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wir> and subsequently weashed into the flow adjacent
to the hull. It was found that the introduction of
tae gar into the boundary layer significantly reduced
the viscous resistance on thg body. The magnitude of
t he drag reduction wes found to depend on both the
"owing sperd and the applied electrical current
to the electrode,

in the subsequent study the cathode was attached
to the hull of a 6'9" model of a World War II vintage
destroyer which was also towed in the freshvater tank.
The results of this study indicated that the reduction
of viscous drag was due to the time-rate of mass
of hydroren produced on the hull-mounted cathode and
the condition of the flow within the boundary layer
adjacent to the hull,

A thrugh the literature on the microscopic effects

: >nomenon is guite extensive, there is no

arreement with regard to physical mechanics, It was
formerly assumed that suspended additives suppress
the turbulence intensity of the flovw thereby causing a
reduction in the viscous resistance, However, this
theory is unsatisfactory because many experiments have
shown the polymer additives have a negligible effec’

on t.urbulence energy and in some cases have even
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C. Effective Bubble Production

The total quantity of gas produced is a function -
of the current passing through the electrochemical circuit,

and can be computed using Farraday's lsaw,

(2.2)

(=)
bﬂz
LSl L)

nG = time rate of gas production (grams/sec)
M = moleular veight of gas {(grams/mole)
I = current (amperes)
Valence number
F = Farraday's constant (F = 96,493 coulombs/mole)
Since hydrogen, chlorine and oxygen gases are
soluble in water, one must take this factor into
account when computing effective bubble production,
The solubility is a function of water temperature,
81211 nity, biological activity, current and wave
action, and depth (pressure).
A portion of solubility data tabulated in Sverdrup (28)
for oxygen (at one atmosphere pressure) in seawater
of various chlorinities and temperatures is reproduced

below,

N
n
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Tl.- reference temperature

R = Gas constant

The influence of pressure on the
solubility of a gas was expressed by W, Eenry. His
conclusions, generally known as Henry's Law, can be
stated in equation form as

W = Kp W - mass of gas dissolved per
unit volume of solvent

P * equilabrum pressure
K - proportionality constant

Hence solubility is a linear function
of pressure., In the range of temperatures experienced
in seawater, and for a limited range of depths, most
gases obey Henry's Law, However, chlorine reacts chemically
with seawater and use of Henry's Law produces inaccurate
recsults when considering its total solubility.

The effective bubble production can be
estimated by computing the theoritical gas production
per unit length of electrode using Farraday's law.

For varying ship's speed, the mass flow rate of water
past an electrode of unit length can be computed. To
assume "worst case" conditions in order to obtain a
conservative estimate, one can assume a chlorinity value

of 36 %/ 00 and temperature of 15°C (the average temperature
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at 60°N Latitude).

It must be recalled that Henry's Law is only
valid for a specified range of pressures and one must
refer to tabulated data to obtain accurate predictions.
For a surface ship, the solubility data for a pressure
f one atmosphere can be corrected by determining
an average pressure as a function of depth based on

the draft of the vessel.
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D. Electrode Materials

l. Anode Selection

The selection of anode materials for
electrolysis of seawater is & considerable problem.
If used as an anode, most metals temd to oxidize
and go into solution as their metallic ions

M+ M2t 4+ 2e-

There are very few materials which if made
anodic will not participate in the reaction.
and corrode away. Furthermore, it is preferred that
the electrode materials be chemcially inert in either the
passive or active mode, i.e. have good corrosion
resistance and halogenresistance qualities; be easily
fabricated into thin bands or wires which will conform
to the ship's hull; be inexpensive and commercially
¢ +ilable; and be capable of withstanding high current
densities and elevated voltages. For selection of an
anode material, the choice is severely restricted. 1In
commercial chlorinators, impressed current cathodic
protection systems, b and electrochemical flotation oil
separation systems5 the materials used include graphite
and noble metals or alloys. such as platinum, platinized

titanium, platinum-iridium alloys, platinized niobium,
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and palladium.

Pure nohle metal wire is prohibitively expensive
and can be dismissed as an option for full-scale use
(pure platinum wire, 5 mil diemeter, at present market
cost is approximately 55¢ a foot). Also pure
platinum is quite soft. Even when allowed with
iridium, it is difficult to work with.

