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Initial Scientific notebook entry for Galvanic Corrosion calculations
Title: Galvanic corrosion
Tests Preformed by: Darrell S. Dunn

Objectives: Determine the potential for the galvanic couple of carbon
steel and Ni base container materials.

Method: Calculate the galvanic corrosion potential based on the
kinetics for the following reactions:
reduction of oxygen
reduction of water
passive dissolution of the inner Ni base material
active dissolution of the carbon steel overpack.

The sum of current densities for all anodic and cathodic
reactions should equal zero

Parameters: Obtained through the literature or from previous
laboratory tests.

Equipment: IBM compatable computer and Mathematica version
223

Uncertainty and Sources of Error: Values of some parameters such
as exchange current densities are not well defined for the container

materials.
DAL Arge
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Galvan0l

GALVANIC CORROSION
Darrell S. Dunn

The galvanic corrosion of carbon steel and alloy 825 are addressed on the basis of the kinetics
of electrochemical reactions including the reduction of water and oxygen on the surface of
alloy 825 only. The rate of oxygen reduction is assumed to diffusion limited. This calculation
assumes that carbon steel is pure iron which is active and the dissolution rate is controlled by
Tafel kinetics. The kinetics of water reduction are modeled after Bockris and Reddy (Modern
Electrochemistry Vol. 2)

PARAMETERS

carbon steel

isteel=corrosion current density for carbon steel (not calculated)
arsteel=area of steel (input)

i0steel=exchange current density for steel (input)
ecorrsteel=corrosion potential for steel (input)

bfe=beta or partition coefficient for iron dissolution (input)
zfe=number of electrons from corrosion of iron (2)

alloy 825

ipass825=passive current density of alloy 825 (input)

ar825=area of alloy 825 (input)

ih20825=current density from water reduction on alloy 825 (not calculated)

10282 5=current density oxygen reduction on alloy 825 (not calculated)
i002825=exchange current density oxygen reduction alloy 825 (calculated)
i002825at298k=exchange current density oxygen reduction alloy 825 at 298K (input)
i0h20825=exchange current density water reduction alloy 825 (calculated)
i0h20825at298k=exchange current density water reduction alloy 825 at 298 K (literature)

oxygen reduction

zo2=number of electrons in the reduction of oxygen (4) (input)

bo2=beta or partition coeff for the reduction of oxygen (input)

cbulko2=buik concentration of oxygen (calculated)

do2=diffusion coeff for oxygen (calculated)

eeqOo2=standard potential for the reduction of oxygen (calculated)
eeqo2=equlibrium potential for the reduction of oxygen (calculated)
po2=partial pressure of oxygen (0.21) (input)

o2actenergy=activation energy for the reduction of oxygen (literature) (input)

water reduction

zh2o=number of electrons in the reduction of water (2) (input)
bh2o=beta or partition coefT for the reduction of water (input)
eeqgh2o=equlibrium potential for water reduction (calculated)

@v// j/éz/ //%A/ //1;,7 1



Galvan01

hplusconc=concentration of H+ (calculated from pH)
k1h2o=constant for water reduction (input)

other parameters
f=faradays constant (input)
r=gas constant (input)
tempk=temperature in degrees kelvin (input)
delta=diffision layer thickness (input)
egalv=potential of galvanic couple alloy 825, carbon steel (calculated)
ph=ph (-log[H+]) (input)
khenryconst=henry's constant (calculated)

Input

zh20=2;

f=96485;

r=8.314;

202=4,

i0steel=0.01;
ecorrsteel=-0.600;
b02=0.750;

bh20=0.5;

fe=2;
ipass825=0.00001;
ar825=1;

arsteel=1;

afe=0.2;

po2=0.21;
delta=0.0005;

ph=7;
o2actenergy=40;
h2oactenergy=20;
k1h20=0.0000000518,
1002825at298k=0.000001;

Off]General::spell]
Off[General::spelll }

eeqh20=0-(((2.303*r*tempk)/f)*ph);

eeq002=1.47172-(0.000815*tempk);
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Galvan01

eeqo2=eeq02-((2.303*r*tempk*ph)/f)-((0.576*r*tempk*Log[po2])/(2.303*f));

khenryconst=Exp{0.2984-(5596.1 7/tempk)+ 10496 70/(tempk *tempk))]*1000;

cbulko2=khenryconst*po2;

d02=(0.063*Exp[(14.612/(r/1000))*((1/298.15)~(1/tempk))])/31536000;

i002825=i002825at298k*Exp[(02actenergy/(r/1000))*((1/298)-(1/tempk))];

hplusconc=10"-ph;

10h20825at298k=(2*f*k1h20)*hplusconc bh2o;

i0h20825=i0h20825at298k* Exp[(h2oactenergy/(r/1000))*((1/298)-(1/tempk))};

SetOptions[$Output, Page Width->400]

Pﬁnt["eeqhzo"’" ll’"eeqoozﬂ," "’lleeqozu’ L ","khenryconst"’" "’ “cbmkozll’ " "’"dozﬂ,"

" "i002825at298K"," ","i002825"," " "02actenergy”,” ","ilsteel"," " "ecorrsteel”," ","bo2","
","bh20"," ","afe"," ","hplusconc"," ","h20actenergy“," ","i0h208253t298k"," ","kélh20","
ﬂ,"iohzoszsll’ﬂ ","ipassgzs"," "’"argzsﬂ’" ","a.l'Steel"," ","temp"’" ”’"ph",“ "’"egalvﬂ’"

" "delta"]
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Galvan02

GALVANIC CORROSION
Darrell S. Dunn

The galvanic corrosion of carbon steel and alloy 825 are addressed on the basis of the kinetics
of electrochemical reactions including the reduction of water and oxygen on the surface of
alloy 825 only. The rate of oxygen reduction is assumed to diffusion limited. This calculation
assumes that carbon steel is pure iron which is active and the dissolution rate is controlled by
Tafel kinetics. The kinetics of water reduction are modeled after Bockris and Reddy (Modern
Electrochemistry Vol. 2)

PARAMETERS

carbon steel

isteel=corrosion current density for carbon steel (not calculated)
arsteel=area of steel (input)

i0steel=exchange current density for steel (input)
ecorrsteel=corrosion potential for steel (input)

bfe=beta or partition coefficient for iron dissolution (input)
zZfe=number of electrons from corrosion of iron (2)

alloy 825

ipass825=passive current density of alloy 825 (input)

ar825=area of alloy 825 (input)

ih20825=current density from water reduction on alloy 825 (not calculated)
j02825=current density oxygen reduction on alloy 825 (not calculated)
i002825=exchange current density oxygen reduction alloy 825 (calculated)
i002825at298k=exchange current density oxygen reduction alloy 825 at 298K (input)
i0h20825=exchange current density water reduction alloy 825 (calculated)
i0h20825a1298k=exchange current density water reduction alloy 825 at 298 K (literature)

oxygen reduction

zo2=number of electrons in the reduction of oxygen (4) (input)

ba2=beta or partition coeff for the reduction of oxygen (input)

cbulko2=bulk concentration of oxygen (caiculated)

do2=diffusion coefF for oxygen (calculated)

eeq0o2=standard potential for the reduction of oxygen (calculated)
eeqo2=equlibrium potential for the reduction of oxygen (calculated)
po2=partial pressure of oxygen (0.21) (input)

o2actenergy=activation energy for the reduction of oxygen (literature) (input)

water reduction

2h20=number of electrons in the reduction of water (2) (input)
bh2o0=beta or partition coeff for the reduction of water (input}
eegh2o=equlibrium potential for water reduction (calculated)

\32"“//@/» // 2 /,57 1
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Galvan(2

hplusconc=concentration of H+ (calculated from pH)
k1h2o=constant for water reduction (input)

other parameters
f=faradays constant (input)
r=gas constant (input)
tempk=temperature in degrees kelvin (input)
delta=diffision layer thickness (input)
egalv=potential of galvanic couple alloy 825, carbon steel (caiculated)

ph=ph (-log[H+]) (input)
khenryconst=henry's constant (calculated)

Input

zh20=2;

=96485;

r=8.314;

202=4;

i0steel=0.01;
ecorrsteel=-0.600;
bo2=0.750;

bh20=0.5;

zfe=2;
ipass825=0.00001;
ar825=1;

arsteel=1;

afe=0.2;

po2=0.21;

tempk=373;

ph=T;
o2actenergy=40;
h2oactenergy=20;
k1h20=0.0000000518;
1002825at298k=0.000001;

Off[General::spell}
OfffGeneral::spelll]

eeqh20=0-(((2.303*r*tempk)/f)*ph);

eeq002=1.47172-(0.00081 5*tempk);

T et

Galvan02

eeq02=eeq002-((2.303"r“‘tempk'ph)/f)—((O.576‘r*tempk‘Log[po2])/(2.303"f));
khenryconst=Exp[0.2984-(5596.1 7/tempk)+(1 049670/(tempk*tempk))]*1000;
cbulko2=khenryconst*po2;
do2=(0.063*Exp[(14.612/(1/1000))*((1/298.15)-(1/tempk))})/31536000;
1002825=1002825at298k* Exp[(o2actenergy/(r/1000))*((1/298)~(1 /tempk))];
hplusconc={0"-ph;

i0h20825at298k=(2*f*k1h20)*hplusconc”bh2o;
i0h20825=i0h20825at298k*Exp[(h2oactenergy/(r/1000))*((1/298)-(1tempk))];
SetOptions[$Output, PageWidth->400]

Print[neeqhzon’n n’neeqoozn,n n’neeqozw, " ","khenryconst"," n’ "Cbulkoz", " ","dOZ","

" "i002825at298k"," ","i002825"," ","o2actenergy”," ","i0steel"," ","ecorrsteel”,” ","bo2","
" "bh2o"," ","afe"," ","hplusconc”,” ","h20actenergy”," " "i0h20825at298k"," ","klh20","
","i0h20825"," ”,"ip335825"," n,narszsu’n ","arsteel"," n’uwmpn’n “,“ph"," ","ega.lv","
","delta"," ","isteel"," ","i}120825"," ","i02825"," ","tempk=",tempk," n,pr=n,ph’"

" marR25=",ar825," " "arsteel=",arsteel,” ","afe=",afe," ","bo2=",bo2," ","bh20=",bh2o,"

* "0steel=",AccountingForm{iOsteel]," " "ipass825=",AccountingForm[ipass825],"

" "galvan02.ma"," ","2/10/97"]

Do[galv=egalv /. FindRoot[arsteel*i0steel*(Exp|(afe 2fe { (egalv - ecorrsteel))/(r tempk)]) +
ipass825*ar825-(ar825*i0h20825*(Exp[-(bh20 zh2o f(egalv - eeqh20))/(r
tempk)])+ar825*i002825*((Exp[-(bo2 zo2 f (egalv - eeqo2))/(r tempk)])/(1 +

((1002825* delta*Exp[-(z02 bo2 f (egalv - eeqo2))/(r tempk)])/(cbulko2 4 f do2)))))==0,
{egalv,0}, Maxlterations->100];

isteel=i0steel*(Exp[(afe zfe f (galv - ecorrsteel))/(r tempk)]);

13
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Galvan02

ih20825=i0h20825*(Exp[(bh20 zh2o f (galv - eeqh20))/(r tempk)]);

102825=1002825*((Exp{-(bo2 202 f (galv - eeqo2))/(r tempk)/A1 +
((1002825*delta*Exp[-(z02 bo2 f (galv - eeqo2))/(r tempk)])/(cbulko? 4 f do2))));

Print[FortranForm[eeqh20]," ",FortranForm[eeq002}," " FortranForm[eeqo2],"

" FortranForm[khenryconst},” ", FortranForm{cbulko2]," " FortranForm{do2},"

" FortranForm[i002825at298k]}," " ,FortranForm[i002825}," " ,FortranForm[o2actenergy],”

" FortranForm[i0steel],” " ,FortranForm[ecorrsteel]," ",FortranForm[bo2],"

" FortranForm[bh20)," ",FortranForm[afe]," ",FortranForm[hplusconc],”

" FortranForm[h2oactenergy]," ", FortranForm[i0h20825at298k],"” " FortranForm[k1h20],"

" FortranForm([i0h208251," ",FortranForm[ipass825]," ",FortranForm[ar825],"

" FortranForm[arsteel]," " FortranForm[tempk],” ",FortranForm[ph},” ",FortranForm([galv],"
" FortranForm{delta]," ",FortranForm{isteel}," ",FortranForm{ih20825],"

" FortranForm[i02825]],{delta,0.00005,0.005,0.0001 }]
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Galvan03

GALVANIC CORROSION
Darrell S. Dunn

The galvanic corrosion of carbon steel and alloy 825 are addressed on the basis of the
kinetics of electrochemical reactions including the reduction of water and oxygen on the
surface of alloy 825 only. The rate of oxygen reduction is assumed to diffusion limited. This
calculation assumes that carbon steel is pure iron which is active and the dissolution rate is
controlled by Tafel kinetics. The kinetics of water reduction are modeled after Bockris and
Reddy (Modemn Electrochemistry Vol. 2). The coefficient of galvanic galvanic coupling is
included.

PARAMETERS

carbon steel

isteel=corrosion current density for carbon steel (calculated)
arsteel=area of steel (input)

i0steel=exchange current density for steel (input)
ecorrsteel=corrosion potential for steel (input)

bfe=beta or partition coefficient for iron dissolution (input)
zfe=number of electrons from corrosion of iron (2)

alloy 825

ipass825=passive current density of alloy 825 (input)

ar825=area of alloy 825 (input)

ih20825=current density from water reduction on alloy 825 (calculated)

102825=current density oxygen reduction on alloy 825 (calculated)

i002825=exchange current density oxygen reduction alloy 825 (calculated)
i002825a1298k=exchange current density oxygen reduction alloy 825 at 298K (input)
i0h20825=exchange current density water reduction alloy 825 (calculated)
i0h20825at298k=exchange current density water reduction alloy 825 at 298 K (literature)
ecorr@25=corrosion potential of alloy 825 not in contact with other metals(calculated)

(/ N A -
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Galvan03

contact(calculated)
oxygen reduction

zo2=number of electrons in the reduction of oxygen (4) (input)

bo2=beta or partition coeff for the reduction of oxygen (input)

cbulko2=bulk concentration of oxygen (calculated)

do2=diffusion coeff for oxygen (calculated)

eeqOo2=standard potential for the reduction of oxygen (calculated)
eeqo2=equlibrium potential for the reduction of oxygen (calculated)
po2=partial pressure of oxygen (0.21) (input)

o2actenergy=activation energy for the reduction of oxygen (literature) (input)

water reduction

zh2o0=number of electrons in the reduction of water (2) (input)
bh2o=beta or partition coeff for the reduction of water (input)
eegh2o=equlibrium potential for water reduction (caiculated)
h2oactenergy=activation energy for the reduction of water (input)
hplusconc=concentration of H+ (calculated from pH)
kih2o=constant for water reduction (input)

other parameters

f=faradays constant (input)

r=gas constant (input)

ph=ph (-log[H+]) (input)

khenryconst=henry's constant (calculated)

tempk=temperature in degrees kelvin (input)

delta=diffision layer thickness (input)

ecouple=potential of galvanic couple alloy 825, carbon steel (calculated)
galvaniccoeff=coefficient of galvainc coupling, 1=complete coupling, O=complete
insulation(input)

currentsum=sum of currents

Input

— = ‘
(\#JQQL »//?ff/ /9 7

C4doe/ 2 A2 o7

Galvan03

zh20=2;
=9648S;
r=8.314,
202=4;
i0steel=0.01;
ecorrsteel=-0.600;
b02=0.750;
bh20=0.5;
zfe=2;
ipass825=0.00001;
ar825=1;
arsteel=1;
afe=0.2;
po2=0.21;
tempk=373;
ph=7;
o2actenergy=40;
h2oactenergy=20;
k1h20=0.0000000518;
i002825at298k=0.000001;
galvaniccoeff=1;

Off[General::spell]
Off[General::spelil]

eeqh20=0-(((2.303*r*tempk)/f)*ph);

eeq002=1.47172-(0.000815*tempk);

eeqo2=ceq002-((2.303*r*tempk* ph)/H)-((0.576*r*tempk* Log[po2])/(2.303 *);
khenryconst=Exp{0.2984~(5596.17/tempk)+(1 049670/(tempk*tempk))]* 1000,
cbulko2=khenryconst*po2;

d02=(0.063*Exp[(14.612/(1/1000))*((1/298.15)-(1/tempk))])/31 536000;

19
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Galvan03

i002825=i00282Sat298k‘Exp[(oZactenergy/(r/ 1000))*((1/298)-(1/tempk))];
hplusconc=10"-ph;

i0h20825at298k=(2“t‘k1h20)*hplusconc"bh20;
i0h20825=i0h20825at298k*Exp[(h20actenergy/(r/ 1000))*((1/298)-(1 /tempk))];
SetOptions[$Output, PageWidth->500]

Print["eeqh20",” " "eeq002"," ","eeqo2", " ","khenryconst”," ","cbulko2"," ","do2","
","1002825at298k"," " "i002825" " ","02actenergy”,” ","i0steel"”," ","ecorrsteel","” ", "bo2","
","bh20"," ","afe","” " "hplusconc"," ","h2o0actenergy”," ","i0h20825at298k"," " "k1h2o","
N’"i0h20825"’” "’"ipasss25l'," Vl’llaIsst"" ","al'Steel“," ","temp"," ll’llph"’" "’Ndel.ta"’ll
”,"isteel","

","h20825"," " "i62825"," ","currentsum”,” ","Ecouple”," ","Ecorr825","
","E825wastepackage”," ","tempk=",tempk," ","pH=",ph," " "ar825=" arg25 "
","arsteel="arsteel,” ","afe=" afe," ","b02=",b02," ","bh20=",bh20,"
","iOsteel=",AccountingF orm[i0steel]," ","ipa55825=",AccountingF orm{ipass825],"
","galvan03.ma"," ","2/12/97"]

Dof[couple=ecouple /. FindRoot[arsteel*iOsteel*(Exp[(afe zfe f (ecouple - ecorrsteel))/(r
tempk)]) + ipass825 "ar825-(ar825*i0h20825*(Exp[-(bh20 zh2o f (ecouple - eeqh20))/(r
tempk)])+ar825‘i002825“((Exp[-(b02 z02 f (ecouple - eeqo2))/(r tempk)])/(1 +
{(i002825*delta*Exp[-(z02 bo2 f (ecouple - eeqo2))/(r tempk)])/(cbulko2 4 f do2))))==0,
{ecouple,0}, MaxIterations->1 00},

corr825=ecorr825 /. FindRoot{ ipassSZS"ar825-(ar825‘i0h20825*(Exp[-(bh20 zh2o f
{ecorr825 - eeqh20))/(r tempk)])+ar825*i002825‘((Exp[-(boZ zo2 f (ecorr825 - eeqo2))/(r
tempk)])/(1 + ((1002825*delta*Exp[-(z02 bo2 f (ecorr825 - eeqo2))/(r tempk)])/(cbulko2 4 £
do2)))))==0, § ecorr825,0}, MaxIterations->1 00];

€825wp=((1 -galvaniccoeff)*corr825) + galvaniccoeff*couple;

Cd. ) 7, /2«//9 7 4

ih20825=i0h20825*(Exp[-(bh20 zh2o0 f (e825wp - eeqh20))/(r tempk)]);

i i - /(1 +
02825=1002825*((Exp[-(bo2 zo2 f (e825wp - eeqo2))/(r tempk)}) .
;(i002825‘delta*Exp[-(202 bo2 £ (e825wp - eeqo2))/(r tempk)])/(cbulko2 4 f do2))));

currentsum=arsteel*isteel+ar825*ipass825-ar825*ih20825-ar825*i02825;

i rtranForm[eeqgh2o0],” ",FortranForm[eeq002)," ",FortranForm[eeqo2),"
%ﬁ:ﬂom{)khe[nryions]t]," " FortranF orm[cbl_xlko2]," ",FgrtranForm[doZ]," i
" FortranForm[i002825at298k]," ", FortranForm[i002825]," ,FortranForrr'l'[OZactenergy],
" FortranForm([iQsteel],” ",FortranForm[feciorrstFeel]," ",Fom;:;l;lc;sr::r;[::ﬂ,
" " " FortranForm{[afe]," ",FortranForm , .
":igmrtranl:gx[[hl;gi:c]:’tenergy]," ",FortranF[ orm[i0h20825at298k]," ",FortranF c?'rm[klh20],
" FortranForm[i0h20825]," ",FortranForm[ipass825}," ",FonranFom}'[%rSZS], deltal”
" FortranForm[arsteel],” ",FortranForm[tempk]," ",Forn'anFonn[ph], ,F(irtranF orm[delta],
" FortranForm(isteel],” ",FortranForm[ih20825)," ",FortranForm{[i02825], .
" FortranForm{[currentsum)," ",FortranForm{couple],” ",FortranForm{corr825],
" FortranForm[e825wp]],{delta,0.00005,0.005,0.0001}]
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| S o - e GALVANIC CORROSION
- PARRMSTEAS R0 INPOT Showa! T GRLvn Y, mx o Darrell S. Dunn

SAME A3 CriwaNr O3 i (ACmT Col 2 i5ior)

The galvanic corrosion of carbon steel and alloy 825 are addressed on the basis of the kinetics

/') € TIAL. O CARRBcr)  ST65 Crc. CULATED of electrochemical reactions including the reduction of water and oxygen on the surface of
I - o o ) ) alloy 825 only. The rate of oxygen reduction is assumed to diffusion limited. This calculation
L ON Covrien Conrnroszen)  Porsc)7In. OF CAR &J 78l ) e : assumes that carbon steel is pure iron which is active and the dissolution rate is controtled by

O Lo / V.0 REMHU Q r) . - I~ ” Tafel kinetics. The kinetics of water reduction are modeled after Bockris and Reddy (Modern
2 AV N ST Ter Qs STECC T INICeoDE0 e - Electrochemistry Vol. 2). The coefficient of galvanic galvanic coupling is included.

