P6) .GT. TRUNC(6)) P6 = —TRUNC(6)

SQUARE FUNCTION VALUES AND FORM SUM

SUM = SUM + (Pl1+P2+P3+P4+P5+P6)**2,
1000 CONTINUE

CALCULATE AVERAGE OF SUM AND TAKE SQUARE ROOT

AVET = SQRT(SUM/EN(NP))
WRITE(6,1050) AVET

1050 FORMAT(' AVERAGE VALUE = ', F10.0)
END
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APPENDIX C.--RMS FOR ALTERNATING CURRENT

THIS PROGRAM CALCULATES THE RMS FOR ALTERNATING CURRENT

AMPL AMPLITUDE OF SIN FUNCTION
EN NUMBER OF DATA POINTS THAT ARE USED TO AVERAGE
DIMENSION AMPL(6),EN(6)
DATA PI/3.14159265/
DATA EN/181,301,361,361,361,361/
DATA AMPL/6%0.0/

INPUT AMPLITUDE OF WAVES

WRITE(6,500)
500 FORMAT(' INPUT NUMBER OF WAVES')
READ(5,/) NP
DO 530 I=1,NP
WRITE(6,510) I
510 FORMAT(' INPUT AMPLITUDE OF WAVE NUMBER',IS)
READ(5,/) AMPL(I)
530 CONTINUE

CONVERT 120 DEGREES AND 240 DEGREES TO RADIANS

R120 = 120. * PI/180.
R240= 2%R120.

CALCULATE FUNCTION VALUE, SQUARE, AND S5UM

SET CUMULATIVE SUM TO ZERO

SUM = 0.0
DO 1000 I=0,360,1

CONVERT I DEGREES TO RADIANS

RAD = I * PI /180.
Pl = AMPL(1)*SIN(RAD)

SET Pl, P2, AND P3 TO ZERO IF NEGATIVE

IF(P1 .LT. 0.) P1 = 0.0
P2 = AMPL(2) * SIN(RAD-R120)
Ir(P2 ,LT. 0.) P2 = 0.0
P3 = AMPL(3) * SIN(RAD-R240)
IF(P3 .LT. 0.) P3 = 0.0
P4 = AMPL(4) * SIN(RAD-R240)

SET P4, P5, AND P6 TO ZERO IF POSITIVE

IF(P4 .GT. 0.0) P4 = 0.0

69



e

i

TR

70

5000
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7000

c
c
c

C
c
c

P5 = AMPL(5) * SIN(RAD-R120)
IF(P5 .GT. 0.) P5 = 0.0
P6 = AMPL(6) * SIN(RAD)
IF(P6 ,GT, 0.) P6 = 0.0

SQUARE FUNCTION VALUES AND FORM SUM

SUM = SUM + (Pl+P2+P3+P4+P5+P6)¥**2,
1000 CONTINUE

CALCULATE AVERAGE OF SUM AND TAKE SQUARE ROOT

AVET = SQRT(SUM/EN(NP))
WRITE(6,1050) AVET

1050 FORMAT(' AVERAGE VALUE = ', F10.0)
END



APPENDIX D.--PROGRAM TO CALCULATE MUTUAL RESISTANCE, ANODE TO CATHODE, USING
RESISTANCE EQUATIONS FOR THE PARALLEL CONDUCTOR CASE IN TWO~LAYER EARTH

1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000
3100
3200
3300
3400
3600
3700
3800
3900
4000
4100
4200
4300
4400
4500
4600
4700
4800
4900
5000
5100
5200
5300
5400
5500
5600
5700
5800

[sReR+RrEesNeNsNesN+RolesRoNeoNsNoNsNrNoNrNoNeNeo N Mo Wel

aQan

500

510

520

540

560

580

PI CONSTANT(3.140.0e)
L CONDUCTOR LENGTH
W PARALLEL ARRAY WIDTH
NA NUMBER OF ANODE CONDUCTORS
I SUBSCRIPT FOR ANODE CONDUCTORS
R SUBSCRIPT FOR CATHODE CONDUCTORS
SA SPACING BETWEEN ANODE CONDUCTORS
SA = W/(Na-1)
XI (1-1)*SA
XRA (R-1)*SA
0ODA DIAMETER OF ANODE CONDUCTORS
DA DEPTH OF ANODE
NC NUMBER OF CATHODE CONDUCTORS
J SUBSCRIPT FOR CATHODE CONDUCTORS
sC SPACING BETWEEN CATHODE CONDUCTORS
sC = W/(NC-1)
XJ (J-1)*sC
XRC (R-1)*SC
oDC DIAMETER OF CATHODE CONDUCTORS
DC DEPTH OF CATHODE
P1 AVERAGE RESISTIVITY OF POND
P2 AVERACE RESISTIVITY OF EARTH OUTSIDE POND
K (P2-P1)/(P2+P1) = REFLECTION FACTOR
NN NUMBER OF IMAGES FOR SERIES CONVERGENCE
D DEPTH OF TOP LAYER (AVERAGE DEPTH OF POND)
REAL K,L
INTEGER R