Platinized wire is composed of a conducting core
with a platinum coating. The platinized wire that is
commercially available (Engelhard" Industries) has a
coating of platinum 50 micro-inches thick, and is
considerably less .expensive than pure platinum,

It can withstand current densities of several thousand
amperes per square foot. Platinized titanium is
restricted to rather low driving voltages (up to 10 volts
DC)6 in the presence of chlorine ions because the titanium
5 attacked at any pores or bare areas when subjected to
higher potentials. On the other hand, the niobium wire
is stable in seawater up to 100 volts DC.T Another
important factor to consider is that platinum is not
totally inert, but tends to oxidize im-:the following

reaction:

Pt + 6C17 [PtCl6]-2
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The theoretical chemical equivalent of graphite
then is LOL2 ampere-hours per pound, and the dissolution
rate is 2,16 pounds per ampere per year, This is a
low value compared to 20 1b/amp/yr for iron sacrificial
anodes and 75 1$/aup/yr for lead., However, recalling
that chlorine everpotential is lover than that of
oxygen, chlorine evolution will predominate at lower

current densities, and it is important to note that graphite
is non-reactive in the presence of chlorine. Nonetheless,
some dissolved oxygen will be present in the water
near the electrode and will cause some dissolution
of the anode. Brady( 5), Baylor(3 ) and Kabanov(1llk)
have all done work with graphite electrodes. They
report that as the current density is increased, the
increase in wettability caused by high polarization
rauses penetratior into the pores of the electrode,

"1» resulting chemical attack decreases the electrode's
life. This effect can be reduced by filling the inner
pores with an impregnant to limit the activity to the
surface, Recommended impregnants include linseed
oil, paraffin, opal wax (i.e, du Port &2 Nemours &
Co.), or castor wax (Baker Castor 0il Company). A

third problem with graphite is its brittleness and the
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for the wire to be used in a series of model tests,
In subsequent tests l-mil platinum filaments
were used as anodes. In all tests S-mil copper

wire or 2-mil copper foil was used &s the cathodes,
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Ec = =-1.3593 volts

[C17]) = [18.980g] [1 mole] = 5.35h4 X 1074N
100 ml 35.453g

E = Eo - 0.0591 1log iPCIié
n cl-

= -1.3595 + 0,0591 log [C1-]

= -1.,3595 - 0.1933

E =-1,5528 volts

Cathode (reduction half-reaction):
2H20 + 2e~ » H2 + 20H
E, = +0,828 volts

pOH = 5.8

E = Eo + 0.0591 1log IOH’]2(2322
n H20

E = +0,L485 volts
The electrode potential for the cell is the
algebraic sum of the oxidation potential of the anode
and the reduction potential of the cathode or the
difference of the two oxidation potentials., Hence the
chlorine and hydrogen evolution of this potential is
E =-1553 + 0,485 volts
E =<1.068 volts
This value assumes that only hydrogen is being
generated at the cathode and only chlorine at the anode.

These reactions will dominate, however as previously
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the electrode is an anode or cathode), the gases being
evolved, and the current density. For small current
densities, the overpotential can be approximately by
a linear function of current densityg. However,
as the current demnsity increases, the current density-
overpotential relationship takes on the form:
E = a + blng
Tafel developed the relationship:

N\

E ® 2,303 RT (log J = log Jo)
oF

= 0.0591 (log g - log Jo) (3.3)

a

Where a and Jo are empirically determined
constants. Values of @ and Jo for hydrogen and
overpotentials for several products of electrolysis
for numerous electrodes are tabulated in reference ( 9).

The values of @ and Jo can be determined by
r ctting experimentally-obtained values of overvoltage
for the particular product and electrode ., Extrapolating
the curve to the J axis yields the constant J,., The
slope of the curve is a, 10 . Below J,, the overvoltage
is 80 low it can be assumed to be zero,

For chlorine generated at a platinized anode

and hydrogen at a copper cathode, the constants sre

determined graphically in figure €1) below:
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For copper electrodes in alkaline electrolytes
the évervoltage is slightly higher, however impurities
in seawater lower thls value.ll

Several other factors affect the overvoltage, for
a given elctrode material and electrolytic product.
With the exception of the hydrogen overvoltage of
platinized platinum, overvoltages decrease directly
as the temperature increases.12 For copper the
<henge in hydroger overvoltage with temperature for

U.4 amperes per square centimeter is tabulated below:

Hydrogen Overpotential (copper cathode) at 0.4
amperes /ém?