C wawes Brcans — TLOEITZCzes Ay A
PRUBLcn  WITn  CALUA) O3 ma WS
STZee. OB8%nUco To B0 A PROSLow  aTrk
GAL Unrd D4 R

PARAMETERS

carbon steel
isteel=corrosion current density for carbon steel (calculated)

. ) T
CAL/ (./71"') g o€, A ~ )QT.'U(/’/\) ’J:‘J /"0»”6’56 23 - . arsteel=area of steel (input)
i0steel=exchange current density for steel (input)
ecorrsteel=corrosion potential for steel (input)
bfe=beta or partition coefficient for iron dissolution (input)
zfe=number of electrons from corrosion of iron (2)
ih2osteel=current density from water reduction on carbon steel (calculated)
i0h2osteel=exchange current density water reduction on carbon steel (calculated)
i0h2osteelat298k=exchange current density water reduction on steel at 298 K (literature)
k1h20steel=constant for water reduction on steel (input)
io2steel=cathodic current density from the reduction of oxygen on steel (calculated)
i0o2steel=exchange current density for the reduction of oxygen (calculated)
i002steelat298k=exchange current density oxygen reduction on steel at 298 K (literature)
i0ferrous=exchange current density for the dissolution of iron (literature)
ferrousconc=concentration of ferrous iron in mol/titer (input)
eferrous=equlibrium potential for the dissolution of iron (calculated)

alloy 825

ipass825=passive current density of alloy 825 (input)

ar82S=area of alloy 825 (input)

ih20825=current density from water reduction on alloy 825 (calculated)

i02825=current density oxygen reduction on alloy 825 (calculated)

1002825=exchange current density oxygen reduction alloy 825 (calculated)

i002825at298k=exchange current density oxygen reduction alloy 825 at 298K (input)

i0h20825=exchange current density water reduction alloy 825 (calculated)

o i0h20825a1298k=exchange current density water reduction alloy 825 at 298 K (literature)
ecorr825=corrosion potential of alloy 825 not in contact with other metals(calculated)

e825wp=corrosion potential of alloy 825 waste package barrier with or without galvanic contact{calculated)

oxygen reduction
zo2=number of electrons in the reduction of oxygen (4) (input)

Jk (%/42 // /?1/ /§7 I
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khenryconst=henry's constant {calculated)
cbulko2=bulk concentration of oxygen (calculated)
do2=diffusion coeff for oxygen (calculated)
eeqOo2=standard potential for the reduction of oxygen (calculated)
eeqo2=equlibrium potential for the reduction of oxygen (calculated)
po2=partial pressure of oxygen (0.21) (input)
o2actenergy=activation energy for the reduction of oxygen (literature) (input)
water reduction
zh2o=number of electrons in the reduction of water (2) (input)
bh20=beta or partition coeff for the reduction of water (input)
eeqh2o=equlibrium potential for water reduction (calculated)
h2oactenergy=activation energy for the reduction of water (input)
hplusconc=concentration of H+ (calculated from pH)
k1h2o=constant for water reduction (input)

other parameters
f=faradays constant (input)
r=gas constant (input)
ph=ph (-log{H+]) (input)
tempk=temperature in degrees kelvin (input)
delta=diffision layer thickness (input)
ecouple=potential of galvanic couple alloy 825, carbon steel (calculated)
galvaniccoeff=coefficient of galvainc coupling, 1=complete coupling, O=complete insulation(input)
currentsum=sum of currents

Input

zh20=2;

=96485;

r=8.314;

202=4,

b02=0.750;

bh20=0.5;

zfe=2;

ipass825=0.00001;
ar825=1;

arsteel={;

afe=0.2;

po2=0.21;

tempk=373;

ph=7;

o2actenergy=40;
h2oactenergy=20;
k1h20825=0.0000000518;
1002825at298k=0.000001;

ferrousconc;
Tl Sy S

Galvan04

klh2osteel;
i0o2steelat298k;
galvaniccoeff=1;

Off]General::spell]
Off[General::spelll]
SetOptions[$Output, PageWidth->500]

Print["eetho"," n,neeqoozu’n n’neeqozn’ " ","khenryconst"," ","cbulkoZ"," ","dCtZ""::'“ o
" "temp"," ","ph"," " "hplusconc”," " "h2oactenergy”,” ","02actenergy”," " "bo2"," ","bh2o",
" "afe" " " "arsteel"," ","ar825"," » "ferrousconc”,” ","eferrous"," " "i0ferrous”,”

" "k1h20steel”," ","i002steelat298k"," " "i0o2steel","” ","ih2osteelat298k"," " "jOh2osteel","

» nisteel",” ","ih2osteel"," ","io2steel"," " "k 1h20825"," ","i0h20825at298k"," "," "i0h20§25","
" "i002825at298k"," ","i002825"," " "ipass825"," “,"ih20825"," " "02825"."

" "arsteel*isteel"," " "arsteel*ih20steel”," * "arsteel*io2steel”," " "ar825*ipass825","

" "ar825*ih20825"," " "arg25*i02825"," " "currentsum”,” " "ecorrsteel”," ","Ecouple”,”
" "Ecorr825"," ","E825wastepackage"," " ndelta”," ¥ "tempk=",tempk," ","pH=",ph,"

" "ar825=",ar825," ", "arsteel=",arsteel," " "afe=".afe," ","bo2=",bo2," " "bh20=",bh20,"
" "ipass825=",AccountingF orm[ipass825]," ","galvan03.ma"," " ,12/12/97")

Dof
eeqh20=0-(((2.303*r*tempk)/f)*ph);

eeq002=1.47172+(0.000815*tempk);

eeqo2=eeq002-((2.303 *r*tempk*ph)/f)-((0.576*r*tempk* Log[po2])/(2.303*f)),
khenryconst=Exp[0.2984-(5596.17/tempk)+(1 049670/ (tempk*tempk))]* 1000;
cbulko2=khenryconst*po2;

d02=(0.063*Exp[(14.612/(r/ 1000))*((1/298.15)-(1/tempk))])/31536000;

hplusconc=10"-ph;

29
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i0o2steel=i0o2steelat298k* Exp[(02actenergy/(r/1000))*((1/298)~(1 /tempk))};
i0h205teela'1298k=(2*f“klh205teel)‘hp1usconc’\bh20;
i0h2osteel=i0h2osteelat298k* Exp[(h2oactenergy/(r/1000))*((1/298)~(1 /tempk))];
1002825=1002825at298k* Exp[(02actenergy/(1/1 000))*((1/298)-(1/tempk))];
i0h20825at298k=(2**k1h20)*hplusconc bh2o;

i0h20825=i0h20825at298k* Exp{(h20actenergy/(r/1000))* ((1/298)(1/tempk))};

corrsteel=ecorrsteel /. FindRoot[ i0ferrous*(Expf(afe zfe f (ecorrsteel - eferrous))/(r
tempk)]‘-(i0h20$teel‘(Exp[-a>h20 zh2o f (ecorrsteel - eeqh20))/r “
tempk)])+i0o2steel*((Exp[-(bo2 zo2 f (ecorrsteel - eeqo2))/(r tempk)])/(1 +

((i002steel*delta* Exp[-(zo2 bo2 f (ecorrsteel - €eqo2))/(r tempk)])/cbulko2 4 f do2)))))==0,

{ecorrsteel,0}, Maxlterations->100];

corr825=ecorr825 /. FindRoot[ ipass825*-(i0h20825*(Expl-
i pl-(bh20 zh2o0 f (ecorr825 -
(e(e?)hgts))z)g(*r ;e&g?])?(()toiz;(gExp[-(boZ 202 £ (ecorr825 - eeqo2))/(r tempk)])/A(1 +
i0o e xp[-(zo (ecorr825 - eeqo2))/(r tempk)})/(cbulko2 4 =0,
{ecorr825,0}, MaxIterations->100]; POM(cbulko deZ)))) ’

couple=ecouple /. F indRoot[arsteel*i0ferrous*(Exp{(afe zfe f {ecouple - eferrous))/(r

tempk)]) + ipassSZS*ar825-((arsteel*iOhZosteel*(Exp{-(bh20 zh20 f (ecouple - eeqh20))/(r

tempk)])+arsteel*i0o2steel *((Exp[-(bo2 zo2 f (ecouple - eeqo2
1 qo2))/(r tempk)/(1 +
((1002steel'deltafExp[-(zo2 bo2 f (ecouple - eeqo2))/(r tempk)])/(cbulko2 4 f
d02)))))+(ar825'§0h20825‘(Exp[-(bh20 zh2o0 f (ecouple - eeqh20))/(r
zc(e%lp;c%]:z);fiSIZS:2)02[8%5*2((Es(p[-(b02 202 f (ecouple - eeqo2))/(r tempk)])/(1 +

0o elta®*Exp{-(zo2 bo2 f(ecouple - eeq02))/(r tempk)]V(cbutko2 4 =0,
{ecouple,0}, Maxlterations->1 00]; 0N PN (chulko2 4 fdoZ))) '

e825wp=((1-galvaniccoeff)*corr825) + galvaniccoeff*couple;

isteel=i0ferrous*(Exp{(afe zfe f (couple - corrsteel))/(r tempk)]);
ih2osteel=i0h2o0steel*(Exp{-(bh20 zh2o f (couple - eeqh20))/(r tempk)));

io2steel=i0o2steel* ((Exp[-(bo2 zo2 f (couple - eeqo2))/(r tempk)})/(1 +
((i002steel*delta* Exp[-(zo02 bo2 f (couple - eeqo2))/(r tempk)])/(cbulko2 4 f do2))));

ih20825=10h20825*(Exp[-(bh20 zh2o f (e825wp - eegh20))/(r tempk)]);

102825=1002825*((Exp[-(bo2 zo2 f (e825wp - eeqo2))/(r tempk)])/(1 +
((1002825*delta*Exp{-(z02 bo2 f (e825wp - eeqo2))/(r tempk)})/(cbulko? 4 f do2))));

currentsum=arsteel*isteel+ar825*ipass825-ar825*ih20825-ar825*102825-arsteel*ih2osteel-ar

Print[FortranForm[eegh20]," ",FortranForm[eeq0o02],” " ,FortranForm[eeqo2],"

" FortranForm[khenryconst],” ", FortranForm[cbulko2]," ",FortranForm[do2],"

" FortranForm{i002825at298k],"” ", FortranForm[i002825]," ", FortranForm[o2actenergy],"
" FortranForm[i0steel]," ",FortranForm[ecorrsteel}," ", FortranForm[bo2],"

" FortranForm[bh20],” " ,FortranForm{afe]," ",FortranForm[hplusconc],"

" FortranForm[h2oactenergy),” ",FortranForm{i0h20825at298k]," ",FortranForm[k1h20},"
" FortranForm[i0h20825]," ", FortranForm[ipass825]," ",FortranForm{ar825],"

" FortranForm[arsteel]," ",FortranForm[tempk],” ",FortranForm{ph)," ",FortranForm[delta],”
" FortranForm[isteel]," " ,FortranForm[ih20825)," ",FortranForm[i02825],"

" FortranForm[currentsum],” ", FortranForm{couple}," ",FortranForm{[corr825},"

" FortranForm[e825wp]],{delta,0.00005,0.005,0.0001}]
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Galvansa

Nt
T
GalvanSa V
GALVANIC CORROSION R
Darrell S. Dunn —
S
The galvanic corrosion of carbon steel and alloy 825 are addressed on the basis of the e
kinetics of electrochemical reactions including the reduction of water and oxygen on the
surface of alloy 825 only. The rate of oxygen reduction is assumed to diffusion limited. This T
calculation assumes that carbon steel is pure iron which is active and the dissolution rate is .
controlled by Tafel kinetics. The kinetics of water reduction are modeled after Bockris and ‘
Reddy (Modern Electrochemistry Vol. 2). The coefficient of galvanic galvanic coupling is N
included.
N

PARAMETERS

carbon steel

isteel=comosion current density for carbon steel (calculated)
isteelwprcorrosion current density for carbon steel waste package (calculated)

arsteel=area of steel (input)
ecorrsteel=corrosion potential for steel (calculated)

ecorrsteelwp==corrosion potential of the carbon steel waste package (calculated)
afe=beta or partition coefficient for iron dissolution (input)
zfe=number of electrons from corrosion of iron (2) _

ih2osteel=current density from water reduction on carbon steel (calculated)

ih2osteelwp=current density from water reduction on carbon steel waste package (calculated)
i0h2osteel=exchange current density water reduction on carbon steel (calculated) .
i0h20steelat298k=exchange current density water reduction on steel at 298 K (literature)

-+

k1h2osteel=constant for water reduction on steel (input)
jo2steel=cathodic current density from the reduction of oxygen on steel (calculated)

jo2steelwp=cathodic current density from the reduction of oxygen on stee! (calculated)
i0o2steci=exchange current density for the reduction of oxygen (calculated)

i0o2steelat298k=exchange current density oxygen reduction on steel at 298 K (literature)
i0ferrous=exchange current density for the dissolution of iron (literature)

ferrousconc=concentration of ferrous iron in mol/liter (input)
eferrous=equilibrium potential for the dissolution of iron (calculated)

alloy 825
ipass825=passive current density of alloy 825 (input)

ar825=area of alloy 825 (input)

j02825=current density oxygen reduction on alloy 825 (calculated)
02825 wp=current density oxygen reduction on alloy 825 waste package (calculated)
1002825=exchange current density oxygen reduction alloy 825 (calculated)

i002825a298k=exchange current density oxygen reduction alloy 825 at 298K (input)
ih20825=current density from water reduction on alloy 825 (calculated)

ih20825wpe=current density from water reduction on alloy 825 (calculated)
i0h20825=exchange current density water reduction alloy 825 (calculated)

ecorr825=corrosion potential of alloy 825 not in contact with other metals(calculated)
e825wp=corrosion potential of alloy 825 waste package barrier with or without galvanic contact(calculated)

oxygen reduction

zo2=number of electrons in the reduction of oxygen (4) (input)

bo2=beta or partition coeff for the reduction of oxygen (input)
khenryconst=henry's constant {calculated)

cbulko2=bulk concentration of oxygen (calculated)

do2=diffusion coeff for oxygen (calculated)

ecqlo2=standard potential for the reduction of oxygen (calculated)
eeqo2=equilibrium potential for the reduction of oxygen (calculated)
po2=partial pressure of oxygen (0.21) (input)

o2actenergy=activation energy for the reduction of oxygen (literature) (input)
o2overpotential=overpoential for the reduction of oxygen

water reduction

zh2o=number of electrons in the reduction of water (2) (input)
bh2o=beta or partition coeff for the reduction of water (input)
eegh2o=equlibrium potential for water reduction (calculated)
h2oactenergy=activation energy for the reduction of water (input)
hplusconc=concentration of H+ (calculated from pH)
k1h20825=constant for water reduction (input)
k1h2ostecl=constant for water reduction (input)

other parameters
f=faradays constant (input)
r=gas constant (input)
ph=ph (-log[H+]) (input)
tempk=temperature in degrees kelvin (input)
delta=diffision layer thickness (input)

ecoupl.e=potentia.| of gerfect galvanic couple of alloy 825and carbon steel (calculated)
galvaniccoeff=coefficient of galvainc coupling, 1=complete coupling, O=complete insulation(input)
currentsum=sum of currents

Input

zh20=2;
f=96485;
r=8.314;
202=4;
b02=0.750;
bh20=0.5;
zfe=2;
ipass825=0.01;
ar825=1;
arsteel=(;
afe=0.2;
po2=0.21;
tempk=373;
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02actenergy=40;
h2oactenergy=20;
k1h20825=0.0000000518;
1002825at298k=0.000001;
ferrousconc=0.000001 ;
iOferrous=0.000000003;
kih2osteel=0.000000051 8;
i002steelat298k=0.000001 ;
o2overpotential=0.5
galvaniccoeff=1;

Off{ General::spell]
Off[General::spelil]
SetOptions{$Output, PageWidth->1000]

Print["eeqh20",” ", "eeq002"," ","eeqo2"," " "o2overpotential"," ","khenryconst","
","cbulko2"," " "do2" " ","temp"," ","ph" " ","hplusconc”,” ","h2o0actenergy” "
","oZactenergy"," ","b02"," n,"bhzon’n ","afe"," ","arsteel"," ","ar825"," ","feITOUSCOHC",“
" "eferrous"," ","i0ferrous"," ","k1h2ostee]"," ","i002steelat298k"," "."i002steel","
","i0h2osteelat298k"," ","i0h2osteel"," " "isteel" " ","ih2osteel"," " "io2steel" "
","k1h20825"," ","i0h20825at298k" " ","i0h20825" " ","i002825at298k" " ","i002825" "
","ipass825" " ","ih20825"," " "jo2825" " ", "isteelwp"," ","ih2osteelwp"," ","io2steelwp”,”
","ih20825wp"," ","102825wp"," ", "arsteel*isteelwp"”," ","arsteel*ih2osteelwp”,"
","arsteel‘io2steelwp"," ","ar825*ipass§25"," ","ar825"ih20825wp"," ","ar825*io2825wp","
","currentsum”," “,"ecorrstee]" " ","Ecouple" " ","Ecorr825"," ","Ecorrsteelwp","
","E825wastepackage"," " "delta”,” ","tempk=",tempk," ","pH=",ph," ","ar825=",ar825."
", "arsteel=" arsteel," ","galvaniccoeﬁ%",galvaniccoeﬁ'," ","galvan05.ma"," ","po2="po2,"
","Revised:4/3/97" " ", "run:4/3/97"]

Do[
eeqgh20=0-(((2.303 *r*tempk)/f)*ph);

eeqlo2=(1.471 72-02overpotential)-(0.0008 15*tempk);
eeq02=eeq002-((2.303*r*tempk*ph)/t)-((0.5 76*r*tempk*Log[po2])/(2.303 *);

khenryconst=Exp[0.2984—(5 596.17/tempk)+(10496 70/(tempk*tempk))]*1000;

N
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d02=(0.063*Exp[(14.612/(/1000))*((1/298.15)~(1/tempk))])/31536000;
hplusconc=10"-ph;

eferrous=-0.440+((0.0295*Log[ferrousconc])/2.303);
i0o2steel=i002steelat298k * Expl(o2actenergy/(1/1000))*((1/298)-(1 Htempk))];
i0h2osteelat298k=(2*f*k1h2osteel)*hplusconc bh2o;
i0h2osteel=i0h2osteelat298k* Exp[(h2oactenergy/(r/1000))*((1/298)-( 1/tempk))];
1002825=(002825at298k*Exp[(02actenergy/(r/1000))*((1/298)-(t tempk))];
10h20825at298k~(2**k 1 h20825)*hplusconc”bh2o0;

i0h20825=i0h20825at298k* Exp{(h2oactenergy/(r/1000))*((1/298)-(1/tempk))};

corrsteel=ecorrsteel /. FindRoot[i0ferrous*(Exp|(afe zfe f (ecorrsteel - eferrous))/(r
tempk)])-(i0h2osteel* (Exp[-(bh20 zh2o f (ecorrsteel - eeqh20))/(r
tempk)])+i002steel*((Exp[-(bo2 zo2 f (ecorrsteel - eeqo2))/(r tempk)])A(1 + B
((i002steel*delta* Exp[-(z02 bo2 f (ecorrsteel - eeqo2))/(r tempk)])/(cbutko2 4 f do2)))))==0,
{ecorrsteel, 0}, Maxlterations->100];

isteel=i0ferrous*(Expf(afe zfe f (corrsteel - eferrous))/(r tempk)]);
ih2osteel=i0h2osteel* (Exp[-(bh2o zh2o f (corrsteel - eeqh20))/(r tempk)]);

: ; - /(1 +
2steel=i0o2steel* ((Exp[-(bo2 202 f (corrsteel - eeqo2))/(r tempk)]) '
E(()i002steel*delta"Exp[-(zoZ bo2 f (corrsteel - eeqo2))/(r tempk)])/(cbulko2 4 f do2))));

T ] e

4
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Galvansa

corr825=ecorr825 /. FindRoot[ipass825-(10h20825*(E: %o
eeqh20))/(r tempk)])+i002825*((Exp[-(bo2 z02 f(eco;%moﬁ)/(i mﬁfﬁ(} +

{(1002825*delta* .
o s ) g ke (),

ih20825=i0h20825 ‘f(Epr—(bh20 zh2o0 f (corr825 - eeqh20))/(r tempk)]);

io?825=i002825*((Exp[—(b02 zo2 f (corr825 - eeqo2))/(r tempk)])¥(1
((i002825*delta*Exp[-(z02 bo2 f (corr825 - eeqo2))/%¥gx;;llg]))?c/t(>ul‘;(-02 4 fdo2))));

couple=ecouple /. FindRoot{arsteel*i0ferrous*(Exp[(afe zfe -

tempk)]) + ipassS?S ‘ar825-((axsteel‘i0h208tee(l‘(xg)[c§:[-(bh2: $c2?)uf? z:cofxf:{:u:gi(x;o))/(r
tepmpk)])—'-Wl‘xOontee]‘((Exp[-(boZ 202 f (ecouple - eeqo2))/(r tempk)])/(t +
((i002steel deltafExp[-(zoZ bo2 f (ecouple - eeqo2))/(r tempk)])/(cbulko2 4 f
do2)))))+Har825 ‘30!120825 *(Exp[-(bh2o0 zh2o0 f (ecouple - eeqh20))/(r
tempk)])+ar825*i002825* ((Exp{-(bo2 zo2 f (ecouple - eeqo2))/(r tempk)])AL +

{(i002825*delta* -
(ccouple 0}, MaxTioons segor T eV emplcbulko? 4 16020,

€825wp=((1-galvaniccoeff)*corr825) + galvaniccoeff*couple;

corrsteelwp=ecorrsteelwp /. FindRoot[arsteel*i0ferrous*

eferrous))/(r tempk)]) + imSZS‘mgS{(ml‘iOh;sogeﬁgéﬁ%?ﬁg P
{ecorrsteelwp - wqhzo))/(r. tempk)])+arsteel*i0o2steel* ((Exp[-(bo2 zo2 f (ecorrsteelwp -
eeqo2))/(r tempk)]W/(1 + ((i002steel*delta* Exp[-(zo2 bo2 f (ecorrsteelwp - eeqoZ))/(lva
ﬁempk)})/(cbulkg? 4 f do2)))))+(ar825*i0h20825* (Exp{-(bh20 zh2o f (e825wp - eeqh20))/(r
(002835~ Expl (o3 e s o ooy O
fcomsalan) Mol b ns.>(:00]5;wp - €eqo2))/(r tempk)])/(cbulko2 4 f do2))))))==0,

isteelwp=iOferrous*(Exp{(afe zfe f (corrsteelwp - eferrous))/(r tempk)]J);
ih2osteelwp=iOh2osteel*(Exp[~(bh20 zh2o f (corrsteelwp - eeqh20))/(r tempk)]);

io2steelwp=i0o2steel*((Exp[-(bo2 zo2 f (corrsteelwp - eeqo2))/(r tempk
" . - l
{(i002steel*delta*Expl-(z02 bo2 f (corrsteelwp - eeqo2))/(r tem;(:l.()];l(?:b)gl)l/ggzz fdo2))));

GalvanSa

ih20825wp=i0h20825*(Exp[-(bh20 zh2o f (B25wp - eeqh20))/(r tempk)]);

102825 wp=i002825*((Expl-(bo2 202 £ (eB25wp - eeqo2))(r tempk)V(1 +
((1002825* delta* Exp[-(z02 bo2 f (825wp - eeqo2))(r tempk)])/(cbulko2 4 f do2))));

cmrentsum=arsteel‘isteelwp+ar825'ipassS25-ar825’ih20825wp—ar825‘i02825wp-atstee1‘ih

Print{FortranForm[eegh2o0)," » FortranForm[eeq002]," ",FortranForm[eeqo2],"

" FortranForm[o2overpotential],” " FortranF: orm[khenryconst]," * FortranForm[cbulko2],"
» FortranForm{do2),” " FortranForm([tempk],” * FortranForm{ph],"

* FortranForm[hplusconc],” » FortranForm[h2oactenergy],” ",F ortranForm[o2actenergy],”
* FortranForm{bo2}," ",FortranForm[bh20}," ".F ortranForm[afe)," ", FortranForm{[arsteet],"”
" FortranForm({ar825]," " FortranF orm[ferrousconc),” " FortranF orm{eferrous},"

* FortranForm{[iOferrous],” * FortranForm[k1h2osteel]," * FortranForm{i0o2steelat298k],"
* FortranForm[i0o2steel},” *,FortranF orm[i0h2osteelat298k)," ",FortranForm[iOh2osteel],”
» FortranForm[isteel]," ",FortranForm[ih2osteet],” " FortranForm{io2steel],”

* FortranForm[k1h20825)," " FortranForm[i0h20825at298k]," * FortranForm[i0h20825),"
* FortranForm|[i002825at298k],” ",FortranF: orm{i002825}," " FortranForm[ipass825],"

» FortranForm{ih20825}," ",FortranForm([io2825],” * FortranForm([isteelwp),”

* FortranForm([ih2osteelwp),” * FortranForm[io2steelwp]," ", FortranF orm{ih20825wp),”

* FortranForm{io2825wp]," » FortranForm[arsteel *isteelwp],”

» FortranForm{arsteel*ih2osteelwp]," » FortranForm{arsteei*io2steclwp),”