INPUT PARAMETERS

WRITE(7,500)

FORMAT('® INPUT CONDUCTOR LENGTH')

READ(S,/) L

WRITE(7,510)

FORMAT(' INPUT PARALLEL ARRAY WIDTH')
READ(5,/) W

WRITE(7,520)

FORMAT(' INPUT NUMBER OF ANODE CONDUCTORS')
READ(5,/) NA

WRITE(7,540)

FORMAT(' INPUT DIAMETER OF ANODE CONDUCTORS')
READ(5,/) ODA

WRITE(7,560)

FORMAT(' INPUT DEPTH OF ANODE')

READ(5,/) DA

WRITE(7,580)

FORMAT(' INPUT NUMBER OF CATHODE CONDUCTORS')
READ(5,/) NC
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i 5900 WRITE(7,600)
| -+ 6000 600 FORMAT(' INPUT DIAMETER OF CATHODE CONDUCTORS')
’ 6100 READ(5,/) ODC
6200 WRITE(7,620)
6300 620 FORMAT(' INPUT DEPTH OF CATHODE')
6400 READ(5,/) DC
6500 WRITE(7,640)
6600 640 FORMAT(' INPUT AVERAGE RESISTIVITY OF POND')
6700 READ(5,/) Pl
6800 WRITE(7,660)
6900 660 FORMAT(' INPUT AVERAGE RESISTIVITY OF EARTH OUTSIDE POND')
7000 READ(5,/) P2
7100 WRITE(7,680)
7200 680 FORMAT(' INPUT VALUE FOR N')
7300 READ(S5,/) NN
7400 WRITE(7,700)
7500 700 FORMAT(' INPUT DEPTH OF TOP LAYER (AVERAGE DEPTH OF POND)')
7600 READ(5,/) D
7700 PI = 3.141593
7800 c
7900 C CALCULATE ANODE AND CATHODE SPACING
8000 C
8100 SA = W/(NA-1)
8200 SC = W/(NC -1)
8590 K = (P2-P1)/(P2+P1)
9100 C
9200 C CALCULATE ANODE RESISTANCE
9300 C
9400 CALL RESIST(SA,NA,0DA,DA,D,L,NN,K,P1,RA)
9500 C
9600. C PRINT ANODE RESISTANCE
9700 C
9800 WRITE(7,800) RA
9900 800 FORMAT(' ANODE RESISTANCE = ', F10.7)
10000 c
10100 C CALCULATE CATHODE RESISTANCE
10200 c
10300 CALL RESIST(Ssc,Nc,0ODC,DC,D,L,NN,K,P1,RC)
10400 c
10500 C PRINT CATHODE RESISTANCE
10600 c
10700 WRITE(7,900) RC
10800 900 FORMAT(' CATHODE RESISTANCE = ', F10.7)
10900 C
11000 C CALCULATE MUTUAL RESISTANCE - ANODE TO CATHODE FOR CATHODE NEAR
11100 C THE SURFACE :
11200 C
11300 Tl = P1/{PI¥*L*NA*NC)
11400 TS5 = 0.0
11500 DO 4000 J=1,NC
11600 DO 4000 I=1,NA
11700 XI = (I-1)*SA
11800 XJ = (J-1)*SC



11900
12000
12100
12200
12300
12400
12500
12600
12700
12705
12710
12800
12900
13000
13100
13200
13300
13400
13500
13600
13700
13800
13900
14000
14100
14200
14300
14305
14310
14315
14400
14500
14600
14700
14800
14805
14900
15000
15100
15200
15300
15400
15500
15600
15700
15800
15900
16000
16100
16200
16300
16400
16500

c
c
c

c
c
c

T2=(L+SQRT((xJ-XI)**2.+L**2,+DA**2.))/SQRT((XJ-XI)**2.+DA**2.)
T3=SQRT((XJ~XI)**2,+L**2,+DA%%2,) /L
T4=SQRT( (XJ-XI)**%2,+DA**%2,)/L
T5=T5+ALOG(T2)~T3+T4

4000 CONTINUE
T12=0.0
DO 5000 J=1,NC
DO 5000 I=1,NA
DO 5000 N=1,NN
XI=(I-1)*SA
XJ=(J-1)*SC :
T6=(L+SQRT( (XJ-XI )**2 +L*¥%2 ,+(2 . *N*D+DA)**2.))/
1 SQRT((XJ=-XI)#%2,+(2,*N*D+DA)**2.)
T7=(L+SQRT( (XJ-XI )**2 +L**2,+(2,*N*D-DA)¥%2.))/
1 SQRT((XJ-XI)**2,+(2.,*N*D-DA)**2.)
T8=SQRT((XJ-XI)*%2 ,+L*%2,+(2 ., ¥N*D+DA)**2.)/L
TY=SQRT((XJ-XI )**2 ,+L*%2,+(2.*N*D~DA)**2.) /L
T10=SQRT( (XJ-XI)**2,+(2.*N*¥D+DA)**2.)/L
T11=SQRT( (XJ-XI)**2,+(2.*N*D-DA)**2.)/L
T12=T12+(K**N)*(ALOG(T6*T7)-T8~T9+T10+T11)