Temperature (°C): O.b4 20.0 b1, b 73.5

al

Overpotential (volts): 0.572 9.508 0.508] 0.395
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Measurements of the hydrogen overvoltage of
copper for a range of pressures indicates that overvoltage
decreases with pressure and is a hyperbolic relationship

as shown in the following figure::

e e g -

l
-
Figure (2)
Inspection of figure (2) shows that above a
pressure of one atmosphere, the overpotential i1s asymptotic
and decreases negligibly,
The hydrogen overvoliage of metals can be lowered
by swerimposing an alternating current on a direct
current, This effect is apparently due to depolarization
of the cathode by generation of the products of

oxidation at the electrode. The extent
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for a given potential is velocity-dependent and has a
limiting value, vhich is also velocity dependent.

A typical current-voltage curve is diagrammed below.

LRONE CoANAY

CoRAEnT (mp)

APRS «mF (4 Rs)

Mass transfer has three modesa: migretion,
convection, and dirfusion, Migration results from
t he force exerted on the charged pnfticlel by an
electric field., In seavater vhere there is an
excess of supporting electrolyte, this effect can be
neglected, Convection occurs from motion 'of the flow
past the electrodes and will be a predominant effect in
determining the current expected from hull-mounted
electrodes, Diffusion arises due to the concentration
greadient existing between the bulk solution and the
region near the electrode,

The general expremsion for the flux density

of the ionic species AJ(neglecting migration) is given by

+ -+

J = V=D rad C
3 ) 8

F---_------
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Returning to the circuit model, Kirchoif's
current equation at x is
[v,- (f; 1 +8)]

eeax ® iy - - dx (4.6)

Applying Fourier's expansion to the 1 tera, and

x+dx

neglecting all but the first-order term
dix
lyedx = ix *+ 3% (dx)

substituting into equation (4.6) and solving for Ve
i
V, " -a é; + ﬂt i, + 8 (4.7)
Kirchoff's voltage equation at x |is

Veedx = Yy - 21,8dx

Applying Fourier's -xpansion, substituting, and solving

for i
X dav
R S 4.8)
Combining equations (4.7) and (4.8) gives
2
dv _ vy dv_28, _ -288
;;7 - F o =V < (4.9)

The general solution of this linear differential equation
has the form

xlx xzx
V(x) = Ae + Be ¢+ 6§ (4.10)

where
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Substituting into equations (4.1¢) and (4,.11)

the voltage and current equations are

( i& 12*28) ) (x-L)
V(x) = X;7%;) Lje

( gf A;+28) Ay (x-L)
- X;-%;) RYL + 4 (4.12)

(3= 25%28) 1 A (x-L)
i(X) - L ] i1 e 1

CxE228) 15 3, (x-L)
2 "1
The applied voltage and total current are computed

for x = 0 and are

A,+28 A, +28
( i& 2*28) a1 ﬂ;4 1*28) L

Vo - —W 110 - ﬂz“ﬂ Iie + 8§ (4.14)
(= 2,428) 1y
I = s il .71
o Uz‘ll) Y{
Cx-2%28) 1, gL
P -§31 e 2 (4.15)
(rz'llj

The total circuit resistance is the ratio of vo to
Io .

Expressing equations (4.12) and (4.13) in terms

of the non-dimensional parameters
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Non-dimensionalizing, and introducing the

non-dimensional variable v = =

d -J:A n1/2
$ = =12 (o)} Zeant/ 2 (*3,1,2 +1)-
n .
1/2
expl K[}/ 2. (ne8)1/2) (5-1) (4.19)
1/2
JyA_n
+ —Euér———[nllz*(n+8)1/z+4n'1/2] .