* FortranForm{ar825*ipass825]," " FortranForm[ar825*ih20825wp),"

" FortranForm{ar825*i02825wp),” ",FortranF orm{currentsum],” ",FortranForm[corrsteel],"
» FortranForm[couple],” ",FortranForm[corr825}," * FortranForm[corrsteelwp],"

* FortranForm{e825wp]," ",FortranF orm{delta]}, {delta,0.00005,0.005,0.0001 }]
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ST NASSumen TO »¢ NCTIIE. _ ~ The corrosion rate of carbon stee! and alloy 825 are addressed on the basis of the kinetics of
RN T electrochemical reactions including the reduction of water and oxygen on the surface of alloy
825 and carbon steel. The rate of oxygen reduction is assumed to diffusion limited. This
Y calculation assumes that carbon steel is pure iron which is active and the dissolution rate is
IPA/Z AMETEAS  AnD Ze/pur TN Sam¢g AS S, controlled by Tafe! kinetics. The kinetics of water reduction are modeled after Bockris and
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-1 USN‘; TO [ V_g,.’){ . A So AN OX ¥66r)
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i carbon stee
Of” TA ¢ eq) ULIB LT com ,0 07‘6/\)7'1' L Fd& O)( T C 6/\) - isteel=corrosion current density for carbon steel (calculated)
afe=beta or partition coefficient for iron dissolution (input)
K{O LLTEN, : - zfe=nmnI::r of el::nn'ons ﬁ'(‘;::n cono;gﬁ of iron (;);1 P
th2osteel=current density from water reduction on carbon steel (calculated)
: i0h2osteel=exchange current density water reduction on carbon steel (calculated)
i0h2osteelat298k=¢ t density water reducti teel at 298 K (literature)
A0 LARNMSETES E rirnn T Eémp K | T PAsS §25 K resonsrnt o e ot o o gy ™
N . ~7 7 io2steel=cathodic current density from the reduction of oxygen on steel (calculated)
j) ’ ( O F errous ) 2 Ovenpo e A{ ra 14 . i0o2stecl=exchange current density for the reduction of oxygen (calculated)
7/ 7 - i0o2steelat298k=exchange current density oxygen reduction on steel at 298 K (literature)
i0ferrous=exchange current density for the dissolution of iron (literature)
ferrousconc=concentration of ferrous iron in mol/liter (input)
eferrous=equilibrium potential for the dissolution of iron (calculated)
‘ alloy 825
_COROXRDL  FNowa) O~ pacess 37 ~2f0 . e ipassB2S=passive current density of alloy 825 (input)

i02825=current density oxygen reduction on alloy 825 (calculated)
i002825=exchange current density oxygen reduction alloy 825 (calculated)

e 1002825at298k=exchange t density oxygen reduction alloy 825 at 208K (input)
; ; ih20825=current density from water reduction on alloy 825 (calculated)

i0h20825=exchange current density water reduction alloy 825 (calculated)
i0h20825at298k=exchange current density water reduction alloy 825 at 298 K (literature)

oxygen reduction

zo2=number of electrons in the reduction of oxygen (4) (input)
bo2=beta or partition coeff for the reduction of oxygen (input)

. " henry’s constant (calculated)
: cbulko2=bulk concentration of oxygen (calculated)

R do2=diffusion coeff for oxygen (calculated)
\ . . eeq0o2=standard potential for the reduction of oxygen (calculated)
- . : ed eeqo2=equilibrium potential for the reduction of oxygen (calculated)
= -, _
! . 1
| W oer /77
! )
- )
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Coroxrd]l

o2actenergy=activation energy for the reduction of oxygen (literature) (input)
o2overpotential=overpoential for the reduction of oxygen

water reduction

zh2o=number of electrons in the reduction of water (2) (input)
bh2o=beta or partition coefY for the reduction of water (input)
eeqh2o=equlibrium potential for water reduction (calculated)
h2oactenergy=activation energy for the reduction of water (input)
hplusconc=concentration of H+ (calculated from pH)
k1h20825=constant for water reduction (input)
kih2osteel=constant for water reduction (input)

other parameters
f=faradays constant (input)
r=gas constant (input)
ph=ph (-log[H+]) (input)
tempk=temperature in degrees kelvin (input)
delta=diffision layer thickness (input)
ecorr= corrosion potential of alloy 825 and carbon steel

Input

zh20=2;
=96485;
r=8.314;
z202=4;
b02-=0.50;
bh20=0.5;
zfe=2;
ipass825=0.01;
ar825=1;
arsteel=t;
afe=0.2;
po2=0.21;
tempk=373;

h2oactenergy=20;
k1h20825=0.0000000518;
1002825at298k=0.0000014;
ferrousconc=0.000001;
i0ferrous=0.000000003;
k1h2osteel=0.0000000518;
i002steelat298k=0.000001;
o2overpotential=0.0

—_ )
I8

Coroxrd1

delta=0.0001;

Off{General::spell}
Off[General::spelil]
SetOptions[$Output, Page Width->1000}]

Pﬁnt["eeqhzo"’ll I’neeqoo l',!' ll,”ee‘lo N," ”,Nozovelpotenﬁal"’" ","khe]]ryco 'l,l!
",Ncb‘ﬂkoz’l,l n,ndozn’n H,'ltemp"," N’ﬂphn," ”,"hp]usconc",“ ﬂ’"hzoacteneryﬂ’”
","02actenergy”,"” ","bo2"," ","bh20",” ","afe"," ","ferrousconc”," ","eferrous","” ","i0ferrous","
","k1h2osteel","” ","i002steelat298k"," ","i0o2steel"," ","i0h20steelat298k"," ", "i0h2osteel",”
","isteel",” ","ih2osteel"," *,"io2steel"," ","k{ h20825"," ","i0h20825at298k"," ","i0h20825","
","i002825at298k"," ","i002825"," ","ipass825"," ","ih20825"," ","i02825"," " "Ecorr","
","delta”," ","tempk=",tempk," ","pH=",ph," ","galvaniccoeff=",galvaniccoeff,"
","coroxrdl.ma",” ","po2=",p02,” ","Revised:4/12/97"," " ,"run:4/12/97"]

g:{hzo=o-«(2.303*mempk)/o*ph);

eeq002=(1.47172-020verpotential)-(0.0008 5*tempk);
eeqo2=eeq002-((2.303*r*tempk* phy/)-((0.576*r*tempk* Log[po2]y(2.303*)); ‘é *
khenryconst=Exp[0.2984-(5596.1 7/tempk)+(1049670/(tempk*tempk))]*1000;

cbulko2=khenryconst*po2;

d02=(0.063*Exp[(14.612/(r/1000))*((1/298.15)-(1 tempk))] V31 536000;

hplusconc=10"-ph;

eferrous=-0.440-+(0.0295*Log{ ferrousconc])/2.303);

i002steel=i0o2steelat298k *Exp[(02actenergy/(1/1000))*((1/298)-(1 tempk))};

WQ ’//ZIS/?7 ’
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B e

i0h20steelat298k=(2*f*k1 h2osteel)*hplusconc”bh2o;

i0h2osteel=i0h2osteelat298k* Exp[(h2o0actenergy/(r/1000))*((1/298)-(1/tempk))};

002825=1002825a1298k *Exp{(02actenergy/(r/1000))*((1/298)-(L tempk))];

i0h20825a1298k=(2**k1h20825)*hplusconc”bh2o;

i0h20825=i0h20825at298k* Exp{(h2o0actenergy/(r/1000))*((1/298)-(1/tempk))};

. isteel=i0f *(Expl(afe zfe f (ecorr - eferrous))/(r tempk)]);

ih2osteel=i0h2osteel*(Exp{-(bh20 zh2o f (ecorr - eeqgh20))/(r tempk)]);

io2steel=i002steel*((Exp|-(bo2 202 f (ecorr - eeqo2))/(r tempk)])/(1 +
((i002steel*delta* Exp[-(zo2 bo2 f (ecorr - eeqo2))/(r tempk)])/(cbulko2 4 f do2))));

ih20825=i0h20825*(Exp[-(bh20 zh2o f (ecorr - eeqh20))/(r tempk)]);

02825=1002825*((Exp[-(bo2 z02 f (ecorr - eeqo2))/(r tempk)/(L +
{(1002825*delta*Exp[~(z02 bo2 f (ecorr - eeqo2))/(r tempk)]M{(cbulko2 4 f do2))));

e Print{FortranForm{eeqh2o0],” ",FortranForm[eeq002],” " FortranForm[eeqo2],”

* FortranForm[o2overpotential],” " FortranForm[khenryconst),” " ,FortranForm[cbulko2],"

* FortranForm[do2]," " ,FortranForm[tempk]," ",FortranForm[ph],”

* FortranForm[hplusconc],” ",FortranForm[h2oactenergy},” ".FortranForm[o2actenergy],”

* FortranForm([bo2],” ",FortranFormfbh20}," " ,FortranForm{[afe],"
* FortranForm([ferrousconc)," ", FortranForm[eferrous},” ",FortranForm{i0ferrous),"

" FortranForm[k1 h2osteel]," ", FortranForm[i0o2steelat298k]," ", FortranForm[i0o2steel),”

* FortranForm{i0h2osteelat298k]," " FortranForm{iOh2osteel],” ", FortranForm[isteel],”
* FortranForm{ih2osteel]," " ,FortranForm[io2steel],” ",FortranForm{k1h20825],"
* FortranForm{[i0h20825at298k],” " ,FortranForm{i0h20825],"

FortranForm{delta]},{ecorr,-1,1,0.05}]

* FortranForm[i002825at298k]," " FortranForm{i002825}," " FortranForm{ipass825],”
* FortranForm{ih20825),” ",FortranForm[i02825]," ",FortranFormf[ecorr],” ", // 23‘/1)7
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O2h2ored

Oxygen/hydrogen
reduction/concentration/diffusion

The purpose of this calculation is to determine the equlibrium potential for oxygen as a
function of te partial pressure of oxygen in the system.

oxygen reduction

zo2=number of electrons in the reduction of oxygen (4) (input)

bo2=beta or partition coeff for the reduction of oxygen (input)
khenryconst=henry's constant (calculated)

cbulko2=bulk concentration of oxygen (calculated)

do2=diffusion coeff for oxygen (calculated)

eeqOo2=standard potential for the reduction of oxygen (calculated)
eeqo2=equilibrium potential for the reduction of oxygen (calculated)
po2=partial pressure of oxygen (0.21) (input)

o2actenergy=activation energy for the reduction of oxygen (literature) (input)

o o2overpotential=overpoential for the reduction of oxygen e S
e . B
S water reduction o

B D
o zh2o=number of electrons in the reduction of water (2) (input)
bh20=beta or partition coeff for the reduction of water (input) o
B — eegh?o=equlibrium potential for water reduction (calculated)
h2oactenergy=activation energy for the reduction of water (input)
s hplusconc=concentration of H+ (calculated from pH) S
k1h20825=constant for water reduction (input)
o o kih2osteel=constant for water reduction (input) T
. - _other parameters i}
—— - — -
e % ’//zs /97
ol Y125 /o7

O2h2ored

f=faradays constant (input)

r=gas constant (input)

ph=ph (-log[H+]) (input) o
tempk=temperature in degrees kelvin (input)

Input

zh20=2;

=96485;
r=8.314;

z202=4;
b02=0.250;
bh20=0.5;

zfe=2;
tempk=298;
ph=9;
o2actenergy=40;
h2oactenergy=20;
o2overpotential=0.0;
delta=0.0004;

Off[General::spell}
Off[General::spelll]
SetOptions[$Output, PageWidth->1000]

Pﬁm[weeqhzon,n n’neeqoozn,n ","eeqo2"," ","_o20verpotential"," ","khenryconst","
","cbulko2"," ","dOZ"," n,ntempn’n n’npozn,n ","ph"," ","o2h20red.ma"," n’n4/23/97n’"
*."run:4/23/97"]

Do[
eeqh20=0-(((2.303*r*tempk)/f)*ph);

eeqo2=(1.47172-020verpotential}<(0.000815*tempk);

eeqo2=eeq002-((2.303*r*tempk*ph)/f)+((0.576*r* tempk*Log[po2])/(2.303*f));
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.O2h2ored

cbutko2=khenryconst*po2;
do2=(0.063*Exp[(14.612/(1/1000))*((1/298.15)-(1/tempk))]/31536000;

Print{FortranForm[eegh20]," ",FortranForm{eeq002]," " FortranForm[eeqo2],"

» FortranForm[o2overpotential],” ",FortranForm[khenryconst]," ",FortranForm[cbulko2],"
* FortranForm{do2],” ", FortranForm{tempk]," " FortranForm{po2],"

" FortranForm[ph]],{p02,0.01,0.21,0.02}]

~do2

0.73

eeqo2

0.30

0.70

2.20E-9

2.00E-9 —

do2
° — 1.40

1.80E-9 —

1.60E-9

khenryconst
— 1.20

1.00

0.00

— T T 1 ' T T T
0.05 0.10 0.15 0.20 0.25

poz ot Q L//zs/‘ﬂ

cbulko?2

khenryconst

CALLwe ngo

w Oy /~/(,/o REL, yih
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. _O2H20RR2iMK

- Avp  Feov  EQuethnTon  [forentzne _of  ORYCEN

 Remrson B Oxygen/hydrogen

o B e reduction/concentration/diffusion
Preaméisos AN TaoPur  SAewp) TW O2N20RAZ.ma ‘

O2h2orx2

e Conr&Tgn. Oy LERLTIN | €Qulzdtrem  [POTENTEAL function of te partal pressure of oxygen in the system,

| OTNZ20RXZ.wn  Skowe) Om frss 47- 4]
L _OUTPIT  GRAPN  SKoww_On PAGE. _So

zo2=number of electrons in the reduction of oxygen (4) (input)
bo2=beta or partition coeff for the reduction of oxygen (input)
khenry c onthenry' s constant ( cal culated) [ ——
cbulko2=bulk concentration of oxygen (calculated)

do2=diffusion coeff for oxygen (calculated)

ecqOo2=standard potential for the reduction of oxygen (calculated)
eeqo2=equilibrium potential for the reduction of oxygen (calculated)
po2=partial pressure of oxygen (0.21) (input)

o2actenergy=activation energy for the reduction of oxygen (literature) (input)
o2overpotential=overpoential for the reduction of oxygen "

water reduction

zh2o0=number of electrons in the reduction of water (2) (input)

‘bh2o=beta or partition coeff for the reduction of water (input) T

eeqh20=equlibrium potential for water reduction (calculated)

: h2oactenergy=activation energy for the reduction of water (input)

R ——————— . hplus(;onc=c0ncemmtion of H+ (calculated from pH)
k1h20825=constant for water reduction (input)

,~“+M.M S kih2osteel=constant for water reduction (input) 7 T

R UR other parameters

A
- P—
- PRS-
l— o
S —
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02h2orx2 B

O2h2orx2

U, S
f=faradays constant (input)

r=gas constant (input)

ph=ph (-log[H+]) (input)
tempk=temperature in degrees kelvin (input)

cbulko2=khenryconst*po2;

i

CEA (T

H

d02=(0.063*Exp[(14.612/(r/1000))*((1/298.15)-(1/tempk))]/31536000; -

Input

.- nn nn 2]”
Print{FortranForm[eeqh20]," ",FortranForm{eeq0o2], ,Fortra:ﬂ:om\[eeqo \ .
",For[::nForm[OZ(E::gpotential]," " FortranForm[khenryconst], ,F'?manForm[cbulko2],
» FortranForm[do2]," " ,FortranForm[tempk]," * FortranForm{po2],

* FortranForm[ph]},{p02,0.01,0.21,0.02}]

:
H
¢
i

zh20=2;
1=96485; :
r=8.314; J—
b02=0.250; ) o

bh20=0.5;
zfe=2;
tempk=298; :
ozactenergy=40; ' PR S, R
h2oactenergy=20; .

o2overpotential=(.0;

delta=0.0001; N

OfffGeneral:spell] e
Off[General.::spelli] :
SetOptions[$Output, PageWidth-> 000]

Print["eegh20",” ","eeq002"," ","eeqo2","” ","02overpotential"," ","khenryconst"," B ! s
l’-cbulkozvl,n H’Ndozﬂ’ll ""Itemp'l"\ "’ﬂm2"’ﬂ ";ﬂp ﬂ’" "’"ozhzorxz.ma”," ﬂ’”4/23/97"’" +
" "run:m/d/97") :

eqh20=0-(((2.303*r*tempk)/f)*ph); o

eeq0o2=(1.47172-020verpotential)-(0.00081 S*tempk);

eeqo2=eeq002-((2.303*r*tempk*ph)/fy+((0.576*r*tempk*Log[po2]}/(2.303*f));
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Metal oxidation, Oxy Hyd reduction
Darrell S. Dunn

The corrosion rate of carbon steel and alloy 825 are addressed on the basis of the kinetics of
electrochemical reactions including the reduction of water and oxygen on the surface of alloy
825 and carbon steel. The rate of oxygen reduction is assumed to diffusion limited. This
calculation assumes that carbon steel is pure iron which is active and the dissolution rate is
controlled by Tafel kinetics. The kinetics of water reduction are modeled after Bockris and
Reddy (Modern Electrochemistry Vol. 2).

PARAMETERS

Coroxed2

S ———————————

Coroxrd2

o2actenergy=activation energy for the reduction of oxygen (literature) (input)
o2overpotential=overpoential for the reduction of oxygen

water reduction

Zh2o=number of electrons in the reduction of water (2) (mput)
bh2o=beta or partition coefT for the reduction of water (input)
eegh2o=equlibrium potential for water reduction (calculatet!)
h2oactenergy=activation energy for the reduction of water (input)
hplusconc=concentration of H+ (calculated from pH)
k1h20825=constant for water reduction (input)
k1h2osteel=constant for water reduction (input)

other parameters
f=faradays constant (input)
oot ClglHsD Gopun
mnpki;emperm in degrees kelvin (input)
delta=diffision layer thickness (input)

ecorr= corrosion potential of alloy 825 and carbon steel

53

Input —
m————— carbon steel - B
isteel=corrosion current density for carbon steel (calculated) . —
——— afe=beta or partition coefficient for iron dissolution (input) Ao=2:
zfe=number of electrons from corrosion of iron @) :.
e ihosteel=current density from water reduction on carbon stee! (calculated) £=96485;
i0h2ostecl=exchange current density water reduction on carbon stecl {calculated) r=8.314; T
—————————— i0h2osteelat?98k=exchange current density water reduction on steel at 298 K (literature) z02=4;
k1h2osteel=constant for water reduction on stee! (input) 02=0.50; SN
—————— i02steel=cathodic current density from the reduction of OXygen on steel (calculated) s bh20=0.5:
i0o2stecl=exchange current density for the reduction of oxygen (caiculated) Randd e
#o2steela298k~cxchange current density oxygen reduction on steel at 298 K (literture) ze=2;
i current density for the dissolution of iron (literature) ipass825=0.01; N
ferrousconc=concentration of fesrous iron in mol/liter (input) ar825=lL;
eferrous=cquilibrium potential for the dissolution of iron (calculated) arsteel=1; ——
—— 8“0)' 825 afe=0.2;
ipassB25=passive current density of alloy 825 (input) po2=0.21;
T i02825=current density oxygen reduction on alloy 825 (calculated) i tempk=373;
i002825=exchange curreat density oxygen reduction alloy 825 (calculated) . i ph=T7;
mm— 100282 5at298k=exchange current density oxygen reduction alloy 825 at 298K (input) ] o2actenergy=40 N
ih20825=current density from water reduction on alloy 825 (calculated) ! n2 __26. o
— i0h20825=exchange current density water reduction alloy 825 (calculated) i oactenergy=20; g
i0h2082521298k=exchange current density water reduction alloy 825 at 298 K (literature) ‘ klhzzgszsggém&l) l’ e
SN . } i00: a ] :
emumber of el Cin the . :xygel;;:du)c“on I ferrousconc=0.000001; —
202=number of electrons in the reduction of oxygen (input i us=0.000000003;
bo2=beta or partition coeff for the reduction of oxygen (input) ;gf];.go 1=0.0000000518: R—
e ——— khenryconst=henry's constant (calculated) 3 : 000001 :
cbulko2=bulk concentration of oxygen (calculated) 1002swela09?k=0. H -
—— do2=diffusion coeff for oxygen (calculated) o2overpotential=0.0
eeqo2=standard potential for the reduction of oxygen (calculated) | _—
e eeqo2=equilibrium potential for the reduction of oxygen (calculated) .
— ? S
ety N .
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Coroxrd2

delta=0.0001;

Off[General::speli]
OffGeneral::spelit ]
SetOptions[$Output, PageWidth->1000]

eeqhzon’u " weeqoozn [ n’-”qozn " n,nozoverpotennaln " "khenryconst" "

" chulkozﬂ wn 'Idozﬁ L] "temp" an l'ph” nn "hpl‘]scom”,n " "hzoactellel’gy
l’lozactenery" nw "Mz!l nw l'bhzol! L. Nafe"'ﬂ L} ﬁfemusconc" nn Hefmﬂ " "lofmus" ”
","kih2osteel"," ","i002steelat298k"," ","i0o2steel",” ","i0h20steelat298k"," " "i0h2osteel","
""isteel","” ","ih2o0steel",” ", "io2steel",” " "klh20825" " ","i0h20825at298k"," ","i0h20825","
","i002825at298k"," ","i002825"," " "1pas3825" " ","ih20825"," ","i02825"," ","Ecorr","
" "della" " * "tempk=" tempk," ","pH=",ph," *,"galvaniccoeff=",galvaniccoeft,"

","coroxrdl.ma"," *,"po2=",p02," ","Revised:4/2397"," ","run:m/d/97"]

t[3)61‘?[112043-(((2 -303*r*tempk)/f)*ph);

eeqOo2=(1.471 72-020ve1poﬁenﬁnl)—(0.000'81 5*tempk);
ecqo2=eeq002-((2.303*r*tempk*ph)/f)+((0.576*r*tempk* Log[po2]¥/(2.303*f));
khenryconst=Exp{0.2984-(5596.17/tempk)+(1049670/(tempk *tempk))]* 1000;
cbulko2=khenryconst*po2;

d02=(0.063*Exp{(14.612/(1/1000))*((1/298.15)-(1 tempk))])/31536000;
hplusconc=10"-ph;

eferrous=-0.440+((0.0295*Log{[ferrousconc])/2.303);

i002steel=i0o2steelat298k *Exp|(02actenergy/(1/1000))*((1/298)~(1 /tempk))};

LT 3

i0h20steelat298k=(2‘f‘klh265tcel)*hplusconc"bh20;
i0h2osteel=i0h2osteelat298k* Exp[(h2oactenergy/(r/1000))*((1/298)-(1 /tempk))];
1002825=1002825at298k*Exp|(o2actenergy/(1/1000))*((1/298)-(1/tempk))];
i0h20825at298k=(2*f*k1h20825)*hplusconc”bh2o0;
i0h20825=i0h20825at298k*Exp{(h2oactenergy/(r/1000))*((1/298)~(1tempk))];
isteel=i0ferrous*(Exp[(afe zfe f (ecorr - eferrous))/(r tempk)]);

" ih2osteel=i0h2osteel*(Exp[-(bh20 zh2o f (ecorr - eeqh20))/(r tempk)});

io2steel=i0o2steel* ((Exp{-(bo2 zo2 f (ecorr - eeqo2))/(r tempk)D/(1 +
((i002steel*delta*Exp|-(z02 bo2 f (ecorr - eeqo2))/(r tempk)]V(cbulko2 4 f do2))));

ih20825=10h20825*(Exp[-(bh20 zh2o f (ecorr - eeqgh20))/(r tempk)]);

102825=1002825* ((Exp[-(bo2 202 f (ecorr - eeqo2))/(r tempk)])/(1 +
((1002825*delta*Exp{-(z02 bo2 f (ecorr - eeqo2))/(r tempk)])/(cbulko2 4 f do2))));

Pnnt[FortranForm[eetho] " " FortranForm[eeq0o02]," ",FortranForm{eeqo2],”

" FortranForm[o2overpotential],” ", FortranForm[khenryconst}," ",FortxanFonn[cbulko2] "
* FortranForm{do2},” ", FortranForm{tempk],” ",FortranForm[ph),"

" FortranForm{hplusconc],” *,FortranForm[h2oactenergy],” " FortranForm[o2actenergy],”
" FortranForm{bo2}," ",FortranForm{bh20}," " ,FortranForm[afe],”

* FortranForm{ferrousconc]," " ,FortranForm[eferrous],” ", FortranForm{i0ferrous],"

" FortranForm[k{h2osteel],” ",FortranForm[i0o2steelat298k]," " FortranForm[i0o2steel],”
" FortranForm[iOh2osteelat298k]," ",FortranForm[i0h2osteel),” ", FortranForm{[isteel),"

" FartranForm({ih2osteel],” ",FortranForm{io2steel},” ",FortranForm[k1h20825],"

" FortranForm[i0h20825at298k],” ", FortranForm[i0h20825],"

" FortranForm[i002825at298k],” " FortranForm[i002825)," ", FortranForm[ipass825)],"

* FortranForm{ih20825]," ",FortranForm[i02825]," " ,FortranForm[ecorr],” ",
FortranForm[delta]} Jgr\ orr,-1,1,0. 05}]
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Galvan06

GALVANIC CORROSION
Darrell S. Dunn

The galvanic corrosion of carbon steel and alloy 825 are addressed on the basis of the
kinetics of electrochemical reactions including the reduction of water and oxygen on the
surface of alloy 825 only. The rate of oxygen reduction is assumed to diffusion limited. This
calculation assumes that carbon steel is pure iron which is active and the dissolution rate is
controlled by Tafel kinetics. The kinetics of water reduction are modeled after Bockris and
Reddy (Modern Electrochemistry Vol. 2). The coefficient of galvanic galvanic coupling is
included.