5000 CONTINUE
RM = T1 * (T5 + T12)

WRITE MUTUAL RESISTANCE

WRITE(7,5500) RM
5500 FORMAT(' MUTUAL RESISTANCE = ',F10.7)
RAC = RA + RC -2*RM
WRITE(7,5600) RAC
5600 FORMAT(' ANODE TO CATHODE RESISTANCE =',F10.7)
END
SUBROUTINE RESIST(SA,NA,ODA,DA,D,L,NN,K,P1,RA)

SUBROUTINE TO CALCULATE ANODE OR CATHODE RESISTANCE

WRITE(7,/) SA,NA,ODA,DA,D,L,NN,K,Pl
REAL K,L

INTEGER R

PI = 3.141592654
TO=P1/(2.*PI*L*NA*NA)

T8=0.0

DO 2000 R=1,NA

DO 2000 I=1,NA

XRA = (R-1)*SA

XI = (I-1) * SA

Tl = XRA - XI - (ODA/2.)

T2 = (L+SQRT(T1%%2,+L¥**2,))/SQRT(T1%*%2,)

T3 = (L+SQRT(T1#%2,+L*%2,+4 . %DA%%2,))/SQRT(T1¥%2.+4 ,*DA*%2.)
T4 = SQRT(T1%%2,+L**2,)/L

T5 = SQRT(T1%**2.)/L

T6 = SQRT(T1%%2,+L%%2,+4,*¥DA%%2,)/L

T7 = SQRT(T1%¥2.+4 . %DA%*2.)/L

T8 = ALOG(T2*¥T3)-T4+T5-T6+T7+T8
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16600 2000 CONTINUE

. 16700 T18 = 0.0

: 16800 DO 3000 R=1,NA

4 16900 DO 3000 I=1,NA

: 17000 DO 3000 N=1,NN

' 17100 XRA = (R-1)*SA

j 17200 XI = (I-1) * SA
17300 T9=(L+SQRT( (XRA~XI )%¥2 ,+L¥*2 ,+4 ,*(N*¥D-DA)**2.)),
17400 1 SQRT((XRA-XI)*¥%2,+4,%(N*D~DA)**2,)
17500 T10=((L+SQRT((XRA-XI )*¥2 +L*¥2 ,+4,%(N*D)**2,))/
17600 1 SQRT((XRA=XI)**%2,44 ,*(N¥D)¥*%2,))%*2,
17700 T11=(L+SQRT( (XRA-XI )#*2,+L**2 ,+4 ,%(N*D+DA)**2,))/
17800 1 SQRT((XRA=XI)**2, +4 % (N¥D+DA)**2,)
17900 T12=SQRT( (XRA-XI )**2 ,+L*%2 ,+4 . *(N*D-DA)**2,) /L
18000 T13=SQRT( (XRA-XI )**2 +4 ,*(N*D-DA)**2,)/L
18100 T14=(2 ,¥SQRT( (XRA=-XI )¥*2 +L¥*2 +4 . %(N¥D)*¥*2,))/L
18200 T15 = (2.%SQRT((XRA-XI)**2 .+4,*(N*D)**2,))/L
18300 T16=SQRT( (XRA-XI )*%2 +L**2 ,+4 . *(N*D+DA)**2.) /L
18400 T17=SQRT( (XRA-XI )¥**2,+4 ,*(N*D+DA)**2,)/L
18500 T18 = (K**N)*(ALOG(T9*T10%*T11)-T12+T13-T14+T15~-T16+T17)+T18
18600 3000 CONTINUE
18700 RA = TO*(T8+T18)
18705 5000 CONTINUE
18800 RETURN

18900 END
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APPENDIX E.--NOMENCLATURE

ac alternating cutrent

ASCR aluminum, steel-core-reinforced

AWG American wire gauge

d density

de direct current

DSA dimensionally stable anode

Eac alternating current voltage

Epc direct current voltage

I current

I, average sinusoidal current

Ia equivalent average current for continuous pulsing

1D inside diameter

I peak sinusoidal current

Lrus root mean square current

I2R electrical heating (current squared times resistance)
MCM 1,000 circular mils

0D outside diameter

puR per unit earth resistance

R reslistance

RMS root mean square

RTV commercial silicon adhesive made by General Electric
THW type of electrical conductor that is rated for specific applications.
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