!n+4!
-1]0
[ n ' %(ne8) "/ %
1/2
expl e n}/Zenet)l/ 2 e-10y (4.20)

The absolute value of %é is proportional to
the distribution of bubbles being generated on the
conductors. It is significant to note that the change
in distribution is inversely proportional to the
length of the conductors and to the ratio

L A
Y

as the value of R, decreases, obviously the

. This latter condition is intuitive, for

current will tend to "leak out" of the anode at a
greater rate,

Du: to the complex nature of the overpotentials
involved in electrolysis, co-ﬁuter modelling of the
electrochemical circuit is the only technique for

achieving truly accurate results.

42
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A computer program (ILOOP, in Racic, appendix B)
models the circuit in a manner similar to the model
used for developing the closed form solution, however
it models the overvoltage as a current-dependent DC
voltage source where the relationship is assumed

logarithmic. The circuit is diagrammed below:

— AN AN
”n " ",
Vowe .."_.; (7 Ny Yo R
T Pl O oPed )k ()
L AT AT, ST AA TS
”~ n %,
Figure (9)

Input data for running the program include
values of anode, cathode, and electrolyte resistivity;
the oxidation-reduction potentials; the values of the

empirical constants a and Jo for the anodic and

cathodic reactions (equation (3.3)); electrode
length and separation, and a desired number of Ax
divisions, corresponding to incremental lengths of
the conductors.

The program first computes the values of the

circuit resistors, r, and r_ by dividing the

e s
respective total resistance values by the number of

Ax divisions. It then determines the value of the



r---------

(O

back DC voltage due to the oxidation and reduction
potentials.

The program next determines the minimum applied
voltage necessary to insure that the potential
difference at every point on the the electrodes
exceeds the decomposition voltage. Initially, a
small current (corresponding to the smallest value
of the two values of J° in the overpotential
equations) is assumed to flow through the end
parallel resistor of the circuit. By successive
iterations the minimum applied voltage is computed
as well as the corresponding decomposition resistance
and minimum current,

Following these initial steps, values of total
voltage and current for an input range of values of
I (previously estimated using the ciosed-form solution)

can be computed.



V. DEBIGN OPTINIZATION
In order to optimize the configuration of the
electrodes a myriad of inter-related trade-offs must
be analyzed., The tvo principal objectives to be
considered in developing a design are aven distribution
of the gas bubbles generated at the electrodes over
t he surface of the hull and maximization of the current
produced for & given applied voltage. Each of these
wpics vill be considered separately.
A, Pover Riqnlroltuts
The Zactors which affect the current produced
in the electrolytic cell include the resistivity
of the electrodes and electrolyte; the dimensions and
separation distance of the electrodes; the values of
the oxidation-reduction potential aud overpotential for
the particular reaction and electrode materials; and
the applied voltage. Inspection of equations (4,16)
and (4.17) indicates that increasing the value of the
non-dimensional parameter n (which, in physical terms,
is the ratio of the "chemical" resistance Jue to “he
overpotential to the constituent ohmic resistances)
will result in a decrease in the circuit resistance.
The variation of circuit resistance for a sample set of

variables is presented in rfigure (10). The variation



of n with several design parameters-is diagrammed belcw:
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It can be seen that the current will be
increased for a given voltage if the resistivity
of the electrodes and electrolyte, the length of the
electrodes, and if the electrode separation distance
can be reduced; and if the diameter of the electrodes
is increasead.

A significant reduction in the total circuit
resistance is achievi& by connecting the electrode
pairs in parallel. As the number of pairs connected
in parallel is increased the voltage required to
produce a given current approaches the decomposition
voltage, wvhich is the theoretical limit, This

assumption of course : infers that the potential drop

due to connecting wires is negligible and that the

electrode is configured such that the potential
difference between any two points on the electrode
pair is uniform. This latter topic will be discussed
in more detail in the next section.

In determining the design current for a given
electrode pair several factors must be tauken lntc
account, First, if the limiting current is not to be
exceeded, then this condition must be met., Cecond, if
the current density at the end of the electrode pair is

not to be less than a specified miaimum, then this nust
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be considered., Third, the velocity dependence of the
current must be taken into account.