PARAMETERS

carbon steel

isteel=corrosion current density for carbon steel (calculated)

isteelwp=corrosion current density for carbon steel waste package (calculated)
arsteel=area of steel (input)

ecorrsteel=corrosion potential for steel (calculated)

ecorrsteelwp=corrosion potential of the carbon steel waste package (calculated)

afe=beta or partition coefficient for iron dissolution (input)

zfe=number of electrons from corrosion of iron (2)

ih2osteel=current density from water reduction on carbon steel (calculated)
ih2osteelwp=current density from water reduction on carbon stee! waste package (calculated)
i0h2osteel=exchange current density water reduction on carbon steel (calculated)
i0h2osteelat298k=exchange current density water reduction on steel at 298 K (literature)
k1h2osteel=constant for water reduction on steel (input)

io2steel=cathodic current density from the reduction of oxygen on steel (calculated)
io2steelwp=cathodic current density from the reduction of oxygen on steel (calculated)
i0o2stecl=exchange current density for the reduction of oxygen (calculated)
i002steelat298k=exchange current density oxygen reduction on steel at 298 K (literature)
i0ferrous=exchange current density for the dissolution of iron (literature)
ferrousconc=concentration of ferrous iron in mol/liter (input)

eferrous=equilibrium potential for the dissolution of iron (calculated)

alloy 825

ipass825=passive current density of alloy 825 (input)

ar825=area of alloy 825 (input)

i0282S=current density oxygen reduction on alloy 825 (calculated)
i02825wp=current density oxygen reduction on alloy 825 waste package (calculated)
i002825=exchange current density oxygen reduction alloy 825 (calculated)
i002825at298k=exchange current density oxygen reduction alloy 825 at 298K (input)
ih20825=current density from water reduction on alloy 825 (calculated)
ih20825wp=current density from water reduction on alloy 825 (calculated)
i0h20825=exchange current density water reduction alloy 825 (calculated)
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Galvan06

ecorr825=corrosion potential of alloy 825 not in contact with other metals(calculated) ‘
e825wp=corrosion potential of alloy 825 waste package barrier with or without galvanic contact(calculated)

oxygen reduction

zo2=number of electrons in the reduction of oxygen (4) (input)

bo2=beta or partition coefT for the reduction of oxygen (input)
khenryconst=henry’s constant {calculated)

cbulko2=bulk concentration of oxygen (calculated)

do2=diffusion coeff for oxygen (calculated)

eeq0o2=standard potential for the reduction of oxygen (calculated)
eeqo2=equilibrium potential for the reduction of oxygen (calculated)
po2=partial pressure of oxygen (0.21) (input)

o2actenergy=activation energy for the reduction of oxygen (literature) (input)
o2overpotential=overpoential for the reduction of oxygen

water reduction

zh2o=number of electrons in the reduction of water (2) (input)
bh2o=beta or partition coeff for the reduction of water (input)
eegh2o=equlibrium potential for water reduction (calculated)
h2oactenergy=activation energy for the reduction of water (input)
hplusconc=concentration of H+ (calculated from pH)
k1h20825=constant for water reduction (input)
kih2osteel=constant for water reduction (input)

other parameters
f=faradays constant (input)
r=gas constant (input)
ph=ph (-log[H+]) (input)
tempk=temperature in degrees kelvin (input)
delta=diffision layer thickness (input)
ecouple=potential of perfect galvanic couple of alloy 825and carbon steel (calculat_ed) o
galvaniccoeff=coefficient of galvainc coupling, 1=complete coupling, 0=complete insulation(input)
currentsum=sum of currents

Input

zh20=2;
f=96485;
r=8.314;
202=4;
bo2=0.125;
bh20=0.250;
zfe=2;
ipass825=0.01;
ar825=1;
arsteel=1;
afe=0.75;
po2=0.21;
tempk=298;
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o2actenergy=40;
h2oactenergy=20;
k1h20825=0.0000000518;
1002825at298k=0.000001;
ferrousconc=0.000001;
i0ferrous=0.1;
k1h2osteel=0.0000000518;
i002steelat298k=0.000001;
o2overpotential=0.0;
galvaniccoeff=0.6;

Off[General::spell]
Off[General::spelll]
SetOptions[$Output, PageWidth->1000]

Print["eeqh20"," ","eeq002"," ","eeqo2"," ","020verpotential"," " "khenryconst","
"’"cbulkoz""l ",“doz"’" ",”temp"," "’Ilph"’” "’"hpluSconC"’" ","hzoacteﬂergy","
",“Ozactenefy"," ","b02"," ll’”bh20"’" ","afe"’" l""arsteelll," ",Nar825“," ","ferrollsconc","
","eferrous”," ","i0ferrous"," ","k1h2osteel"," ","i002steelat298k"," ", "i0o2steel",”
","i0h2osteelat298k"," ","i0h2osteel","” ","isteel"," ","ih2osteel"," ","io2steel","
","k1h20825"," ","i0h20825at298k"," *,"i0h20825"," ","i002825at298k"," " "i002825","
",”ipassszs",“ ","i.h20825"," "’"i°2825"’” ",“isteelwp"’" ","ihZOSteele“," "’"iozsteelwp","
","ih20825wp"," ","i02825wp"," ", "arsteel*isteelwp"," " "arsteel*ih2osteelwp",”
","arsteel*io2steelwp”,"” ","ar825%ipass825"," ","ar825%ih20825wp"," ","ar825*i02825wp","
","currentsum”," ","cathcurrsum",” ","potentialdrop”," ","resistance”," ","ecorrsteel","
","Ecouple”,” ","Ecorr825"," ","Ecorrsteelwp"," ","E825wastepackage",” ","delta","

", "tempk=",tempk," ","pH=",ph," ","ar825=",ar825," ","arsteel=",arsteel,"

,"galvaniccoeff=",galvaniccoeff,"” *,"galvan06.ma"," ", "po2=",p02,"
","5/23/97Revised:m/d/97"," ","run:5/23/97"}

Do[
eegh20=0-(((2.303*r*tempk)/f)*ph);

eeq002=(1.47172-020verpotential)-(0.000815*tempk);
eeqo2=eeq002-((2.303*r*tempk* ph)/f)+((0.576*r*tempk*Log[p02])/(2.303*f));

khenryconst=Exp[0.2984-(5596.17/tempk)+(1049670/(tempk *tempk))]*1000;
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Galvan06

cbulko2=khenryconst*po2;

d02=(0.063*Exp[(14.612/(t/1000))*((1/298.15)-(1 tempk))])/31536000;

hplusconc=10"-ph;

eferrous=-0.440-+(0.0295*Log|[ferrousconc])/2.303);

i002steel=i002steelat298k*Exp[(o2actenergy/(r/1000))*((1/298)-(1/tempk))];

iOh2osteelat298k=(2*f*k 1 h2osteel)*hplusconc bh2o;

i0h2osteel=i0h2osteelat298k *Exp{(h2oactenergy/(r/1000))*((1/298)-(1/tempk))];

1002825=1002825at298k*Exp{(o2actenergy/(r/1000))*((1/298)-(1/tempk))];

i0h20825at298k=(2*f*k1h20825)*hplusconc"bh2o;

10h20825=i0h20825at298k * Exp[(h2o0actenergy/(1/1000))*((1/298)-(1 /tempk))|;

corrsteel=ecorrsteel /. FindRoot[i0ferrous*(Exp{(afe zfe f (ecorrstee! - eferrous))/(r
tempk)])-(i0h2osteel *(Exp[-(bh2o zh2o f (ecorrsteel - eeqh20))/(r

tempk)])+i0o2steel* ((Exp[-(bo2 zo2 f (ecorrsteel - eeqo2))/(r tempk)])/(1 +
((i002steel*delta*Exp[-(zo2 bo2 f (ecorrsteel - eeqo2))/(r tempk)])/(cbulko2 4 f do2)))))==0,
{ecorrsteel,0}, Maxlterations->100];

isteel=i0ferrous*(Exp(afe zfe f (corrsteel - eferrous))/(r tempk)]);

ih2osteel=iOh2osteel*(Exp[-(bh2o zh2o0 f (corrsteel - eeqh20))/(r tempk)]);

io2steel=i0o2steel*((Exp|-(bo2 zo2 f (corrsteel - eeqo2))/(r tempk)])/(1 +

((i002steel*delta* Exp[-(z02 bo2 f (corrsteel - eeqo2))/(r tempk)])/{cbulko2 4 £ do2))));
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corr825=ecorr825 /. FindRoot[ipass825-(i0h20825* (Exp[-(bh2o zh2o f (ecorr825 -
eeqh20))/(r tempk)])+i002825*((Exp[-(bo2 zo2 f (ecorr825 - eeqo2))/(r tempk)A(1 +
((1002825*delta*Exp[-(zo2 bo2 f (ecorr825 - eeqo2))/(r tempk)])/(cbulko2 4 f do2)))))—=0
{ecorr825,0}, Maxlterations->100];

ih20825=i0h20825*(Exp[-(bh2o zh2o f (corr825 - eeqh20))/(r tempk)]);

102825=1002825*((Exp[-(bo2 zo2 f (corr825 - eeqo2))/(r tempk)])/(1 +
((i002825*delta*Exp{-(zo2 bo2 f (corr825 - eeqo2))/(r tempk)])/(cbulko2 4 f do2))));

couple=ecouple /. FindRoot[arsteel*i0ferrous*(Exp[(afe zfe f (ecouple - eferrous))/(r
tempk)]) + ipass825*ar825-((arsteel*i0h2osteel*(Exp|-(bh2o zh2o f (ecouple - eegh20))/(r
tempk)])+arsteel*i0o2steel *((Exp[-(bo2 zo2 f (ecouple - eeqo2))/(r tempk)])/(1 +
((1002steel* delta* Exp[-(zo2 bo2 f (ecouple - eeqo2))/(r tempk)])/(cbulko2 4 f
do2))))+ar825*i0h20825*(Exp[-(bh20 zh20 f (ecouple - eegh20))/(r
tempk)])+ar825*i002825*((Exp[-(bo2 zo2 f (ecouple - eeqo2))/(r tempk)])/(1 +
((1002825*delta*Exp[-(z02 bo2 f (ecouple - eeqo2))/(r tempk)])/(cbulko2 4 f do2))))))==0,
{ecouple,0}, Maxlterations->100];

e825wp=((1-galvaniccoeff)*corr825) + galvaniccoeff*couple;

corrsteelwp=ecorrsteelwp /. FindRoot[arsteel*i0ferrous*(Exp{(afe zfe f (ecorrsteelwp -
eferrous))/(r tempk)]) + ipass825*ar825-((arsteel*i0h2osteel*(Exp[-(bh2o zh2o
(ecorrsteelwp - eeqh20))/(r tempk)])+arsteel*1002steel *((Exp[-(bo2 zo2 f (ecorrsteelwp -
eeqo2))/(r tempk)])/(1 + ((i0o2steel*delta* Exp[-(zo2 bo2 f (ecorrsteelwp - eeqo2))/(r
tempk)]))/(cbulko? 4 f do2)))))Har825*i0h20825*(Exp[-(bh2o zh2o f (e825wp - eegh20))/(r
tempk)])+ar825*1002825*((Exp[-(bo2 zo02 f (e825wp - eeqo2))/(r tempk)])/(1 +
((1002825*delta*Exp[-(202 bo2 f (eB25wp - eeqo2))/(r tempk)])/(cbulkoz 4 £ do2))))))==0,
{ecorrsteelwp,0}, Maxlterations->100];

isteelwp=i0ferrous* (Exp|(afe zfe f (corrsteelwp - eferrous))/(r tempk)));
ih2osteelwp=i0h2osteel*(Exp[-(bh20 zh20 f (corrsteelwp - eeqh20))/(r tempk)]);

io2steelwp=i0o2steel*((Exp[-(bo2 202 f (corrsteelwp - eeqo2))/(r tempk)])/(1 +
((i002steel*delta*Exp[-(z02 bo2 f (corrsteelwp - eeqo2))/(r tempk)])/(cbulko2 4 f do2))));
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Galvan06

ih20825wp=i0h20825*(Exp[-(bh20 zh2o f (e825wp - eeqh20))/(r tempk)]);

102825wp=1002825*((Exp[-(bo2 zo2 f (e825wp - eeqo2))/(r tempk)})/(1 +
((1002825*delta*Exp[-(z02 bo2 f (e825wp - eeqo2))/(r tempk)])/(cbulko2 4 f do2))));

currentsum=arsteel*isteelwp+ar825*ipass825-ar825*ih20825Swp-ar825*i0282 wp-arsteel*ih

cathcurrsum=ar825*ih20825wp-ar825*i0282 Swp-arsteel *ih2osteel wp-arsteel *io2steelwp;

potentialdrop=e825wp-corrsteelwp;

resistance=Abs[potentialdrop/cathcurrsum};

Print{[FortranForm{eeqh20)," ",FortranForm[eeq002]," ",FortranForm[eeqo2},"

" FortranForm[o2overpotential],” ",FortranForm[khenryconst],” ",FortranForm[cbulko2],"
" FortranForm[do2]," ",FortranForm[tempk]}," ",FortranForm[ph},"

" FortranForm[hplusconc]," ",FortranForm[h2oactenergy},” ",FortranForm[o2actenergy],"
* FortranForm[bo2]," ",FortranForm[bh20]," ",FortranForm([afe],” ",FortranForm[arsteel],"”
" FortranForm([ar825]," ",FortranForm[ferrousconc]," ", FortranForm{eferrous],"

" FortranForm[i0ferrous]," ", FortranForm[k1h2osteel]," ", FortranForm[i0o2steelat298k],"
* FortranForm[i0o2steel]," ", FortranForm[i0h2osteelat298k]," " ,FortranForm[i0h2osteel],"
* FortranForm[isteel],” ",FortranForm[ih2osteel],” ",FortranForm{io2steel],"

" FortranForm[k1h20825)," ",FortranForm[i0h20825at298k]," " FortranForm[i0h20825],"
" FortranForm[i002825at298k}," ",FortranForm[i002825}," ",FortranForm[ipass825],"

* FortranForm[ih20825]," ", FortranForm[i02825]," " FortranForm([isteelwp],"

" FortranForm{[ih2osteelwp}," ",FortranForm[io2steelwp],” " FortranForm{ih20825wp],"

" FortranForm[io2825wp)," ",FortranForm{arsteel *isteelwp],”

" FortranForm[arsteel*ih2osteelwp],” ", FortranForm[arsteel *io2steelwp],”

" FortranForm[ar825*ipass825]," ",FortranForm[ar825*ih20825wp],"

" FortranForm([ar825*i02825wp}," ", FortranForm{currentsum],"

" FortranForm{cathcurrsum),” *,FortranForm{potentialdrop],” ",FortranForm[resistance],”
» FortranForm{corrsteel]," ",FortranForm[couple],” ",FortranForm[corr825},"

" FortranForm{corrsteelwp],” ",FortranForm{e825wp],"

* FortranForm{[delta]],{delta,0.0001,0.001,0.0001}]
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~ ~, D
i Gvoe RV [7,10»3 x0T | s o.r\ |9 ’gldoo‘ 0% AR The corrosion rate of carbon steel and alloy 825 are addressed on the basis of the kinetics of R
n ; 7 S ] ~3 Y 1)”3 3 %) 2| Ww 0 00S | /b 369 electrochemical reactions including the reduction of water and oxygen on the surface of alloy

N

825 and carbon steel. The rate of oxygen reduction is assumed to diffusion limited. This e ———————

74 -3 -3 3 |o-2! 0.00/ 0-200s| /0 -¢ 368 = calculation assumes that carbon steel is pure iron which is active and the dissolution rate is
H Cuog Rk [a1d0 | /a2 TT——— “ s| /0" v | 34% controlled by Tafel kinetics. The kinetics of water reduction are modeled after Bockris and ———
GIobRISD w2 3 | o2l | 0.0l  |0:20051/D —_ Reddy (Modern Electrochemistry Vol. 2). -
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carbon steel

isteel=corrosion current density for carbon steel (calculated)
afe=beta or partition coefficient for iron dissolution (input) e
—_— zfewnumber of electrons from corrosion of iron (2)

ih2osteel=current density from water reduction on carbon steel (calculated) . .
- i0h2osteel=exchange current density water reduction on carbon steel (calculated) e

; i0h2osteelat298k=exchange current density water reduction on steel at 298 K (literature) R
k1h2osteel=constant for water rednction on steel (input) T
io2steel=cathodic current density from the reduction of oxygen on steel (calculated)
i0o2stecl=exchange current density for the reduction of oxygen {calculated)
i0o2steclat298k=exchange current density oxygen reduction on steel at 298 K (literature)
i0ferrous=cxchange current density for the dissolution of iron (literature)
ferrousconc=concentration of ferrous iron in mol/liter (input)

eferrous=equilibrium potential for the dissolution of iron (calculated)

— isteelampanodic current density times area of steel (calculated)

ih2osteelamp=cathodic current density for water reduction times area of steel (calculated)

_iows |7 (368 |
D ‘»6 io2steelamp=cathodic current density for oxygen reduction times area of steel (calculated)
0,0008 / [, 3 éy arsteel=area of carbon steel

03| /p7C |3 | Sxn7 ¥ e alloy 825

SER— ipass825m=passive current density of alloy 825 (input) AUV —

s os | p0nt | 3§

ooms|)o” | ¥ T
Suoes| s 0 | 348

2008 ,/c)'é 35
0.0005000"% 1298

4

2

4

-

i

102825=current density oxygen reduction on alloy 825 (calculated) o
. - _— 1002825=cxchange current density oxygen reduction atloy 825 (calculated) )
s 1002825at298k=exchange current density oxygen reduction alioy 825 at 298K (input) R
1= - _— ih20825=current density from water reduction on alloy 825 (calculated) Tmm———
e i0h20825~¢xchange currcnt density water reduction alloy 825 (calculated)
I - i0h20825a1298k=exchange current density water reduction alloy 825 at 298 K (literature) S s
o ipass825ampwanodic current density times area of alloy 825 (calculated)
B ih20825amp=cathodic current density for water reduction times area of alloy 825 (calculated) S
‘“““"““! i02825amp=cathodic current density for oxygen reduction times area of alloy 825 (calculated)
= ! ar825=area of alloy 825 _—
N \ -
. e — J‘
& | 1 J—

_ M /% Agf } |
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2o02=-number of electrons in the reduction of oxygen (4) (input)

bo2=beta or partition coeff for the reduction of oxygen (input)
khenryconst=henry’s constant (calculated)

cbulko2=bulk concentration of oxygen (calculated)

do2=diffusion coeff for oxygen {(calculated)

eeqOo2~standard potential for the reduction of oxygen (calculated)
eeqo2=equilibrium potential for the reduction of oxygen (calculated)
po2=partial pressure of oxygen (0.21) (input)

olactenergy=activation energy for the reduction of oxygen (literature) (input)
o2overpotential=overpoential for the reduction of oxygen

water reduction

zh20=number of electrons in the reduction of water (2) (input)
bh2o0=beta or partition coeff for the reduction of water (input)
ecqh2o=equlibrium potential for water reduction (calculated)
h2oactenergy=activation energy for the reduction of water (input)
hplusconc=concentration of H+ (calculated from pH)
k1h20825=constant for water reduction (input)
klh2osteel=constant for water reduction (input)

other parameters
f=faradays constant (input)
r=gas constant (input)
ph=ph (-log[H+]) (input)
tempk=temperature in degrees kelvin (input)
delta=diffision layer thickness (input)
ecofr= corrosion potential of alloy 825 and carbon steel
currentsumesuin of all anodic and cathodic current
cathcurrsum=sum of all the cathodic current

Input

zh20=2;
f=96485;
r=8.314,;

z02=4;
bo2=0.250;
bh20=0.250;
zfew2;
ipass825=0.001;
ar825«1;
arsteels=1;
afe=0.750;
po2=0.21;
tempk=368;
ph=3;
o2actenergy=40;

k1h20825=0.0000000518;
1002825at298k=0.000001;
ferrousconc=0.000001;
i0ferrous=0.0001;
k1h20steei=0.0000000518;
1002steelat298k=0.000001
oZoverpotentjal=0.0;
galvaniccoeffe1;
delta=0.0005;

Off[General::speli]
Off[General::spell1]
SetOptions[$Qutput, PageWidth->1000]

mnt["ecqhzo"," "'lleqoo Il’" ll‘l'mozll." ","Ozovcmctcﬂﬁal"," ","khcnrj’cmst"’"
ll"lcbulkozll’" ","dozll’" ",“temp"." "’llph"'u "'lhpl““ml"" li’lmmﬂgyﬂ'"
","02aCtCﬂel'gy"," ".'%2"," "‘lbhzoll," ll’llafel'," ","fCH‘OUSCODC"," ",lleferrous",'! ",“wms"'"
",l‘klhzostee]"’ll ","i%zsteclaa%k"," ","imzsml"’" "’lmomlat298k""" "'"imln'"
",llisteell‘l," ll’"ihzosteclli," ","i02ste¢1"," ll’l'k1h20825"," ","imzsaagsk"’" “’VWZSM‘H
Ii’lli(bzszsaagakll’ﬂ ”'Himzazsﬂ'" II.I!ipassszsli'" ﬂ'"ih2°825|l'll ",“i02825",“ "’“immnpﬂ’"
",lihzosmlarnpll," ","iOzstOelamp"," ll,"ipassszsampll’" ll'"iozszsamp"," "’llimzsnnpﬂ,ll
","Clll'rcntsum"," “’"cathcummm"'" ","Rorl."," ll’lldelml'," ","tcmpk-",(cﬂlpk," ”,'b'H-"’ph'"
- galvaniccoeff~",galvaniccoeff," ", "coroxrd3.ma"," ","po2="po2,"  "Revised:6/21/97" "

" "run:6/21/97") ' ~

Do{
eeqh20~0-(((2.303*r*tempky/f)*ph);

ceq002=(1.47172-020verpotential)-(0.000815 *tempk);
eeqo2-eeq002—((2.303*r*tcmpk*ph)/f)+((0.576*r*tcmpk*Log[p02])/(2.303*t));
khenryconst=Exp[0.2984-(5596.17/ tempk)-+(1049670/(tempk*tempk))]* 1000;
cbulko2=khenryconst*po2;

do2=(0.063*Exp{(14.612/(1/1000))*((1/298.1 5)~(1/tempk))])/31536000;
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hplusconc=10"-ph;

eferrouss=-0.440+((0.0295*Log|[ferrousconc])/2.303);
i002steel=i002steelat298k*Exp[(02actenergy/(1/1000)) *((1/298)-(1/tempk))];
i0h2osteelat298k=(2*f*k 1h2osteel) *hplusconc”bh2o;
iOh2osteel=i0h2osteelat298k*Exp{(h2oactenergy/(r/1000))*((1/298)-(1/tempk))];
1002825=i002825at298k *Exp[(o2actenergy/(1r/1000))*((1/298)-(1/tempk))];
i0h20825at298k=(2*f*k 1h20825)*hplusconc”bh2o;
i0h20825-i0h20825at298k*Exp[(h20actcncrgy/(r/ 1000))*((1/298)-(1/tempk))];
isteel=iOferrous*(Exp[(afe zfe f (ecorr - eferrous))/(r tempk)]);
ih2osteel=i0h2osteel*(Exp(-(bh2o zh2o f (ecorr - eegh20))/(r tempk)]);

io?steel-iOonteel*((Exp[-(boz 202 f (ecorr - eeqo2))/(r tempk)])/(1 +
((i0o2steel*delta*Exp[-(zo2 bo2 f {ecorr - eeqo02))/(r tempk)])/(cbulko2 4 f do2))));

1h20825=i0h20825*(Exp[-(bh20 zh2o f (ecorr - eeqh20))/(r tempk)]);

io.2825-i002825*((Exp[-(b02 zo2 f (ecorr - eeqo2))/(r tempk)])/(1 +
((1002825*delta*Exp{-(z02 bo2 f (ecorr - eeqo2))/(r tempk)])/(cbulko2 4 f do2))));

isteelamp=arsteel*isteel;

ih2osteelamp=arsteel*ih2osteel;
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io2steelamp=arsteel*io2steel;

ipass825amp=ar825*ipass825;

i02825amp=ar825*i02825;

ih20825amp=ih20825-ar825;

currentsum=arsteel *isteel +ar825*ipass825-ar825*ih20825-ar825*i02825-arsteel*ih2osteel -ar

cathcurrsum=ar825*ih20825+ar825*102825+arsteel*ih2osteel+arsteel *io2steel;

Print[FortranForm[eegh20),” " FortranForm{eeqQo2]," " FortranForm([eeqo2],"

* FortranForm{o2overpotential]," ",FortranForm{khenryconst}," " FortranForm[cbulko2],"
" FortranForm[do2]," "',FortranForm{tempk]," "",FortranForm{ph],"

" FortranForm[hplusconc]," " FortranForm[h2oactenergy]," " FortranForm[o2actenergyl,"
" FortranForm{bo2]," " FortranForm([bh2o}," " FortranForm{afe],”

» FortranForm{[ferrousconc]),” *',FortranForm[eferrous]," " FortranForm[iOferrous],"

" FortranForm[k 1h2osteel],” "' FortranForm[iQo2steclat298k]," " FortranForm([i0o2steetl],"
" FortranForm([iOh2osteelat298k]," "' FortranForm[iOh2osteel]," " FortranForm{isteell,"

" FortranForm{[ih2osteel]," "',FortranForm[io2steel}," " FortranForm({k 1h20825],"

" FortranForm[iOh20825at298k}," ",FortranForm[i0h20825],"

" FortranForm[i002825at298k]}," ", FortranForm[i002825]," ", FortranForm[ipass825],"

" FortranForm{ih20825]," " FortranForm({i02825}," " FortranForm[isteelamp],"

" FortranForm[ih2osteelamp]," ", FortranForm{io2steelamp].” " FortranForm([ipass825amp]},"
" FortranForm[io2825amp]," "', FortranForm(ih20825amp]," " FortranForm[currentsum],"
" FortranForm[cathcurrsum}," ", FortranForm[ecorr],"