B. Bubble Distridbution

The separation distance and length of the
electrodes as well as their placement on the hull
vill affect the resulting distribution of bubbles
in the fliow sround the hull, Increasing the value of
n causes a more dramatic drop-off rate with length to
occur. The decrease in current density with electrode
length can be offset by several methods. The eiectrode
length can be decreased, hovever this will neccessitate
using insulated connecting wires to insure that elec-
trodes transverse the full girth of the hull. A
second technique is to design for a voltage which is
in excess of the voltage corresponding to the
limiting current, 1In this design the current will
remain constant regardless of the applied voltage
for a portion of the electrode's length, The drawback
to this technique is that it results in a considerable
waste of power, The remaining proposed i chuiqgue i3
to vary the cross-sectional area of the electrodes
with distance avay from the point where the electrodes

are connected to the voltage source. If ribbon electrodes
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are mounted forward on the hull and just aft of points
of flov separation, In this manner a maximum number
of bubbles are injected initially into the flow and bubbles
lost by separation at various points on the hull are re-
plaged. Furthernore; the electrodes are mounted normal
to the direction of the flow in order to make the
dtstribution more uniform with respect to girth. (A
principal objection to mounting the electrodes parallel
to the flow is that it is desired to reduce the effects
of concentration overpotential arising from an accumulation
of gas products at points farther aft on the electrodes.)

One other consideration is theorized but has not
been analyzed completely to date. The injection of bubbles
into the flov not only reduces the viscous resistance but
may also reduce the wave-making drag by damping the amplitude
of the vaves generated by motion of the vessel, If
s\ych 18 the case, the electrodes s8hould be mounted based
on alaysis of the wave profile characteristic of the
vessel.
VI. MODEL TESTS

A, Model Configuration

The configuration which was tested on the 18'2"
model is depicted in the photographs in Appendix (D).
The major bank of electrodes was located foward on the

hull with two other banks loceted at +he ~hn'1ders. The
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remaining electrodeswere mounted in sets of two spaced
evenly over the length of the hull.

Thﬁ.nodel vas téated in fresh water, hence the drop-
off effect of the current density is not significant
enough to merit using shortened electrodes or varying-
width ribbon electrodes, However, to irsure more
uniformity in the bubble distribution, only alternate
electrode pairs were connected to the voltage source
on the same side of the hull., Hence for each set of

tvo pairs, the bubble distribution is essentially uniform.

The 18'2" model was originally intended to have
a total of sixty anode-cathode pairs, However time
limitations and difficulties encountered in working
with the platinum filament resulted in only thirty-
three electrolytic cells actually teing etfective.

B. Experiment

In the final test, the model was towed in the Naval
Ship Research and Develop Center's David Taylor Model
Basin. The toving speeds ranged from 0.85 ft/sec and
the current vas varied between Q and 4 amperes for each
toving speed, The flow adjacent to the hull was
turbulent over most of the hull length, eve. at lower
speeds, because the leading electrode acted a3 a houndary

layer trip.,
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The experiment was designed to test the

effectiyeness of the model configuration and to

measure the effect of velocity on the power requirements,

The former is considered first.

The data are

presented in figure (15) where the total drag is

shown as a function of towing speed.

By increasing

the speed for the fixed value of current the percent

drag reduction varied from 3.2% at the lower towing

speeds to 17.5% in the middle of the speed range.

With increasing speed the bBudbble injection had a

diminishing effect, causing 2.3% drag reduction at the

higher speed.
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The date for the power requirements necessary
to mainteain a consteant current of four amperes
for the range of toving speeds is presented in
figure (16). The voltage required initially
decreases dramatically with speed. It continues
to decrease vith speed, but at a reduced rate, At the
lpeed at vhich maximum dra; reduction occurred, the
pover required vas 50,4 vatts.