" FortranForm[delta]],{ecorr,-1.5,1.5,0.02}]
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p 0.616968112 00001 5.18E-08 LOOE-06  2.15641E-05 0.001777541 0.008254391 7.23E-23 48BE406! 077218732/ S.8E-08 0001777541 0616968112 00001, S.18E-08. LOUE-06  2.15641E-05 0001777541 0.008254391 B.0SE+09. 0000101284 0.772187296.  5.18E-08 0.001777541
[ss———— 06169681120 00001  5.18E-08 LOOE-06"  2.15641E-05 0001777541 0.008254391 1.86E-22 356E+06.  0.77218732; - S.18E-08 0.001777541 0.616968112°  0.0001  5.18E-08 LOOE-06-  2.15641E-05 0001777541 0.008254391 208E+10,  7.38397E-05'  0.J72187274| S5.18E08 0.00177754%
0.616968112!  0.0001  5.18E-08 LOOE-06 _ 2.15641E-05 0001777541, 0.008254391 4.80E-22 2.60E+06 0.77218732,  5.18E-08 0001777541 0.616968112!  0.0001.  5.18E-08 LOOED6 2.15641E-05 0001777541 0.008254391 S36E+10]  539047E-05)  0.772187234| 5.I1BE-08 0.001777541
) E—— 0.616968112:  0.0001 _ 5.18E-08 L.OOE-06 __ 2.15641E-05 0.001777541;  0.008254391 1.24E-21 1.89E+06 0.77218732;  5.18E-08 0.001777541 0.616968112;  0.0001°  5.18E-08! LOOE-06'  2.15641E-05 0001777541 0.008254391 1.38E+1) 3.9325E-05:  0.772187159|  5.1BE-08 0.001777541 m—
D.616968112; 00001  5.18E-08 1.OOE-06  2.15641E-0S 0001777541 0.008254391 ; 3.18E-21; 1.38E+06  0.77218732; 5.18E-08 0001777541 -0.616968112]  0.0001° _ 5.18E-08; LOOE-06  2.15641E-05 0001777541 0.008254391 3S56E+11;  2.86887E-05! 0.772187018: 5.18E-08 0.001777541
0.616968112! 00001 5.1BE-08 LOOE-06.  2.15641E-0S 0001777541 0008254391 | 8.20E-21, 1.01E+06.  0.77218732] 5.18E-08) 0001777541 0.616968112]  0.0001i  S5.ISE-08i 1.00E-06.  2.15641E-05 0001777541 0.008254391 | 9.16E+11. 209292E-05| 0.772186752] 5.18E-08] 0.001777541 e—
0.616968112, 00001 5.18E-08 LOOE06 _ 2.15641E-05 0001777541 0.008254391 211E-20, 7353466762 0.77218732 S5.18E-08 0.001777541 0616968112, 00001, 5.I13E08 LOOE-06;  2.15641E-05; 0.001777541 . 0.008254391 | 236E+12.  L5268SE-0S,  0.772186253)  5.18E-08; 0.001777541
0.616968112°  0.0001:  5.18E08 LOOE-06. _ 2.15641E-05 0001777541 | 0.00825439i | S44E-200 5364564739 077218732,  5.18E-08 0001777541 . 0616968112 00001:  5.18E08 LOOE-06  2.15641E-05! 0001777541 0.008254391 | 607E+12,  L1I388EDS| 0.772185314; S5.1BE-08 0001777541
0.616968112° 00001,  5.18E-08 LOOE-06,  2.15641E-05 0001777541 | 0.008254391 | L40E-19.  391360.3714]  0.J7218732' 5.18E-08 0.001777541 0616968112, 00001 5.18E-08, LOOE-06!  2.15641E05. 0.001777541 . 0.008254391 L56E+13: 8.13E06, 0.772183552  S.I8EL8 0.001777541
0.616968112; 00001,  5.18E-08 1.00E-06]  2.15641E-05 0001777541 0008254391 - 361E-190 2855086066 077218732 5.IBE-08 0.001777541 0.616968112: 00001  518E-08 LOOE-06,  2.15641E-05 0.001777541 | 0008254391 403E+13] S93E-06| 077218024  5.18E-08 0001777541
s —— 0.616968112.  0.0001,  S5.18E-08 LOOE-06|  2.15641E-05 00017775411 0.008254391 929E-19  2082867106)  0.77218732 5.1BE-08 0.001777541 0.616968112°  0.0001,  5.18E-08 LOOE06!  2.15641E-05 0001777541 0008254391 LO4E+14 432E-06] 0772174016 5.18E-08 0.001777541
% 0.616968112  0.0001,  S.18E-08 L.OOE06| _ 2.15641E-05 0001777541, 0.008254391 2.39E-18‘ 151951.1245 0.77218732  5.1BE-08: 0.001777541 0.616968112 0.0001:  5.18E-08 LOOE06,  2.i5641E-05 0.001777541]  0.008254391 267E+14 3.16E-06] 0.772162324  5.18E-08 0.001777541
F— 0.616968112]  0.0001{  S5.18E-08 LOOE-0S|  2.15641E-05 0001777541 | 0.008254391 6.16E-18! 1108526999  0.77218732  5.1SE-08] 0.001777541 0616968112 00001  5.18E-08 LOOE06,  2.15641E-05 0.001777541 | 0008254391 6.88E+14 230E-06, 0772140354 _ 5.18E-08 0.001777541 —
I 0.616968112]  0.0001]  5.18E-08 1.00E06|  2.15641E-05 0001777541 0.008254391 1.59E-17.  80870.22139| 077218732 5.18E08 0.001777541 0.616968112° 00001,  5.18E-08 100E06.  2.15641E-05 0.001777541 | 0.008254391 L77E+1S L68E-06|  0.772099079  5.18E-08 0.001777541
o 0.6169681121 00001,  5.18E-08! 1.OOE-06| _ 2.15641E-05 0001777541 0.008254391 409E-17°  58997.14408| 077218732 5.18E-08 0.001777541 0.616968112 00001 5.18E-08 LOOE-06  2.15641E-05 0.001777541 | 0008254391 457E+1S 1.22E-06,  0.772021536 _ 5.18E08 0001777541 —
0.616968112)  0.0001|  5.18E-08} L.OOE-06|  2.15641E-05 0001777541 . 0.008254391 L0OSE-16.  43040.10735 0.77218732! _ 5.18E-08 0.001777541 0616968112 0.0001  5.18E08 LO0E-06  2.15641E-05 0.001777541 | 0.008254391 L.IBE+16 8.94E-07! 0271875878  5.18E-08 0001777541
4 0.616968112| 00001  5.18E08 LOCE06!  2.15641E-05 0001777541 0.008254391 271E-16_ 31398.99175! 077218732, 5.18E-08 0.001777541 0616968112 00001  5.1BE-08 100E-06  2.15641E05 0001777541 | 0.008254391 3.03E+16 6.50E-07;  0.771602344!  5.18E-08 0.001777541
rm— 0.616968112 00001 5.18E-08° LOCE-06!  2.15641E-03 0001777541 - 0.008254391 698E-16° 2290646432 0.77218732|  5.18E-08 0001777541 0616968112 0.0001  S5.1BE-08 1.OOE-06  2.15641E-05 0.001777541 | 0.008254391 7.30E+16 476E-07 077108891  5.18E-08 0001777541
0.616968112|  0.0001;  S5.18E-08: 100E06! _ 2.15641E-05 0001777541 0.008254391 1.80E-15 1671092217  0.77218732] 5.18E-08 0.001777541 0.616968112  0.0001 _ 5.1BE-08 LOOE-06  2.15641E-05 0.001777541 | 0.008254391 201E+17 3.47E07,  0.770126039| 5.18E-08 0.001777541
0.616968112] 00001 S5.18E-08' 1.O0E-06]  2.15641E-05 0001777541 0008254391 »  463E-15.  12191.09662|  0.77218732| 5.18E-08 0.001777541 0.616968112°  0.0001  5.8E-08 LOOE-06  2.15641E-05 | 0001777541 0.008254391 S.1BE+17 253E07] 0768323341 S.18E08 0.001777541 m—
0.616968112)  00001°  S5.1SE08 1.OOE-06]  2.15641E-05 0.001777541 _ 0.008254391 LI9E-14 889375436 077218732 S.18E-08 0.001777541 0.616968112° 00001, 5.18E-08 LOOE-06  2.15641E-05 0.001777541 ] 0.008254391 1.33E+18 1.85E-07]  0.764958888 5.18E-08 0.001777541
0.616968112] 0.0001!  5.18E-08; 1.00E-06|  2.15641E-05, 0001777541 0.008254391 307E-14  6488.248683| 077218732 5.18E-08 0.001777541 0.616968112;  0.0001. _ 5.18E-08 LOOED6  2.15641E-05 0001777541 | 0.008254391 3.43E+18 1.35E-07)  0.758716264| 5.13E-08 0001777541 s
0.616968112°  0.0001{  5.18E-08 1.00E-06|  2.15641E-05 0.001777541  0.008254391 792E-14° 4733363354 077218732 5.18E-08 0.001777541 0616968112 00001, 5.18E-08 LOOE-06  2.15641E-05 0001777541 | 0008254391 8.34E+18 9.83E-08] 0747258184 S.18E-08 0.001777541
0616968112 0.0001]  5.18E-08. LOOE-06|  2.15641E-05 0.001777541, 0008254391 ' 204E-13 3453.124215] 0772187320  S18E08 0.001777541 0616968112 0.0001__ 5.18E-08 1.O0E-06.  2.15641E-05 0001777541 | 0008254391 228E+19 7.7E-08]  0.72663918| 5.18E-08 0.001777541
[re— 0.616068112°  0.0001]  5.186-08] LOOE-06]  2.15641E-05 0001777541 0008254391 5.2SE-13;  2519.153075{  0.77218732] S5.18E-08 0.001777541 o 0616968112 00001 S5.18E-08 LOOE-06°  2.15641E05 0001777541 | 0008254391 S.8TE+19 523E08]  0.690823015| S5.18E-08 0.001777541
0.616968112°  0.0001]  S5.18E-08 LOOE-06]  2.15641E0S; 0.001777541 | 0.008254391 135E-12  1837.794362] 077218732 5.18E-08 0001777541 0616968112] 00001 5.I1BE-08 1.00E06]  2.15641E-05 0001777541 | 0008254391 1.51E420 3.82E-08] 0632266438 S5.18E-08 0001777541
0.616968112;  0.0001 S5.18E-08 LODE06]  2.15641E-05 0.001777541 | 0.008254391 348E-12]  1340.723654 0.77218732;  5.18E-08 0.001777541 0.616968112] 00001,  5.18E-08 1.OOE-06|  2.15641E-05 0001777541 | 0.008254391 3.89E+20 278E-08:  0.545402192; 5.18E-08 0001777541 ——
0.616968112| 00001  S.18E-08 1.00E-06|  2.15641E-05 0.001777541 | 0.008254391 8.97E-12] O78.0963284!  0.77218732| S5.18E-08 0.001777541 06169681121  0.0001]  5.18E-08 LOOE-06|  2.15641E-05 0.001777541 | 0008254391 1.00E+21 203E08:  0.433498624{ S.18E-08 0001777541
0.616968112| 00001  5.18E-08 1.O0E-06]  2.15641E-05 0.001777541 | 0.008254391 231E-11|  713.5493018|  0.77218732] S.18E-08 0.061777541 0.616968112] 0.0001]  5.18E-08 1.00E06|  2.15641E-05 0.001777541 |  0.008254391 2.58E+21 1.48E08  0.312878842| S.18E-08 0.001777541 —
0.616068112|  0.0001]  5.18E-08 LOOE-06  2.15641E05 0001777541 |  0.008254391 &  S05E-111 5205546646  0.77218732] S.1SE-08 0001777541 0.616068112] 000011  5.18E-08 LOOE-06|  2.15641E-05 0001777541 | 0.008254391 6.65E+21 1.08E-08'  0.205461151| 5.18E-08 0001777541
0.616968112| 00001,  5.18E-08 LOOE-06|  2.15641E-05 0001777541 | 0.008254391 1.53E-10] 3797595458  0.77218732] S.1$E-08 0.001777541 — 0.616968112|  0.0001:  5.18E-08 LOOE-06  2.15641E-05 0.001777541 |  0.008254391 1.71E+22 7.89E-09.  0.124894172| S.18E-08 0.001777541 ——
0.616968112] 000011 5.18E-08 100E-06|  2.15641E-05 0.001777541 | 0.008254391 . 3.95E-10]  277.0454718|  0.77218732; 5.18E08 0.001777541 0.616968112] 00001,  S.18E-08 LOOE-06|  2.1S641E-05 0.001777541 | 0.008254391 4.41E+22 525E09 0071910998 |  S.18E-08 0001777541
0.616968112|  0.0001]  5.18E-08 1OOE-06|  2.15641E-05 0001777541 | 0008254301 | 1.02E-09]  202.1126113] 077218732, S.18E-08 0.001777541 0.616968112]  0.0001|  5.18E-08] 1.00E06]  2.15641E-05 0.001777541|  0.008254391 1.14E+23 420E09  0.040015094| S.18E-08 0.001777541
0.616968112]  0.0001]  518E-08 1.O0E-06|  2.15641E-05 0001777541 | 0008254391 | 262E-09]  147.4469421 077218732 S5.18E08 0.001777541 0.616968112] 0.0001] 5.18E-08 1OOE-06|  2.15641E-05 0001777541 | 0.008254391 293E+23 306E09  D021825589| S.I8E-08|  0.001777541
06169681121 0.0001|  5.18E-08 LOOE-06|  2.15641E-05 0001777541 | 0.008254391 6.75E09| 107.5667698'  0.77218732] 5.18E-08 0.001777541 0.616968112]  0.0001]  5.18E-08 LOOE-06]  2.15641E-05 0001777541 | 0.008254391 7.53E+23 2.23E09 0011771483 SISE-08| 0.001777541
0.616968112  0.0001|  5.18E-08 LOOE-06|  2.15641E-05 000177754t | 0.008254391 1.74E-08|  78.47304119:  0.77218732| 5.18E-08 0.001777541 0.616968112] 0.0001]  5.18E-08 1.00E-06]  2.15641E-05 0001777541 | 0.008254391 1.94E+24 L63E09:  0.006309922| 5.18E-08; 0.001777541 S—
0616968112 0.0001]  5.18E-08 1.00E06,  2.15641E-05 0001777541 |  0.008254391 447E08]  57.24833243 - 0.77218732| S5.18E-08. 0001777541 0616968112, 00001, S.18E-08 1.00E-06/  2.15641E-05 0.001777541] 0008254391 5.00E+24 1.19E-09, 0003371103 5.18E-08 0.001777541
0616968112 0.0001;  5.18E-08 LOOE-06: _ 2.15641E-05 0001777541 | 0.008254391 LISEO7] 4176420913  0.77218732| 5.18E-08 0.001777541 0.616968112] 00001,  5.18E-08 1.00E-06;  2.15641E-05 0001777541 0.008254391 1.29E+25 867E-10  0.001797813] 5.18E-08 0.001777541 B
B 0616968112 0.0001|  S5.18E-08 LOOE-0S.  2.15641E-05 0001777541 | 0.008254391 297E07| 3046825309 077218732 5.1BE-08 0,001777541 0.616968112;  0.0001°  5.18E-08 LOOE-06|  2.15641E-05 0001777541 0.008254391 3.32E425 633E-10  0.000957861| S.18E-08 0.001777541
0.616968112 00001 |  5.18E-08 LOOE06  2.15641E-05 0001777541 | 0008254391 | »  7.64E07) 22.22746379.  0.77218732 5.18E-08 0.001777541 0616968112 00001 5.18E-08 1LO0E06]  2.15641E-05 0001777541 | 0.008254391 8.54E+25 462E-10,  0.000510081| 5.18E-08 0.001777541
pm— 0616968112 0.0001]  5.18E-08 LOOE-06 __ 2.15641E-05 0001777541 0.008254391 L97ED6] 1621557183 077218732 5.18E-08 0.001777541 0.616968112] 00001  S.18E-08 1LO0E-06]  2.15641E-05 0.001777541|  0.008254391 2.20E+26 337E-10] 0000271555 5.8E-08 0.001777541
0616968112 0.0001]  5.1BE08: 1.00E-06  2.15641E-05 0001777541 | 0.008254381 SOTE-D6] 1182972435 077218732 5.18E-08: 0.001777541 0.616968112]  0.0001'  5.18E-08 LOOE-06|  2.15641E-05 0.001777541|  0.008254391 5.66E+26 246E-10|  0.000144549|  5.1BE8 0.001777541
0616068112, 0.0001 _ 5.18E-08 LOOEO6  2.15641E-05 00017775411  0.008254391|  1.30607E-05|  8.630122933| 077218732 5.18E-08 0.001777541 -0.616968112) _ 0.0001 _ 5.18E-0R 1.00E-06,  2.15641E-05 0.001777541|  0.008254391 L46E+27 179E-10|  7.69373E:05, 5.18E-08 0.001772541
0.6169681121 00001,  5.18E-08 1.00E-06.  2.15641E-05 0.001777541|  0.008254391 |  3.36388E-05! 6295922001 077218732 5.18E-08 0.001777541 0616968112 00001,  5.18E-08 LOOE06|  2.15641E-05 0.001777541 | 0.008254391 3.76E+27 L31E-10]  409489E-05| S.IBE-08 0.001777541
06169681121 0.0001  5.18E-08 L.OOE06! _ 2.15641E-05 0001777541 | 0.008254301 |  B.66391E-05|  4.593055528|  0.77218732  5.18E-08 0.001777541 0.616968112]  0.0001|  S5.18E-08 LOOE06|  2.15641E-05 0.001777541 | 0.008254391 9.68E+27 9.54E-11 2.1794E-05|  5,18E-08 0.001777541 —
0.616968112; 00001 5.18E08 LOOE-06|  2.15641E-05 0001777541 | 0.008254391 |« 0000223145]  3.350765636|  0.77218732 S.I8E08 0.0017727541 0.616968112] 00001  5.18E-08] LOOE-06]  2.15641E-05 0.001777541 | 0.008254391 249E+28 6.96E-11|  1.1S992E-05| 5.18E-08] 0.001777541
-0.61696811271 00001 5.18E-08 1.00E06]  2.15641E-05 0001777541 | 0.008254391 |  0.000574725.  2.444479557 077218732, 5.18E08 0.001777541 0.616068112]  0.0001:  5.13E-08. LOUE06|  2.15641E-05 0001777541 0.008254391 6.42E428 S5.08E-11 6.17TE06| 5.18E-08 0.001777541 es—
06169681121 0.0001,  5.18E-08 1.00E-06|  2.15641E-05 0001777541 | . 0008254391  0.001480242° 1783317891 077218732  5.18E-08 0.001777541 0.616968112|  0.0001!  S.8E-08, 1.00E-06|  2.15641E-05 0001777541  0.00825439i 1.65E+29 3.70E-11 3.29E-06] 5.18E-08 0.001777541
; 0.616968112]  0.0001]  5.18E-08 LOOE-06|  2.15641E-05 0001777541 | 0.008254391 0.003812463 1300981508 0.77218732]  5.18E-08 0.001777541 0616968112  0.0001]  5.18E-08; 1.00E-06{  2.15641E-05 0.001777541 1 0.008254391 4.26E+29 2.70E-111 1.75E-06]  5.18E08 0.001777541
e ——— 0.616968112:  0.0001]  S.18E-08 1.OOE06)  2.15641E-05 0001777541 | 0.008254391|  0.000819257  0.949103293 077218732 5.18E-08 0.001777541 0616968112, 00001 5.18E-08 LOOE-06!  2.15641E-05 0001777541 - 0.008254391 LI0E+30 L9TE-11} 931E-07: _ 5.18E-08 0.001777541
0.616968112; 00001  5.18E08 1.00E-06]  2.1S641E-05 0001777541 0008254391 0025200158 0.692398052|  0.77218732| S.18E08 0.001777541 0.616968112)  0.0001;  5.18E-08 1.00E-06]  2.15641E-05 0001777541 0.008254391 2.83E+30 L4E-11} 495E-07  5.18E-08 0001777541
——— 0.6169681121  0.0001]  5.18E-08 1.00E-06{  2.15641E-05 0001777541 0.008254391|  0.065136507  0.505124222|  0.77218732{ 5.18E-08 0.001777541 0.616968112] 00001,  5.18E-08 LOOE-06!  2.15641E-05 0.001777541  0.008254391 7.28E430 1.OSE-11° 2.64E-07.  5.18E-08 0001777541 Fma—
0.616968112| 00001  5.18E-08 LOOE-06|  2.15641E05: 0001777541 0008254391 |  0.167763468  0.368502596|  0.77218732.  5.18E-08 0.001777541 0.616968112]  0.0001; _ 5.18E08 1.00E-06]  2.15641E-05 0001777541 0.008254391 1.87E+31 7.65E-12 1L40E-07° _ 5.18608 0.001777541
0.616968112]  0.0001]  5.18E-08 LOCE-06|  215641E-05 0001777541 0008254301 | 0.432086129;  0.268833204{  0.77218732; S.1S8E08 0001777541 0.616968112. 00001,  5.18E08 LODE-06|  2.15641E-05 0.001777541°_ 0.008254391 4.83E+431 S.58E-12 7ATED8  5.18E-08 0.001777541 s
0.616968112{  0.0001]  5.18E-08 1.00E-06  2.15641E-05 0001777541, 0008254391 1.112866972:  0.196121527!  0.77218732] 5.18E-08 0001777541 0.616968112] 00001 5.18E-08 LOVE-06  2.15641E-05 0.001777541 . 0.008254391 1.24E+32 407E-12 397E08  5.1BE-08 0.001777541
0.616968112] 00001  5.18E08; 1.00E-06|  2.15641E-05 0.001777541 | 0.008254391 2.86626396|  0.143076274|  0.77218732; 5.18E-08 0.001777541 0.616968112;  6.0001]  5.18E-08 1.O0E-06]  2.15641E-05 0001777541 | 0008254391 3.20E+32 2.97E-12 2.11E08  5.18E-08 0.001777541
06169681121 00001 5.18E-08! 1LOOE-06|  2.15641E-05 00017775411 0008254301  7.382256182]  0.104378242  0.772i8732; S5.18E-08 0.001777541 0.616968112) _ 0.0001, _ 5.18E-08 1.O0E-06]  2.15641E-05 0.001777541 | 0.008254391 8.25E432 217E-12 LI3EOS  5.18E-08 0.001777541
0.616968112] 00001  5.18E-08; 1.00E-06|  2.15641E-05 0001777541 | 000854391  19.01349879! 0076146919 077218732 5.18E08 0.001777541 061698112, 00001 5.18E-08 1.O0E-06!  2.15641E-05 0001777541 | 0008254391 2126433 1.58E-12 599E09  5.18E-08 0001777541
————— 0.616968112]  0.0001|  5.18E-08 1.00E-06]  2.15641E-05. 0001777541 | 0.008254391  48.97054877 0.05555136|  0.77218732! 5.138E08 0001777541 0.616968112]  0.0001]  S5.18E-08 LOOE-06|  2.15641E-05 0.001777541 | 0008254391 547E+33 Li5E-12 3.I9E09  5.18E-08 0.001777541 T—
0:616968112|  0.0001]  S.1SE-08 LOOE-06/  2.15641E-05 0001777541 | 0.008254391  126.1269518' 0040526309  0.27218732] S.1SE-08 0001777541 0.616968112]  0.0001|  518E-08 LOOE-06|  2.15641E-05 0001777541 | 0008254391 L4IE+34 B.41E-13 L70E-0S'  5.18E-08 0001777541
0616968112  0.0001]  S5.18E-08 LOUE06!  2.15641E05 0.001777541 |  0.008254301 . 324.8484728| 0029565104  0.77218732; S.1SE-08 0.001777541 0.616968112] 00001  5.18E-08 LOOE-06|  2.15641E-05 0001777541 | 0008254391 3.63E+34 6.14E-13 903E-10] 5.18E-08 0.001777541 S~
0.616968112|  0.0001|  5.18E8 LOUE-06]  2.15641E-0S 0001777541 | 0.008254391| 8366691556 002156859  077218732] 5.18E-08 0.001777541 0.616968112]  0.0001)  5.18E-08 1.O0E-06]  2.15641E-05 0.001777541 | 0.008254391 9.35E+34 4.48E-13 481E-10|  S5.18E08 0.001777541
06169681121 00001, 5.18E-08 LOOE-06]  2.15641E-0S 0001777541 0.008254391.  2154.897851 | 0015734905 077218732 5.18E-08 0001777541 0.616968112] 00001  5.18EL8 LOOE-06,  2.15641E-05 0001777541 | 0008254391 241E+35 3.27E-13 256E-10]  5.18E-08 0001777541
£0.616968112°  0.0001!  5.18E-08 1.OOE-06,  2.15641E-0S 0001777541| 0008254391  SSS0.084781 0011479064 077218732 5.18E-08 0.001777541 0.616968112]  0.0001]  5.18E-08 LOOE-06|  2.15641E-05 0.001777541 | 0.008254391 6.20E+435 2.38E-13 1.36E-10]  5.18E-08 0.001777541
06169681121 0.0001] _ 5.13E08 1.00E-06  2.15641E-05 0001777541 | 0008254391,  14204.61776 0003374306 077218732 5.18E-08 0.001777541 0.616968112|  0.0001]  5.18E-08 1.O0E-06]  2.15641E-05 0.001777541 | 0.008254391 1.60E+36 1.74E-13 7.25E-11|  S.18E-08 0001777541
0.616968112) 00001} 5.18E-08 1.00E-06|  2.15641E-05 0001777541 | 0.008254391 1 3681675232 0006109296 0772187321 5.18E-08 0.001777541 o 06169681121 0.0001,  S5.18E-08 LOOE-06|  2.15641E-05 0.001777541 | 0008254391 4.11E+36 1.27E-13 3.86E-11| S.18E-08 0001777541 T
0.616568112°  0.0001i  5.18E-08 LOOE06|  2.15641E-05 0.001777541 | 0.008254391 | 94824029220 0004456907 077218732 5.18E08 0001777541 0.616968112|  0.0001,  518E-08 LOOE-06]  2.15641E05 0.001777541 | 0008254391 1.06E+37 9.25E-14] 20SE-11] S.18E-08 0.001777541
0.616968112  0.0001;  5.18E-08; LOOE-06]  2.15641E-05 0001777541 | 0.0082543G1:  244225.684)  0.003251441 077218732 5.18E08: 0.001777541 0.616968112]  0.0001|  S.I18E-08 LOOE-06!  2.15641E05 0001777541 | 0.008254391 2.73E+37 6.75E-14, LOYE-11] 5.18E-08 0001777541 —
0.616968112  0.0001]  5.18E08 LOOE-06;  2.15641E-05 0001777541 0.008254351:  620019.7242] 000237202, 077218732 5.18E-08: 0.001777541 0.616968112]  0.0001]  S5.18E-08! LOOE-06  2.15641E-0S 0.001777541 | 0008254391 7.03E+37 493E-14] 581E-12|  5.18E-08 0.001777541
0.616968112  0,0001|  5.18E-08 LOOE-06: _ 2.15641E-05 0.001777541 | 0.008254391 | 1.62E+06,  0.001730456| 077218732 5.18E-08 0.001777541 0.616968112|  0.0001:  5,18E-08 LOOE-06,  2.1S641E0S 0.001777541 | 0.008254391 1.81E+38 3.59E-14| 3.00E-12| 5.18E-08 0.001777541 wm—
0.616968112  0.0001|  5,18E-08 LOOE-06.  2.15641E-05 0001777541 | 0.008254391 | 4.17E+061 0001262417 0.77218732  5.18E08 0.001777541 0.616968112]  0.0001]  5.48E-08 LOOE06.  2.15641E-05 0.001777541|  0.008254391 4.66E+38 2.62E-14 1.65E-12; 5.18E-08 0001777541
0616968112 0.000t|  5.18E-08 1LOOEO6  2.15641E-05 0001777541 0.008254391 1OTE4+07.  0.00092097| 077218732 5.18E-08 0.001777541 0.616968112]  0.0001;  5.18E-08 LOOE-06'  2.15641E-05 0.001777541 | 0.008254391 1.20E+39 1.91E-14 $.76E-13!  S5.18E-08 0.001777541
0.616968112°  0.0001{  5.18E-08 LOOEO6  2.15641E-05 0001777541 0.008254391 277E+07)  0.000671874] 0772187319 S5.18E-08 0.001777541 ” 0.616968112] 00001,  5.18E-08 LOOE-06 __ 2.1S641E-05 0.001777541 | 0.008254391 309E+39 1.40E-14 4.66E-13|  5.18E-08 0.001777541
0616968112 000011 5.18E-08 LOOEOS  2.15641E-05 Q001777541 0.008254391 ; T.13E+07!  0.000490151; 0772187319 5.18E-08 0001777541 eferrous iOferrous :k1h2osteel _iOo2steelat298k _i0o2stcel 'iOh2osteclat298k _|iOh2osteel isteel ih2osteel io2steel kih20825 |i0h20825a1298k
06169681121 00001 5.18E-08! LOOE-06  2.15641E-05 0001777541 0.008254391 1.84E+08°  0.000357579| 0.772187318| 5.18E-08 0.001777541 o
0.616968112] 00001 5.18E-08 LOOE-06,  2.15641E-05 0001777541 0.008254391 473E+08. 0.000260864| 0.772187316| 5.18E-08, 0.001777541
———— 0.616968112| 00001 5.18E-08 LOOE-06] _ 2.15641E-05 0001777541 | 0008254391 | L22E+09 0.000190308|  0.772187313 | 5.18E-08} 0.001777541
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COXRD160
10020825 10028250298k 1002875 ipass825_ih20825 fi02825 p Jib p__iolsweelamp _ipass82Samp io2825amp ihZo8Z5amp
o ————— 0.008254391 LOOE-06.  2.1S641E05! 0,001 48BE+06. 077218732 7.238-23 4.88E+06] 077218732, 0001 077218732 4.38E406
0.008254391 . LOOE06.  2.15641E05 0,001 356406 077213731, L8GE-22)  356Es08, 077218732 0001, 01mi8732! 3.56E406
— 0.008254391 | LOOE-06' _ 2.15641E-05, 0,001 260406 0.77218732 480E-22.  260E+06] 077218732 0001 077218732 2.60E+06
0.008254391 . LOOE-06  215641E-05. 0,001 189E+06; 077218732, 1.24E21 L89E+06. 077218732, 00017 077218732, LB9E+06
0.008254391 LOOE06, _ 215641E-05 0,001 L38E+06. 077218732 3.18E-21 L38E+06. 077218732 0001, 077218732' 1.38E406
————— 0.008254391 , L.OOE-D6.  2.15641E-05  0.001, LOIE+0S, 077218732 8.20E-21 LOIEHS! 077218732 0001, 077218732 LOIE+06
0008254391 | LOOE-06;  215641E-05  0.001 7353466762 077218732 2110 7353466762 077218732 0001, 077218732, 7353456762
B —— 0.008254391 | LOE0§' 215641605, 0001 5364564739 077218732 SME2! 5364564739 077218732 0001 077218732] 5364554739
0008254391 { LOOE-06__ 2.15641E-0S. 0001, 391360.3714] 077218732, 1o0E-19] 3913603714 077218732 00011 077218732, 3913593714
e S 0.008254391 ° LOOE-06: _ 2.15641E-05; 0001  285508.6066] 077218732 36IE-19]  285508.6066,  0.77218732 0001, 077218732 _ 285507.6066
0.008254391 | LOOE-06: _ 2.1S641E-05| 0,001,  208286.7106] 077218732, 9.29E-19° 2082867106 077218732, 0001 077218732 2082857106
0008254391 | LOOE0S, _ 215641E05 0001 1519511245 0.77218732 239E-18) 1519511245 077218732 0001]  077218732] 1519501245
0.008254391 : LOOE-06| _2.15641E-05, 0001 1108526999, 077218732 6.16E-18]  110852.6099] 077218732 0001 077218732] 1108516999
0008254391 | LOOE-06'  2.15641E05 0001  3087022139] 077218732, 159E-17] 8087022139 0.77218732) 0.001] 077218732 80869.22139
T ———————— 0.008254391 | LOOE-06,  2.15641E-05|  0.001  58997.14408] 077218732 409E-17]  58997.14408. 077218732 0001 077218732]  58996.14408
0.008254391 ; LOOE06|  2.(S641E05|  0.001, _ 43040.10735| 077218732, LOSE-16! _ 43040.10735| _ 0.77218732 0001] 077218732, 4303910735
P 0.008254391 | LOOE0S|  215641E05' 0001 31398991751 orie7a2] 271E16,  3139899175| 077218732 00011 0.77218732] _ 3139799175
0.008254391 | LOOE-0S|  2.15641E-05.  0.001] 2200646432 077218732 698E-16] 2290645432 077218732 0001 0Im218732]  22905.46432
- 0.008254391 LOOEQ6  2.15641E-05] 0001 1671092217 077218732, LROE-15]  1671092217] 077218732 0001, 077218732] 1670992217
0.008254391 | 1.00E06 _ 2.IS641E-05| 0001 1219109662, 077218732 463E-1S. 1219100662 077218732 0001] _ o7zis732] 1219009662
0.008254391 LOOE-06|  21564E05] 0001 889375436 0.77218732 LigE-14|  ss9arsass] 07721737 0001] 07721872 889235436
T——— 0.008254391 | LOOE-06,  2.15641E05  0.001]  6488.248683 | 077218732 307E-14 sass.zmss} 0.77218732| 00011 0.77218732] 6487248683
0.008254391 | LOOE0  2.1S641E:05 0001 47133363354 077218732, 792E-14]  4733363354]  orn2ismaz 0001, 077218732] 4732363354
e 0.008254391] LOOEG6.  2.15641E-05|  0001] 3453104215 077218732) 204513 3s3.024215] 077218732 0001 077218732] 3452124215
0.008254391 ' LOOE06__ 2.1S641E-05] 0001 2519.153075| _ 0.77218732) 525E-13] 251953075 077218732 0001] 077218732 2518.153075|
S 0.008254391 LOOE-06|  215641E-05, 0001, 1837.794362] 077218732 13SE-12]  1837.794362] 077218732 0001 077218732 1836.794362
0.008254391 | LOOE06; _ 215641E05!  0.001] 1340723658 o77218732] 34812 1340723654 077218732 0001 0772187321 1339.723654
0008254391 ] LOOEOS.  2.1S641E-05 0001 9780963284 _ 077218732 89TE-12|  9780963284| 077218732 0001]  017218732] _ 977.0963288
0.008254391 | LOOE06,  2.15641E-05| _ 0001] 7135493018 077218732 231E-11]  7135493018] 077218732 0001 077218732, 7125493018
0008254391 | LOOE-06  21S64IE0S| 0001  520.5546646] 077218732 595E-11] 5205546646 077218732 0001] 077218732 519.5546646
0.008254391 LOOE-06! _ 21S641E-05] 0001, 3797595458] 077218732, 153E-10]  379.7595458, 077218732 00011 077218732 3787595458
0.008254391 | LOOE-08] _ 215641E05| 0001 277.0454718) 077218732 395E-10!  277.0454718] 077218732 0001] 07718732 2760854M18
0.008254391 | LOGE-06|  2ISGAE0S_ 0.001] 2021126113, 077218732] _ L02EQ9, 2021126113 | or28732 0001] o77218732]  20n.1126113
0.008254391 | LOOE0S|  2.15641E.05] _ 000L] 1474469421, 027218732 260E09] 1474469421 077218732 0001 077218732] 1464469421
0008254391 | LOOE06  2.IS64IE-05] 0001, 107.5667698] 077218732 6I5E-09]  107.5667698 _ 0.77218732] 0001]  0.77218732] _ 106.5667698
0.008254391 | LOOE06, _ 21S641E-05| 0001, 78.47304119] 077218732 L74E08]  78.47304119, 017218732 00011 077218732 77.47304119
0.008254391 . LO0E06]  215641E03]  0001]  s1aamin2e3]  o7isnaz 44TE08. 5724833243 0.77218732) 0001l 077218732 se.24833243
0.008254391 | LOOE-06|  215641E05_ 0001 4176429913 0.77218732) LISEO7. 4176429913 077218732 0001]  077218732]  40.76429913
0.008254391 | LOOEOS| 215641E-05| _ 0001]  30.46825309] 077218732 207E07] 3046825308 077218732 0001 077218732 29.46825309
r————— 0008254391 | LOOE0S' _ 215641E05] 0001 2220046379 o.m1zismaal 164807 2222746319] 077218732 0001]  0.77218732] _ 21.2246379
0.008254391 ° LOOE-06,  2USGALE-0S|  0.001  1621557183] 077218732 L9IE06] 1621557183, 077218732 0001] 077218732 1521551188
I 0.008254391 | LOOE06|  215641E05]  0001]  11.82972435 | 077218712, SOTE0S| 1182972435 077218732 0001  0.77218732] 1082972435
0.008254391 | LOOE06|  215641B05_ 0001] 8630122093 077218732 130607E05  863012933| 03721873 | 0001]  077218732]  7.630122933
0008254391 | LODB-0S|  2.15641E-05]  0001] 6295922001, 077218732 3.36388E-0S|  6.295022001]  0.77218732 0001!  077218732] 5295922001
TT——— 0.008254391 | LOOE06| _ 2.15641E05| 0001 _4.593055528]  0.77218732 ] BGGIIE-0S|  45930s5528] 077218732 00011 077218732] _ 3.593055528
0008254391 | LOOE-06:  215641E-05| 0001  3350763636]  077218732] 0000223145 | 3350763636, 077218732 0001] 077218732 2350765636
————————— 0008254391 | LOE06|  215611E05]  0.001] zemarosst] 077218732 0000574725|  2eass795 | orma18732] 0001]  077218732] 1444479557
0.008254391 | LOOE06]  21S641E05  0001] 17833178911 077218732 0001480242, 1783317891  0.77218732 I 0001] 077218732} 0.783317891
J 0008254391 | LOOE06;  215641E-05| 0001 1.3009B1508;  0.77218732]  0.003812463] 1300981508 037218732 0001! _ 0.77218732]  0.300981508
0.008254391 LOOE-06! _ 215641E-05) 00011 0949103203 077218732] 0009819257| 090103203 077218732 i 0001]  077218732] 0050896707
, 0.008254391 LOOE-06,  215641E-05|  0.001, 0.692398052]  077218732] 0025290158 | 0.692398052)  0.77218732 0001l 077218732, 0.307601948
0.008254391 | LOOEOS!  21S641E:05|  0.001]  0505124222] 077218732, 0065136507 050s124222|  0.77s1873a] 00011 077218732 0494875778
0.008254391 | LOOE-06]  21S641E0S  0.001) 0368302596 0.77218732] _0.167763468] 0368502396 0.77218732| 0001]  077218732]  0.631497404
S 0008254391 | ' 1L.00EA6]  2.15641E-05] 00011 0258833208 077218732 0.4320861290 0.268833204]  0.77218732 0001 077218732]  0.7311667%
0008254391] | LOOHO6'  2.15641E-05| 0001l 0.196121527]  077218732]  1.112866972]  0.196121527 | 077218732 0001]  0.77218732]  0.803878473
B —— 00082543911 | LOOE0S  21S64IE0S. 0001, 0143076274 077218732 _ 286626996 0.143076274 077218732 0001 077118732 0856913726
0008254391 LOOEOS|  2IS641E-05 0001 0104378242 077218732, 7382056182 0.104378242 | emmsna] 0001l 07718732 0895621758
0.008254391 | LOE-0S| 215641605 0001 0076146919]  077218732] 1901349879 0076146919]  0.77218732] 0001]  077218732] 0923853081
0008254391 | LOOE-06|  2US641E05| 0001, 005555136, _ 0.77218732 |_ 4897054877  o005%55136] 077218732 0001 077218732  -0.94444864
0008254391 | LOOE0S' 215641605 0001, 0040526309 077218732 126.1269518]  0.040526309 077218732 0001] _ 077218732 0.959473691
T———— 0.008254391 | LOOE-O6, 21S641E05| 0001 0029565108 077218732  324.8484728 | oozsesios]  ozmasin) 0001 077218732, 0.9704348%6
0.008254391 | LOOE06|  215641E-05|  0.001] _ 002056859] 077218732, 836609155 002156859 077218732 0001 07721873 097843141
A s 0.008254391 | LOOB06|  2IS64IE05  0001] O0OISTS4905| 077218732 2154897851] 0015734905)  0.77218732) 0001 077218732]  10.984265095
0.008254391 | LOOB06,  21S641E05] 0001, 00147064 077218732] 5550084781, 0011475064 | ormems2 0001 077218732, 0.988520936
— 0.008254391 | LOOE-0S|  215641E05| 0001 0008374306 07728732 1429461776 0.008374306 __ 017218732 0001] 0772187321 -0.991625694
0008254361 | LOOE06_ 21S641E0S| 001 _ 0006109296]  0.77218732] 3881675232 | _0006109206] 077218732 0001] 077218732, -0.993890704
0.008254391 LOOEOS|  21SG4IE05 0001 00044S6307| 07218732 9482402922 000445607 017218732 | 0001 077218732 0.995543093
0.008254391 | LOOED6| 21564105 0001] 0003251441 077218732 244225684]  0003251441)  0.77218732] 0001 077218732]  0.996748559
0.008254391 ; LOED6] _21S641E0S. 0001, _ 000237202 077218732 629019242 0002wz 077isaz, 0001 077218732]  0.99762798
ST———— 0.008254391 | LOOEO6| _ 215641E05| 0001 0001730458 077218732 ! L62E+06|  0.001730456, 077218732 0.001]  0.77218732"  -0.998269544
0008254391 | LOOE-06  25641E-05. 0001, 0.001262417] 077218732 417E+08] 0001262417 077218732 0001] 077218732 -0.998737583
m————————— 0.008254391 LOOE06|  215641E-05°  0.001]  0.00092097! 077218732 LOTEXT 000092057]  0.77218732] 0001 077218732]  0.99907%03
| 0.008254391 | LOOEO6] _ 215641E05, 0001, 0000671874 0772187319 2776407 0000671874]  0.772187319 0001 0.772187319]  -0.999328126
0.008254391 | LOOE06,  215641E05, 0001 _0.00040151, 0772187319 7138+07]  0.000490151| 0772187319 000 0.T72187315]  0.999509849
0008254391 LOOE-0S! _ 2.1S641E-05 G001 0.000357579 0772187318 I L84E+08]  0.000357579  0.772187318 0001, 0772187318 0.999642421
0.008254391 | LOOE06  21S641E05| 0001, 0000260864 0.772187316| _ 473E:08] 0000260864] 0772187316 0001, 0772187316 -0.999739136
0.008254391 LOOE-06| 21S641E-05| _ 0.001.  0.000190308] 0.772187313 L22E+09 _ 0.000190308| _ 0.772187313 | 0001 07721873131 -0.999809692

COXRD160 —
0.008254391 . LOOE-06'  2.15641E-05 0001 0.000138835'  0.772187307 3.4E+09 0000138835  0.772187307 00011 0772187307 -0.999861165
0.008254391 LOOE-06!  2.IS641E-05 _ 0.001  0000101284| 077218729 8.08E+09° 0000101284 0.772187296 0001, 077218729 0.999898716
0.008254391 1.OOE-06,  215641E-05  0.001 7.38897E-05. 0772187274 208E+10.  7.38897E-05  0.772187274 0001 0772187274,  0.99992611 B
0.008254391 LOOE-06]  2.15641E05,  0.001 5.39047E4)i 0.772187234 5.36E+10|  5.39047E-05  0.772187234 0001 0.772187234|  0.999946095 S—
0.008254391 LOOE-06,  21S641E0S|  0.001  39325E05| 0772187159 1.38E+11:  39325E05  0.772187159 0001 07721871501 0999960675
0.008254391 LOOE06. _ IS641E-0S| 0001  2.86887E-05 0772187018 3.S6E+11]  2.B6887E-05, 0772187018 0.001;  0.772187018!  -0.999971311 s
0.008254391 1.00E06]  2.15641E-05! 0001,  209292E05 0772186752 9A6E+I1|  2.09292E05|  0.772186752 0.001]  0.772186752]  -D.99997907t
0.008254391 LOOED6  2.15641E-0S, 0001  1.52685E-05  0.772186253 236E+12]  1.52685E-05|  0.772186253 0001 0772186253,  -0.999984732
0.008254391 1.OOE-06  2.15641E-05] 0001  1L.1I1388E-05 0772185314 607E+12]  L1I388E-0S| 0772185314 0001; 0772185314 . 1
0.008254391 LOOE06  2.15641E-051  0.001 8.13E06] 0772183552 1.56E+13 8.13E06/ 0772183552 0.001]  0.J72183552)  -0.999991874
B 0.008254391 1.00E-06.  2.15641E-05!  0.001 S93E06|  0.77218024 403E+13 S93E-06]  0.77218024 0001]  0.77218024!  -0.999994072
0008254391 LOOE-06]  2.15641E-05!  0.001 432E-06] _ 0.772174016 1.04E+14 432E-06]  0.772174016 0.001]  0.772174016!  -0.999995675
0.008254391 LOOE-06]  2.15641E-05|  0.001 3.16E-06 0772162324 267E+14 3.16E06] 0772162324 0001; 0772162324 -0 5
0.008254391 LOOE-06;  2.15641E-05|  0.001 2.30E-06] 0772140354 6.88E+14 230E-06|  0.772140354 0.001] 0772140354 0.959997698
0.008254391 LOOE-06;  2.15641E-05. 0001 L6BE06 0772099079 177E+15 1.68E-06| 0772099079 0.001] 0772099079,  -0.999998321 J—
T e 0.008254391 LOOE-06]  2.1S641E-05.  0.001 1.22E-06 0772021536 4.5TE+1S 1.22E06]  0.772021536 0001  0.772021536|  0.999998775
0.008254391 LOOE06|  2.15641E05°  0.001 B94E-07! 0771875878 L18E+16 8.94E-07.  0.771875878 0.001|  0.771875878|  -0.999999106
T s 0008254391 LOOE06;  2.15641E-05 0.001 6.52E07,  0.771602344 3.03E+16 6.52E-07  0.771602344 0001 0.771602344|  -0.999999348
0.008254391 1.OOE-06]  2.15641E05]  0.001 476E07 077108891 7.80E+16 476E-07  0.77108891 0001 0771088911  -0.999999524 )
[E— - 0.008254391 LOOE-06|  215641E05|  0.001 3ATEOT]  0.770126039 201E+17 IATEDT  0.770126039 0.001  0.770126039]  -0.999999653 p——
e 0.008254391 1.00E06]  2.15641E05|  0.001] 2.53E07  0.768323341 5.18E+17 25307 0.768323341 0.001]  0.768323341 |  -0.999999747
0.008254391 LOOE06!  2.15641E-05!  0.001] 1.85E07  0.764958888 133E+18 1.85E07] _ 0.764958888 0001] 0.764958888| -0, s
o 0008254391 1L00EQ6.  2.15641E-05] 0001 135E07 0758716294 3I43E+18 13SE07| 0758716294 0.001)  0.758716294] 0
0.008254391 1L.OOE-06  2.15641E-05 0001, 9.83E-08  0.747258184 8.84E+18 9.83E-08| 0747258184 0.001| 0747258184 0.
T s 0.008254391 LOOE06.  2.15641E-05 0.001 7.17E08 0.72663918 2.28E+19 T.17E-08 0.72663918 0.001 0.72663918| 0999999928
0.008254391 LOOE-06:  2,15641E-05|  0.001 5.23E-08]  0.690823015 S8TE+I9 S23E08]  0.690823015 0.001]  0.690823015|  -0.999999948 -
o 0.008254391 LOOE-06]  215641E-05]  0.001 3.82E-08|  0.632266438 1.51E+20 3.82E-08]  0.632266438 0.001] 0632266438 -0.999999962 ;
0.008254391 LOOE-06|  2.1S641E-05|  0.001 278E-08  0.545402192 3.89E420! 278E-08|  0.545402192 0.001] 0545402192 -0.999999972
0.008254391 1.00E06|  2.15641E-05|  0.001 203E08]  0.433498624 1.00E+21 203E-08|  0.433498624 0.001] 0433498624 0.
I 0.008254391 LOOE-06|  2.1S641E-05| 0001 L48E-08]  0.312878842 2.58E+21 L48E-08{ 0312878842 0001 0312878842 .
0.008254391 LOOE06]  215641E-05 0001 LOSE-OR|  0.205461151 6.65E+21 1.08E-08|  0.205461151 0.001| 0.205461151| -0
S 0008254391 1LO0E-06] _ 21S641E05___ 0.001 7.89E-09]  0.124894172 1L71E+22 7.89E-09]  0.124894172 0001] 0.124894172] 0
0.008254391 1.OOE06|  215641E-05 0001 S.7SE09|  0.071910998 4.41E+22 5.75E09| 0071910998 0001]  D.071910998| 0.
B 0.008254391 1.O0E-06|  2.15641E05. 000 4.20E09|  0.040015094 1.14E+23 420E-09]  0.040015004 0001 0040015094 -0.
0.008254391 LOOE06!  2.15641E-05| 0001 306E09]  0.021825589 2.93E+23 306E09.  0.021825589 0001 0021825589 0.
RN 0.008254391 LOOE-06]  2.15641E-05|  0.001 2.23E09'  0.011771483 7.53E+423 223E09 0011771483 0.001] 0011771483 -0,
0.008254391 LOOE06|  2.15641E05| 0,001 L63E09 0006309922 1.94E+24 LS3E09] 0006309922 0001  0006309922] 0.
0.008254391 LOOE06|  2.15641E-05:! 0001 LISE09:  0.003371103 5.00E+24 LISE09|  0.003371i03 0.001|  0.003371103] 0
0.008254391 LOOE06]  2.15641E-05; 0001 8.67E-10] 0001797813 1.29E+25 8.67E-10|  0.001797813 0001 0001797813 0
0.008254391 LOOE-06:  2.1S641E-05|  0.001 633E-10]  0.000957861 3.32E+425 6.33E-10]  0.000957861 0.001] 0000957861 | 0.
0.008254391 LOOE06 2.15641E-05|  0.001 4.62E-10]  0.000510081 8.54E+425 462E-10] 0000510081 0001] 0000510081 -1
0.008254391 LOOE-06.  2.15641E-05| 0,001 337E-10]  0.000271555 2.20E+26 337E-10] 0000271555 0.001| 0000271555 -1 .
0.008254391 LOOE-06;  2.1564E-05!  0.001 246E-10]  0.000144549 5.66E+26 2.46E-10|  0.000144549 0.001]  0.000144549 -1
0.008254391 LOOE-06]  2.1564IE-05|  0.00] LI9E-10{  7.69373E-05 1.46E+27 LTSE-10]  7.69373E-05 0001]  7.69373E05 -1
0.008254391 1.00E-06|  2.1S641E-05| _ 0.001 L31E-10|  4.09489E-05 3.76E+427 1.31E-10]  4.09489E-05 0.001]  4.09489E-05 -1 ss———
0.008254391 L.OOE-06|  2.1S641E-05|  0.001 9.54E-11 2.1794E-05 9.68E+27 9.54E-11 2.1794E-05 0.001 2.1794E-05 -1
0.008254391 LOOE-06]  2.15641E-05° 0001 696E-11]  1.15992E-05 2.49E+28 6.96E-11]  1.15992E-05 0001!  1.15992E-05 -1
0.008254391 L.OOE06;  2.15641E-05 _ 0.001 5.08E-11 6.17E-06 6.42E+28 5.08E-11 6.17E-06 0.001 6.17E-06 -1
0.008254391 1.OCE-06|  2.15641E-05, 0001 3.70E-11 3.29E-06 1.65E+29 3.70E-11 3.29E-06 0.001 3.29E-06 -1
0.008254391 LODE-06|  2.15641E05]  0.001 270E-11 1.75E-06 4.26E429 270E-11 1.I5E-06 0.001 1.75E-06 -1
0.008254391 LOOE-06|  2.15641E-05| 0,001 L9TE-11 931E-07 1.10E+30 L9TE-11 931E-07 0.001 931E-07 -1
0.008254391 LOOE-06]  2.15641E-05|  0.001 1.44E-11 495E-07 2.83E+30 L.44E-11 4.95E-07 0.001 4.95E-07 -1 B
0.008254391 L.OOE-06|  2.15641E-05|  0.001 1.0SE-11 2.64E-07 7.28E+30 1.0SE-11 2.64E-07 0.001 2.64E-07 -1
0.008254391 LOOE06|  2.15641E-05| 0,001 7.65E-12 1.40E-07 1.87E+31 7.65E-12 1.40E-07 0.001 1.40E07 -1 s———
- 0.008254391 LOOE06|  2.15641E-05| 0001 5.58E-12 7.47E-08 4.83E+31 5.58E-12 747E-08 0.001 7.47E08 -
0.008254391 1LO0E-06|  2.15641E-05| 0001 407E-12 3.97E-08 1.24E432 407E-12 3.97E-08 0.001 397E-08 -1
0.008254391 LOOE-06  2.15641E-05  0.001 297E-12 211E-08 3.20E+32 297E-12 2.11E-08 0001 2.11E-08 -1
0.008254391 LOOE-06.  2.15641E-05,  0.001 217E-12 1.13E-08 B.25E+32 217E-12 1.13E-08 0,001 1.13E-08, -1 o
0.008254391 LOOE06!  2.15641E-05:  0.001 1.58E-12 5.99E-09 212E+33 1.58E-12 5.99E-09 0.001 5.99E-09 -1
0.008254391 LOOE-O6]  215641E-D5| 0,001 1.15E-12 3.19E-09| S5.47E+33 1.15E-12 3.19E-09 0.001 3.19E-09 -1
0.008254391 LOOE06|  2.15641E-05|  0.001! 8.41E-13 1.70E-09 1L41E+34 8.41E-13 1.70E-09 0.001 1.70E-09 -1 —
0.008254391 L.OOE-06|  2.1S641E-05|  0.001] 6.14E-13 9.03E-10 3.63E+434 6.14E-13 9.03E-10 0.001 9.03E-10 -1
0.008254391 1.OCE-06|  2.15641E-05'  0.001 4.48E-13 481E-10 9.35E+34 4.48E-13 481E-10 0.001 481E-10 -1 R
o 0.008254391 1.00E-06]  2.15641E-05'  0.001 327E-13 2.56E-10: 2.41E435 327E-13 2.56E-10 0.001 2.56E-10 -1
0.008254391 1.00E-06!  2.15641E-05 0001 238E-13 1.36E-10 6.20E435 238E-13 1.36E-10 0.001 1.36E-10 -1 N
0.008254391 1.OOE-06]  2.1S641E-05]  0.001 1.74E-13 7.25E-11 1.60E+36 1.74E-13 7.25E-11 0.001 7.25E-11 -1
0.008254391 1.00E-06|  2.15641E-05] 0001 1.27E-13 3.86E-11 4.11E+36 1.27E-13 3.86E-11 0.001 3.86E-11 -1
0.008254391 LOOE-06]  2.15641E05|  0.001 9.25E-14 2.05E-11 1.06E+37 9.25E-14 205E-11 0.001 205E-11 -1 —
0.008254391 LOOE-06!  2.15641E-05|  0.001 6.75E-14 1.OSE-11 2.73E437 6.75E-14 1.09E-11 0.001 LO9E-11 -1
0.008254391 LOOE-06|  2.15641E-05|  0.001 493E-14 S81E-12 7.03E+37 493E-14 SB1E-12 - 0.001 SSIE-12 -1 ——
0.008254391 LOOE06|  2.15641E-05 0,001 3.59E-14 3.09E-12 1.81E+38 3.59E-14 3.09E-12 0.001 3.09E-12 -1
0.008254391 LOOE-06|  2.15641E-05| 0001 2.62E-14 1.65E-12 4.66E+38 2.62E-14 1.65E-12 0001 165E-12. -1 —
T ———— 0.008254391 1.00E-06!  2.15641E-05] 0001 19LE-14 B.JGE-13 1.20E439 1.91E-14] 8.76E-13 0001 8.76E-13 -1
0.008254391 LOOE-06  2.15641E-D5! 0001 1.40E-14 4.66E-13 3.09E+39 1.40E-14| 4.66E-13 0.001 4.66E-13 -1 -
i0h20825 i002825a1298k 1002825 lipass825 _|ih20825 02825 lamp ik lamp __|io2sicelamp ipassB25amp _|i02825amp ih20825amp .
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COXRD160

-10TE+06 LOTE406] 136, 0.0005! |

-303903.7923,  303903.7933 28

2217069432 221706.9442 -1.26] 00005, !

-161741.9862!  161741.9872 -1.24, 00005 | I |
-117995.8315. 1179958325 |
-B6081.75807  86081.75907 -12] 00005

62799.52688 | 62799.52788

-45814.472 .
-33423.38172 14
. l
-24383.73662' 24383.73762]»  -1.12 0.0005;

| _-17789.05209

-12978.04074] 1207804174 _108] 0.0005
“9468.270083|  9468.271083 | -L0S  0.0005!
-6%07.791806 6907.792806)  -1.04] 00005

-5039.849524 |
-3677.132098|

5039.850524 !
3677.133098

-1428.641978
-1042.652704
-761.0624663 |

1042.653704 +

-158.489457 158.490457 | 08 00005

currentsum icathcurremtsum ' Ecorr idetta e :
—crwedmentsum  Eecor ¢ mpk=368  pH=3 vaniccoeff=] | 1
-9.76E406, 9.76E+06 15 0003 TS gvaniocoelial comndma =02t Revised 62197 mumei21/97 |
ey T M

: ‘ : i
782722.2863 | 782722.2873 -1.34]  0.0005'

-STI0IB.7565: 5710187575 »  -132] 0.0005 | !
-416574.9646°  416574.9656' -13_ 00005 i : ‘ ‘}

-2682.990684 2682.991684 | 098! 00005 i
y T | —
-1957.736031 | 1957.737031 : 0.961  0.0005 i ‘ B

7610634663| . 09 o i ': l ’

-116.0400394 | 1160410395 078 0.0005 I o ‘
-85. : ‘ | ‘
5.07197278 85.07297289 076 0.0005 i { ! ’

| 712Ewe T12E406, 148, 00005 - _' N :
-5.19E406 594061 146, 0.0005' ‘ T ]
-3.79E+06, 3T9EH06,  -1.44] 00005, - T T :

| -276E+06! 276E406, 142 00005 : ! - |
-2.02E406, 202E+06! 1.4 00005 ‘ : N
-1L4TE+06, L47E+06 138 00005, , ‘

-62.47988053|  62.48088083 | 0.74] 00005 i i i
45.99830146|  45.99930222(»  0.72] 0.0005] ! ‘ |
+33.97451633] 339755183 07! 00005 i ‘ ‘
25.20231828| 2520382335  0.68] 00005 |
-18.80360744| 1880462051 0.66] 00005 ‘7‘* i

-L4135185| 1413621864 0.64] 00005 —
-10.72939906 10.7304857 062 0.0005] | ] : ]

-2.902880586 |
-2.488486576
2112616363 | 2281379831
-1.648954919 2082041048 |
0.822750721, 1936617693
1.036736772;  1.830527188
5630125058|  1.753131124]
1731783032
41.31607141

2929170744
2.554623083] 048

1.655477359

835.0826438;  1.587511821 0.28) 00005
2153.323006 | 1.57584445 |
5548.518448 1567332768 | 0.24
14293.05763 1.561123252!
36815.19673;  1.556593233 |
9482247693 1.553288453 0.18] 00005

%44224.1341 ) 1.550877522] 016 0.0005 |
629018.176,  1.549118679]
1.62E+06

41TE406,  1.546899474
1LOTE407|  1.546216579
277B407 1545718386

7.13E407] 154535494
1.34E+08,  1.545089795 |
4TIE+08'  1.544896361 | 1.06E-15, 0.0005] | !

L22E+09] 1544755247 002 0.0005]

P _-8244682766,  8.245905911 | 0.6/ 0.000s! |
-6.43175903|  6.433333755 0.58] 00005 ‘J 1
-5.10853018]  5.111010422 | 0.56] 00005 ! | | :
4141525192 4146337655!  0.54] 0.0005 1
3A3176197)  3.442581227. 0520 00003, | i

1245025246 1.625427258] 032 00005 1 ] i !
e —asoasat] oo owosl T | :

r

I —

[
N COXRD160
e A AN
e s——— 3.4EH09]  1.544652284 0.04  0.0005 '
B 8.0BEH9 1.54457716' 006 0.0005 : S ————————
208E+100  1.544522328 008 0.0005 ;
e 536E+10] 1544482278 0.1 00005 | ————
1.38E+11 1.544452968 0.12_ 00005 :
i 3SGE+IL] 1544431413 014 00005 : ‘
Q.I6E+11. 1544415362 016 00005 .
236E+12;  1.544403042 0.18 00005
6OTE+12]  1.544392906 02 00005 : P ——————
1.56E+13]  1.544383356 022 00005
403E+13]  L5MITN36 024 00005 ; s ——
1O4E+14] 1544356682 026 00005
267E+14, 1544330957 028 00005
6.88E+14,  1.544285312; 03 00005
L7TE+1S. 1544201516 032 00005 R
4.5TE+1S]  1.544045521 034 00005 ;
LISE+16] 1543753544 03600005
303E+16!  1.543205991 ! 038 0.0005! S ———————
7.80E+16]  1.542178771 ; 04, 0.0005
201E+17i  1.540252772] 042 0.0005 : ————————
S18E+17. 15365647189 044 00005 :
T ———— I33E+18] 1520918146 0.46]0.0005; i ;
343E+18] 1517432857 048] 00005 i
B.B84E+IB| 1494516564 0.5 0.0005'
228E+19;  1.453278504 0.52] 0.0005 S ——"
SSTE+19] 1381646135 .54 0.0005
LSIE+20] 1264532951 056 0.0005 ————
389E+20]  1.090804439 058 0.0005
LOOE+21]  0.866997288 0.8 0.0005
258E+21] 0625157714 062 0.0005
665E+21] 0410922323 0.64]  0.0005
L71E+22]  0.249788359 0.66| 0.0005 Tmmm———————
————— 441E+22]  0.143822008 0.68]  0.0005
L14E+23!  0.080030196 07! 0.0005 ————
293E+23]  0.043651185 072 0.0005
TTT— 753E+23] 002354297 074 00005 ——————
194E+24]  0.012619847 076/ 0.0005
SOOE+24]  0.006742208 078 0.0005]
129E+25! 0003595628 08] 0.0005]
332E425] 0001915723 0.82] 00005
8.54E+425 0.001020163 0.84!  0.0005 . ——
220E+26]  0.000543111 086, 0.0005 :
5.66E+26]  0.000289098 088 0.0005 A
L46E+427]  0.000153875 0.9 0.0005
——————— 3.76E+27 8.1898E-05 0921 00005
9.68E+27|  4.35883E-05 094/ 0.0005
——————— 249E+28]  2.31985E-05 096! 0.0005!
642E+28)  1.23467E-05 0.98_ 0.0005; !
1.65E+29 65TE-06 10,0005
4.26E+29 3.50E-06 102! 0.000s! ——————
1.10E+30 1.86E-06 104 0.0005!
2.83E+30 981E07 1.06/  0.0005;
7.28E+30 5.27E-07 1.08! 00005
1.87E+31 2.81E-07 1.1]  0.0005;
4.83E431 1.49E-07 112 0.0005 |
1.24E+32 7.95E-08 L14] 00005 |
3.20E+32 4.23E-08 L1s! 00005 ! T ———————
8.25E+32 225E-08 118 0.0005
TTTTT——— 212E+33 1.20E-08 12] 00005 ————
S4TE+33 6IBE-09. 122] 00005
141E+34 3.40E09) 1.24| 0.000s
3.63E434 1 81E-09! 126] 00005
9.35E+34 9.62E-10/ 128] 00005
241E435 5.12E-10] 130 0.0005 ‘ S
6.20E435 2.73E-10 132 00005 |
TTTT— L60E+36 145E-10 133 00005 ———
411E436! 17411 1.36]  0.0005 .
R 106E+37 4.12E-11 1.38; 0.0005
2.T3E437 2.20E-11 14 0.0005
7.03E+37 LITE-11 1420 00005
1.B1E+38 6.26E-12 144 00005 —
4.66E+38 3.35E-12 146 0.0005
1.20E+39 LT9E-12 148 0.0005 —————
3.09E+39 9.61E-13 150 0.0005] : i
h Ecorr delta tempk=368 | pH=3 | galvaniccoeff=l _|coroxrd3.ma_|po2=021 Revised:6/21/97 |rum6/21/97

N P £ P
T L PR




102 ! 103
NANA  CNeCK 0F  CALCL LaTzranS NAND _CHECK  OF  CHLCut ATLxdS
Y i
. L
: T ecq 002 = (l.'-H (72 = OZOuCr,pm‘cn t‘a’a/)"(ovoo?lixfcmlnk)}
C{e?l\Zo =f)—(((2.303¢r x'rcvv\,pk)/{’\xph\ w ! l
- L 02 oveapot entief= 0,0
FROM FIRSY TINE OF  CorRnlbs OurpPdr : Lempl = 368
CC’IA%O = - 0. 2130 T Chlom  CoxRNIEO  OuTPUT LY cot 2 o 2 !
— !
NANO  CArLCoLATI) ceg0po2 = (17718 |
’ | 4 ;
// 2.303 x r 4 tewmp /e 7 . \ NAWD CALCvLarzon)
\L r J / —reglola LU (1)) 6/24/%

ec;,OoZ = (/.‘/7/7L - 0.0) —(o,ooos’/q # 36&)