To demonstrate the velocity dependence on the
input pover required, the drag data is presented in
figure (17) as the percent change in the ratio of EHP
to input pover as a function of velocity, and in
figure (18) as the percent change in the coefficient
of total resistance as a2 function of the ratio of

veloecity to input powver,

— v 0

60 40 20 30 4e so 0 is 24 4w 90 Jc¢ éo
e Y (£7/3¢T) sELOCIIT [ Pome (FTfie/nen)
210°%
Figure (17) Pigure [1%8)
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VII. GCONCLUSIONS

The results of the experiment verify the

conelusions reached dy McCormick and Bhattacharrya in

their initial experiments. The nagnitud‘ of the drag
reduction is a function of towing speed, the rate
of gas bubble production and the configuration of the
electrodes with respect to the flow around the hull,
Hovwever, since no laminar flow conditions existed in the
testing sequence for the 18'2" model, the lubricating
effects of the gas bubblea in laminar flow were not
observed. As the flovw velocity increases the momentunm
absorption effect increases with velocity. After
reaching a peak, the effects of momentum absorption
decrease with increasing velocity and approach a limit,
However, one factor not considered in previous
papers is the beneficial effect in reducing the input
pover that is derived from increased mass transport
of electroactive material to the electrodes due to
increased velocity. Hence the non-dimensioral ratio
of mass flov rate of the wake to mass flow rate of
gas 18 not a valid parameter since it does not indicate
the dependence of .circuit resistance . on the mass

flow of the wake,
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maximum current density of 3 amperes/cm2 for each

electrode the overvoltage on platinized electrodes
is approximately % volts, Hence the total voltage
required would be 4 volts. An additional 2 volts
should be added to take into account the effect of
resistances external to the the electrolytic cells,
Without considering the effect of the decrease in
circuit resistance that occurs due to the vessel's
motion, the power requirement is estimated to be
0.39 KW (vhich corresponds to 0.52 horsepower),

It is readily apparent that the results of this
experiment indicate that drag reduction by electrolysis
can effect a drag reduction that is dramatic relative
to the power-required to make it function., Vessels
equipped with electrodes for drag reduction will realize
sighificant savings in fuel and vwill have increased
cruising ranges as a result of this fuel economy.
Furthermore, as previously mentioned, the need for
anti-fouling coatings will be reduced because the
reaction products are toxic to fouling organisms.

It can be expected then, that the vessel will not
experience the increase in resistance that normally

occurs with time out of drydock.
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expenditures should be undertaken to determine the

economy resulting in installation of the drag-

reducing systen,
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The total Ohmic resistance of the electrolyte
can be computed using the method of images., It is
assumed that the two cylindrical electrodes are
immersed in a conducting medium having lateral
dimensions which are small compared to the separation
distance of the elec£rodes. It is further assumed
that the change per unit length (tA) of the conductors
is uniform. This assumption is not valid for the
entire length of the conductor, however for small
lengths of the conductor the variation with length
is negligible, 8ince the resistance of the medium
ise a function of its electrical capacitance, and the
capacitance at any point is determined by the local
charge, the assumption is8 therefore applicable,.

Beginning with Laplace's equation:

V3us=o
For a given set of boundary conditions the
solution is unique. If a solution U(r,0,¢)
is obtained by any technique, and if all the boundary

conditions are satisfied, then the solution is complete.
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A2

The potential difference between q and q' , an

imaginary charge, is given in cylindrical coordinates by

| q'
u(r,0,¢) 4we°r1 * Jﬁeorz

1 q q'

+

[ ]
41“:o (1'2+d27-2rdco:’.8)1/2 (1'T+bz-2'rbcosb)1/z

Hence, for r = a , u(a,08,¢) = 0 for all 6 and ¢ .

Thus, the radical terms must be proportional, or

2
&
b




"]III a;aeeeooeeoenoeoos o=

A3 "73<
The capacitance of the pair of conductors is given by
e C = AL
$-c-%
In terms of V ,
v

A
'I?E; (in rl-ln rz)
- (in r,/r,)
Zweo 172

where € is the permittivity of free space

(8.85 x 10°12 farad/meter).
2

Since T, " d - %r -

dz-azr d
v-*z—(ln——z——-)

The potential difference between o and p is

Vop = V(r=a-a?/da) - V(r=n-a?/d)

S O GO -az/d)]-ln[dz-az-déh-az/d)]}

Ive, d(a-a‘/d) d(h-a“/d)
Vop = TN 1“[9%i'ﬂ71

Recalling that d = 2h - az/d

d% - 2nd + at = 0

d=h 1th-az

Substituting this value for d
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74<
T hz,h(hz_az)1/z-‘z]
op Zweb a(h’-a2)1/?
= A lnlh"‘hz-‘z!]
Zweo a a
- A -1,h
vOp Zwe, chh @
The potential difference between o and p' |is
zvop , hence
A -1.h
Au = Te cosh (-‘-)
o
The electric field intensity between the conductors is
obtained from the equation
->
B = -Vu
so that considering the x-direction only
. _du
By X
Since 2rx - su and letting r = (x20y2)1/2

€ 2cosh”*(h/a)

2
(where x = 2h - ‘T = d)

By = -l l%“wl
X 2cosh™t(h/a) d%-a%-d(d%+y*) (d+y%)

The equation of continuity for the current through the

surfaces of an arbitrarily-shaped surface area of

macroscopic size is given by

1-553-dﬁda
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79<
Where J is the current density. Also, Ohm's Law

can be written

>
J =

D|tné

p = restivity

Letting ds = Ldy , where L is the immersed electrode

length
-1

I 5 {O Edy

Substituting 2 2.-1/
-1/2
Auld o . d(d®+y”) 1
I = - {w —2+-—2——2-]dy
ocosh™* (h/a) dz-az-d(dz+Yz)1, (d%+y®)

Integrating this expression yields

[ = AuLw
pcosh'fzh/ﬂ)

"~ Letting s = 2h , which is separation distance and

D= 2a , where D is the electrode diameter, the

total ohmic resistance is

R QU gcosh'lgS[D1
T "
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290
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360
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420
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440
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530
340
350
360
570
380
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ILOOP

DIM V(9000)
DIM I(9000)
PRINT rf'rlz" ANODE AND CATHODE RESISTIVITY (MICRO-OHMS-CM)"
PRINT “INPUT CXIDATION-REDUCTION POTENTIAL"

u
PRINT “INPUT VALUES OF JO AND ALPHA FOR ANODE AND CATHODE™
INPUT JB,Al,J9,A2
LET C1=L0G(8)
LET C2:L0G(J9) i
PRINT }nsur MINIMUM AND LIMITING CURRENT DENSITY CAMPS/CN*2)

U 2
PRINT :urur ELECTROLYTE RESISTIVITY C(OMMS-CM)"

3 .

PRINT "INPUT ELECTRODE nunzrzn (MILS) AND SEPARATION (CW)"
INPUT D,B
LET DzD#2.%4/1000
PRINT 'INPUT AVERAGE IWMERSED ELECTRODE LENGTH ccm”
NPUT L .
LET S=3.1416%LaD
PRINT "INPUT AVERAGE RECIPRCCAL ELECTRODE LENGTH (1/CM)”

‘INPUT LI

LET Lis1/L]
PRFI'NT “INPUT NUMBER OF DELTA-X DIVISIONS AND CONVERGENCE CRITERIA®
INPUT

PRINT quPUT NUMBER OF ELECTRODE PAIRS"

INPUT M

PRINT

PRINT

PRINT ,

LET RI=PI=L/(3,1416%(D/2)*2)*|E~6
LET R2=P2%L/(3,1416%(D/2)"2)*]E~6
LET RIzRI/N

LET R2:=R2/N ‘-

LET R3=P3%L0G(B/D+SQR(B*2/D*2-1))/(3.1416%L1)

LET R3=R3*=N

LET K=N

LET I(K)=Ji%S :

LET J=Jl : '

LET Q= IC(K)

LET Uz0,0591%((LOGC(J)=C1)/Al+(LOG(J)-C2)/A2)

LET V(K)=I(K)*R3+E+U

LET V(K=1)=VK)+I(K)=(RI+R2)

LET Z=0, 059!*((!..06((NI(K))/S)-C!)/Al+(LOG((MI(K))/S)-OZ)/AZ)

-IF _ABS(Q=(V(K~1)=E=Z)/R3)<G THEN 570

LET @ Q+Q/1000

G0 TO S30

LET I(K=1)=IC(K)+Q
LET K=K=-1 -

IF K=0 THEN 660

t
.
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