/.
= 0'/[ 2,303 » $,314 2 3¢5 | \
(] Gedes [*3) cea002 = 197172 - ( 0.29992 )
\C ’ J 7 ot
ceq0el = [.17I8
- "012'90 ,
CACCnnTeQ QUTPUT _SAMe A HAarun CALCUMT::@r) CALCULATSD  OuTPuT  ERUm _Cox RD IO  SAamé
AS NAVD CHLCuLATZan .
N -
N
N\ S~
AN ~
\\ \\
AN 8 o~




| ~ - 105

104
RANO CALCUL apzon)
e i HHNO  CALC I nrzcn)
ec?/oz : 661002-((2'303 8 “{e“':"l"P‘t’) /e) + | £ henryconsT = Exp [ 0.2984 -Css9e.nn/rempk )+
i y ;
(((0.576):}“ x‘fem’oka\ Log C}DOZ])/(ZKOT?#-{_U :”_ ’Oq9‘70/({?vu,ﬁ/<7‘f€vmeé>~ +* 106
re 304 . tempke 368
’oh = 3 — 1 ‘
£ 96485 - £ henryconsts Exp L0.298Y = 5594.11 /Bc?) <4
#OOZ= Olal pr 7/ 7
Cczao.z = [ from p 403 : /M%?a/%g”‘g)j ooe
note that 60\7 Zn MATHNEMATICH 2.2.3 7% T & hon my concte Con/ (0. 2984 — 75.208) +  2.9509 [*/oco
Rénu ¥ LN 7 7 > J
khenryonSts Expl = 2.157¢ [ tooo

ecg02e (1218 2303 x5 3 x 3¢73) /90485
) +
/< A?u,:yCanS%= O.7189

((( 0.576 x 5,314 x36% , "‘/-Séo)//(z.So’s « 9¢9gs V)

UALvE  CHLCUnTER  Ta) CoxRP /40 zrs 0O. 7757

/D 9‘/ Coe ¥ Rous. 2

661021 i.l’?l?—( 2!} t‘bS’}/‘? WS'SJ\

CALCUL ATens  OITPUT E4om  Conpn/bo  Awr

#2763/ 222, 204)
Alnnn  CACCtnTIon) — ARE THs SAMNE

efzoZ = 1= ©.2/9p "O.‘VOIZ‘%
Chulb ol = /</tcnr,vc:tm$7‘ vI,OOL

66702 = 09903
chutkel = 0.7789 x ©.21 = O./63S

FRom CoOxrRp 160  Cot 3 i 2 pro_ P 9Y

€cgos I5 CAvcutaro 7o B 0.99403 | from Coxkpléo  Cor & Row 2. PAsc 7
" Chulkol = 0©0.,/63S |

CALL Ve HEQ OUTPIT __ Lr2om COXRNIED SAmé x5

NAND _ CALCunTon- , i CALCeAlsBo /AL vs  OF Chulkocl FRum Cox kR /o

somb NS Nawo CAL CutA7zanl,

.
) A0 LAl

(4l SLl c/28/%




106 ' : 107
;?} HANR CALCU(.-N‘Ti@ﬂ\) | HANO CALCvATZOn)
g f~ ‘/W
Aoz =(0.063 4 ExpL (19,412 /(r /1000)) % — efernons = —0. 40 +((0.0295 & LM [Ferroos cone)/2:33)
T ¥ §
(1] 29805 ) = (1 / tempk ) [) /35 3¢ 000 g Fevrascosc = [0 e~
1 7 ‘1}——"’"
T . 4 ’ ‘
Lempke 368 I | efercovs = =6.9%0 +((0.0285 4 (W (102007 [/2.303)
0/07_‘ (0-063 X pr ['([4-"2/(2-3“//1000)) A t‘ § e y(-crraus > =0 6/t
(( 1/298.15) - ((/362» )/31536000 — FROM _ CoxRDIO _CutpPor P 96  coc 2 Rewz.
. , ; eferrous  =—0.6/6%
’ . OALCLenATzED  UALUg £Rgm  COMNRO 140 Same Ay
Ozc(o.oe?» *€xp [ 1703.39 »_0.000636 7) 31836000 ‘ LAND.  CALCULATZIN -
o
0/02 = Clorn” 7 ' (O o02Lstee] > (Dol steef at 2984+ ExP Hozﬂcfuevy,v/(r/wﬁ*((%ﬁ)‘(@
;L w/HERG
 Fhom CO2RR/eO A0L=  Gil1Zxnp” ? bemp ke 36€
| [ 02ster) at Wk~ [x0
} CALC wnTs0 UALUGY  FRewmn  COXRIOIgo SAmE ' 02 act cgoo;w,ée 40
I NS NAVD  CACCunTILo AL USS ) I 2314
3 N
. . (Oozstee). 10 eplds o/ 1 1 1]
%h’t_\!qt(’r)nﬂ = /O—Ph I,@’y { 298 368’]!

pAa 3

_/ooz séeel= Z.le;o‘s

-3

‘,DIUJ Cone = /O ‘
£ RoM CoxRD 140 ; 0. Stee/ ~ 2,/Svie~%
PAGE 9'6 Cac S Row 1

LALve o€ A/p/us Conce SAME A} NAVN R CULATED
LA

VAL Ub cMeCutaTdn ZA COxAOIo  SAmg gy
NAWVD __Che CorraTzon)

C D7 s

T




108 ‘ 109
RHAND _ CpsCoinrion) thze
: \ k2 :r”ﬂ /’O hZo cP A g't‘ 239k -~ (\?.e!.ﬁﬁfsﬁ..lm&,&lﬁf[ju@ne_
(0h26 Stee]at 9%k «(25Fx ki h2osteel V4 AIPIUSQMC ﬂj
| £ 9yes
fd h2estec)= S, Igxn? 1: k1420825 S /8 xp~°
i\,P/uS('.onc 2 0. 001 ‘4’_’_ hpluscone = (2.001
hhlo - 2 0,250 | 420 =  0.2s0
; ‘F.‘ q((/gs Cozse) " 0250
 Oh2ostee/at 298k - (z x 96YES 8 S./¥x00~8 \koiooy 7 ﬁ [ Oh2082Sat 295k = (2096485 x S.18x00~% )¢ 0.001
7 ¥ . d
[ Ohzostecl ¢t 2954 = 0.0017 M [Ohzo §25 at 29k _ 0.00077
VALYE From _ CorRO/80  Far (ODA20 steelet 2ISE =0.00177 t LALvs _From  COARP b0 <« o.00/77 PIE Coe 12 o 2
IO 7(. Cor é Low Z2_ *\_ﬁ
UNe U6 CRLCULHTEA 1,0 COARPIED  smmd NS *_ LACLUE  CALOULATEGD _ /3H  CorRiDI80  Apio  NAMP  cCuvarees’
HNandD oo Corarzeons AR PHE. SAME:
. ' e : : : 17—y
/0/1 206 Stee/= 1 Oh26 steelat29%k x €vfr(AZoqc'/‘Cnu\<l;y /(f/(%))*(/%f)'(#tﬂ[k})/ i (0628 < (0Q025254qt 235k » ffﬁ__/_ZOZacfenerj)/ /€ 1 /oo )\X((’%?)'(%Mfk)zl/
/'04205’1(cc/q{27g/é = O.00/7 (DZC«C‘?‘Cner ¢y = ({/b
v §.31¢ r~_ §.30¢
Tevppk= 368 § ( 0028254t2%k~ /0~ *
A ZO ac'fcne,j),x 20 . (—C”‘!ﬂ /é < 36(
(Ohzestecl= 000 x €x#] 20 o | _ | | . (002825 = 10"° e“f[%'\ ek - L]
X 298 36y | i Foers e 342
/000 j o
L ONosteele O, 0082 :__ (002825 = 2,155
—
UANeve  Fraom CoxRb)o = O. bo§2 e L YALYE  CALCvenRn 20 COXRNIED = 2, 15xip™>
hcs g Coc. 7 Low 2 I L .IE Cat 3 Row 2z
.
UALUE Concuinresn R COXROWO A P VAR CE  CHCunTso  za)  CORRNO — _agnn YO
AaplQ  CHocunaven) — ARE THE _Sams — CACCit a12prd  ARE__THE __ SAME,

M 7/;/75’

@/@4\/ 7/ 7/916’




110

GALUANOT / GALLM OF / GACwarm OSh

111

(/' () Az §25< / 01\ 20825 af W%k 4 €xt [(Zzo f«d(mug y / ( r/mm)}"[(’xlﬁ!il’[yzycm&hig —

36§

temp Rz =
"

— OBTéC‘TiUQ Camé  AS SALUAN O) L Mg
[ Ohr0825t 29k p.00 7 +—
T fonantllas G anpdd < Ltme. an Golin. O
[ = .31/ Yy -

ﬂ\,ém?g.ﬁm GAL YA O

[ Oh26§25= 000177 & Fxpf/ 2o\ / / Ji

82'3/4/)44 ’77}-8:-3“(% /

‘.’v;//;, /ﬁfm A% oﬂV ,ﬁ'&/ 2 ﬂMm/

/600

aM’/;&Zg/«.Mu%( 2, A‘WIW

(OhzoF25+ 00082

UMk CacoenTse BY CORDlda = 0.0082

L 95 coe 1 Pow 2

Ak

ALYl CHLCUATRO [y  CORRANG AP Nawd i LPuns

L CRLC Az ares TN . SAme, | ﬁ%
/ b A _TotAr or 3/ Ruws SAvsa AT  GUZ #o¥ ., ma

(‘g{cc./< L Oferrous *(Exl‘f( afe x #fe »F (tCorr‘_-' cferwus))/( ’ fc.w,/():{) %’; OUTPUYS _ ALSO _ ComveaTeo  To  €xcee  Frees
/ ()(C/'I‘OVS T 0.0001 - . |
L afe = 6,750 l N
f= 9¢4Es B
i C\eroug T ~0.6/¢9 _ \

CCorr = _~016 (Row 47) \

/ :
( Steels ool #(exp[( 6.750 2 25 U¥ss (—0.¢ -Mw(fo.4‘;149)))//;:3;%;9

\
: ) . \
Csteels 2.2 w0 — ~
Pu— \\ _
%LALuc Fpem  CoxRbido = 2. 220" i —
P 9 cor 1 Aow 47 — <) ) *
o P / y S W%—v .?,//I/Zood
Ctorc? L 7/% o7 —




—

GA &UAN oxbh

GALVANIC CORROSION
Darrell S. Dunn

The galvanic corrosion of carbon steel and Alloy 825 are addressed on the basis of the
kinetics of electrochemical reactions including the reduction of water and oxygen. This
calculation assumes that carbon steel is pure iron. A fraction of the carbon steel area is active
and the remainder is passive. The active dissolution rate is controlled by Tafel kinetics. The
passive dissolution rate of both carbon steel and Alloy 825 are specified as input parameters.
The reduction of oxygen and water occur only on the surface of Alloy 825 and the passive
surface of carbon steel. The rate of oxygen reduction is assumed to diffusion limited. The
kinetics of water reduction are modeled after Bockris and Reddy (Modern Electrochemistry
Vol. 2). The coefficient of galvanic galvanic coupling is included.

PARAMETERS

carbon steel

ipasssteel=corrosion current density for passive carbon steel (input)

isteelactive=corrosion current density for active carbon steel (calculated)

isteel=corrosion current density for carbon steel both active and passive (calculated)
isteelwp=corrosion current density for carbon steel waste package (calculated)

arsteel=area of steel (input)

arsteelpass=area of steel that is passive (calculated)

arsteelactive=area of steel that is active (calculated)

arfractsteelpassive=area fraction of steel that is passive (input)

ecorrsteelactive=corrosion potential for steel under active conditions (calculated)
ecorrsteelpassive=corrosion potential for steel under passive conditions (calculated)
ecorrsteel=corrosion potential for steel including both active and passive surfaces (calculated)
ecorrsteelwp=corrosion potential of the carbon steel waste package (calculated)

afe=beta or partition coefficient for iron dissolution (input)

zfe=number of electrons from corrosion of iron (2)

ih2osteel=current density from water reduction on carbon steel (calculated)
ih2osteelwp=current density from water reduction on carbon steel waste package (calculated)
iOh2osteel=exchange current density water reduction on active carbon steel (calculated)
i0h2osteelpassive=exchange current density water reduction on passive carbon steel (calculated)
i0Oh2osteelat298k=exchange current density water reduction on active steel at 298 K (literature)
iOh2opassivesteelat298k=exchange current density water reduction on passive steel at 298 K
(literature)

k1h2osteel=constant for water reduction on steel (input)

io2steel=cathodic current density from the reduction of oxygen on steel (calculated)
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io2steelwp=cathodic current density from the reduction of oxygen on steel (calculated)
i0o2steel=exchange current density for the reduction of oxygen (calculated)
i0o2steelat298k=exchange current density oxygen reduction on steel at 298 K (literature)
i0ferrous=exchange current density for the dissolution of iron (literature)
ferrousconc=concentration of ferrous iron in mol/liter (input)

eferrous=equilibrium potential for the dissolution of iron (calculated)

alloy 825

ipass825=passive current density of alloy 825 (input)

ar825=area of alloy 825 (input)

i02825=current density oxygen reduction on alloy 825 (calculated)

i02825wp=current density oxygen reduction on alloy 825 waste package (calculated)
i002825=exchange current density oxygen reduction alloy 825 (calculated)
i002825at298k=exchange current density oxygen reduction alloy 825 at 298K (input)
ih20825=current density from water reduction on alloy 825 (calculated)
ih20825wp=current density from water reduction on alloy 825 (calculated)
iOh20825=exchange current density water reduction alloy 825 (calculated)
iOh20825at298k=exchange current density water reduction alloy 825 at 298 K (literature)
ecorr825=corrosion potential of alloy 825 not in contact with other metals(calculated)
e825wp=corrosion potential of alloy 825 waste package barrier with or without galvanic
contact(caiculated)

oxygen reduction

zo2=number of electrons in the reduction of oxygen (4) (input)

bo2=beta or partition coeff for the reduction of oxygen (input)
khenryconst=henry's constant (calculated)

cbulko2=bulk concentration of oxygen (calculated)

do2=diffusion coeff for oxygen (calculated)

eeq0o2=standard potential for the reduction of oxygen (calculated)
eeqo2=equilibrium potential for the reduction of oxygen (calculated)
eeqo2passivesteel=equilibrium potential for the reduction of oxygen on passive steel (calculated)
po2=partial pressure of oxygen (0.21) (input)

o2actenergy=activation energy for the reduction of oxygen (literature) (input)
o2overpotential=overpoential for the reduction of oxygen

water reduction

zh2o=number of electrons in the reduction of water (2) (input)
bh2o=beta or partition coeff for the reduction of water (input)
eegh2o=equlibrium potential for water reduction (calculated)
eegh2opassivesteel=equlibrium potential for water reduction (calculated)
h2oactenergy=activation energy for the reduction of water (input)
hplusconc=concentration of H+ (calculated from pH)
hplusconcpassivesteel=concentration of H+ (calculated from pH)

k1h20825=constant for water reduction (input)

k1h2osteel=constant for water reduction (input)
S / /deo
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other parameters
f=faradays constant (input)
r=gas constant (input)
ph=ph of solution contacting Alloy 825 and A516 steel(-log[H+]) (input)
phpassivesteel=ph (-log[H+]) on the passive steel surface (input)
tempk=temperature in degrees kelvin (input)
delta=diffision layer thickness (input)
ecouple=potential of perfect galvanic couple of alloy 825and carbon steel (calculated)
galvaniccoeff=coefficient of galvainc coupling, 1=complete coupling, O=complete insulation(input)
currentsum=sum of currents

Input

zh20=2;

=96485;

r=8.314;

2024,

b02=0.250;

bh20=0.250;

z2fe=2;

ipass825=0.001;
ipasssteel=0.001;
ar8§25=0.000314;
arsteel=0.00251;
arfractsteelpassive=0.90909;
afe=0.75; i
po2=0.21;

tempk=368;

ph=5;

phpassivesteel=10;
o2actenergy=40;
h2oactenergy=20;
k1h20825=0.0000000518;
i002825at298k=0.000001;
ferrousconc=0.000001;
i0ferrous=0.0001;
k1h2osteel=0.0000000518;
i002steelat298k=0.000001;
o2overpotential=0.0;
delta=0.0005;
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Off[General::spell]
Off[General::spelll]
SetOptions[$Output, PageWidth->1200]

Print["eeqh20"," ","eegh2opassivesteel"," ","eeq002"," ","eeqo2"," " "eeqo2passivesteel”," ","02overpotential”,
",“k}lenryconst"," "’"cbulkozﬂ’ll ",Ildozl"ll ","temp"," ll’"ph""l l""hplusconc"," ","phpaSSiVCStCCl","

" "hplusconcpassivesteel”," ","h2oactenergy”," ","o2actenergy”, "bo2"," ","bh2o"," ","afe"," ", "arsteel”,"

oo onn (LR

" "arsteelpass",” ","arsteelactive"," " "arfractsteelpassive”," ","ar825"," " ferrousconc"," ", eferrous”,
" "i0ferrous"," ","kthOStecl“,""","iOonteelat%?Sk"," " "i0o2steel",” ","iOh2osteelat298k","

"on

" "i0h2opassivesteelat298k"," ","iOh2osteel"," ","i0h2osteelpassive",“ " "isteel"," ", "isteelpass",
" misteelactive”,” ","ih2osteel",” ","io2steel"," ","k1h20825"." " "i0h20825at298k"," ","i0h20825","

" "i0028252t298Kk"," ", "i002825"," ", "ipass825"," ", "ih20825"," ","i02825"," " "isteelwp"," ", "isteelactivewp","

" "ih2osteelwp”," ","io2steelwp"," " "ih20825wp"," ","i02825wp"," " "arsteel*isteelwp”,

" varsteel*ih2osteelwp”," ", "arsteel*io2steelwp”,” " var825*ipass825"," ","ar825*ih20825wp","
" "ar825*i02825wp"," ","currentsum”," ","cathcurrsum”," " »potentialdrop”,” ","resistance"," ","ecorrsteel","

" “ecorrsteelpassive",” ","ecorrsteelactive"," " "Ecouple"," ","Ecorr825"," ","Ecorrsteelwp”,
" "E825wastepackage”,” ","galvaniccoeff"," " "istp"," ","tempk=",tempk," " "pH=",ph,"

3

" "pHpassivesteel=",phpassivesteel," " "ar825=",ar825," ","arsteel=",arsteel," ", "delta=",delta,"

" "galvan08.ma"," ","po2=",po2," ","2/07/2000Revised:2/07/2000"," "."run:2/7/2000"]

s 3

Do|
eeqh20=0-(((2.303*r*tempk)/f)*ph);

eeqh2opassivesteel=0-(((2.303 *r*tempk)/f)*phpassivesteel);
eeq002=(1.47172-020verpotential)-(0.000815*tempk);
eeqo2=eeq002-((2.303*r*tempk*ph)/H)+((0.57 6*r*tempk*Log[p02])/(2.303*1));

eeqo2passivesteel=eeqOo2-
((2.303 *r"‘tempk*phpassivcsteel)/t)+((0.576*r"tempk*Log[p02])/(2.303*t));

khenryconst=Exp[0.2984-(5596. 17/tempk)+(1049670/(tempk*tempk))]¥1000;
cbulko2=khenryconst*po2;
d02=(0.063*Exp[(14.612/(1/1000))*((1/298.15)-(1/tempk))])/31536000;
hplusconc=10"-ph;

hplusconcpassivesteel=10"-phpassivesteel;

Ce)r

?/ Zod o




———

GALUAW OTh

eferrous=-0.440+((0.0295*Log[ferrousconc])/2.303);
i002steel=i002steelat298k*Exp[(02actenergy/(r/1000))*((1/298)-(1/tempk))];
iOh2osteelat298k=(2*f*k1h2osteel)*hplusconc”bh2o;
i0h20passivesteelat298k=(2*P“klh2osteel)*hplusconcpassivesteelAbh2o;
i0Oh2osteel=i0h2osteelat298k*Exp[(h2o0actenergy/(r/1000))*((1/298)-(1/tempk))];
i0h2osteelpassive=iOh2opassivesteelat298k*Exp{(h2oactenergy/(r/1 000))*((1/298)-(1/tempk))];
002825=i002825at298k*Exp[(02actenergy/(t/1000))*((1/298)~(1/tempk))];
i0h20825at298k=(2**k1h20825)*hplusconc”bh20;
i0hZ0825=i0h20825at298k*Exp[(h2o0actenergy/(r/1000))*((1/298)-(1/tempk))];
arsteelpass=arfractsteelpassive*arsteel;

arsteelactive=(1-arfractsteelpassive)*arsteel;

corrsteclactive=ecorrsteelactive /. FindRoot[i0ferrous*(Exp[(afe zfe f (ecorrsteelactive - eferrous))/(r tempk)])-
(i0h2osteel*(Exp[-(bh20 zh20 f (ecorrsteelactive - eegh2o0))/(r tempk)])+i0o2steel*((Exp[-(bo2 zo2 f
(ecorrsteelactive - eeqo2))/(r tempk))/(1 + ((i002steei*delta*Exp[-(zo2 bo2 f (ecorrsteelactive - eeqo2))/(r
tempk)])/(cbulko2 4 f d02)))))==0, {ecorrsteelactive,0}, Maxlterations->500]; :
corrsteelpassive=ecorrsteelpassive /. FindRoot[ipasssteel-(i0h2osteelpassive*(Exp[-(bh20 zh2o f
(ecorrsteelpassive - eeqh2opassivesteel))/(r tempk)])+i0o2steel*((Exp[-(bo2 zo2 f (ecorrsteelpassive -
eeqo2passivesteel))/(r tempk)])/(1 +((i002steel*delta*Exp[-(zo2 bo2 f(ecorrsteelpassive - eeqo2passivesteel))/(r

tempk)])/(cbulko2 4 f d02))))y=0, {ecorrsteelpassive,0}, MaxlIterations->500];

corrsteelpass=ccorrsteelpass /. FindRoot[i0ferrous*(Exp[(afe zfe f (ecorrsteelpass - eferrous))/(r tempk)])-
(ipasssteel)==0, {ecorrsteelpass,0}, MaxIterations->500];

isteelpassivearea=((i0ferrous*(Exp](afe zfe f (corrsteelpass- eferrous))/(r tempk)]))*(arfractsteelpassive));
isteelp=((i0ferrous*(Expl[(afe zfe f (corrsteelpassive - eferrous))/(r tempk)]))*(arfractsteelpassive));

If[isteelpassivearea>isteelp,istp=istcelp,istp=isteelpassivearea];
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corrsteel=ecorrsteel /. FindRoot[arsteelactive*iOferrous*(Exp[(afe zfe f (ecorrsteel - eferrous))/(r tempk)]) +
istp*arsteelpass-((arsteelpass*iOh2osteelpassive*(Exp[-(bh2o zh2o f (ecorrsteel - eeqh2opassivestee))/(r
tempk)])+arsteelpass*i0o2steel*((Exp[-(bo2 zo2 f (ecorrsteel - eeqo2passivesteel))/(r tempk)])/(1 +
((i002steel*delta*Exp[-(z02 bo2 f (ecorrsteel - eeqo2passivesteel))/(r tempk)])/(cbulko2 4 f do2)))))y==0,
{ecorrsteel,0}, MaxIterations->500];

isteelactive=((i0ferrous*(Exp{(afe zfe f (corrsteel - eferrous))/(r tempk)]))*(1-arfractsteclpassive));

isteel=((i0ferrous*(Exp[(afe zfe f (corrsteel - eferrous))/(r tempk)]))*(1-
arfractsteelpassive))+(ipasssteel*arfractsteclpassive);

ih2o0steel=(i0h2osteelpassive*(Exp[-(bh20 zh20 f (corrsteel - eeqh2opassivesteel))/(r
tempk)])*(arfractsteelpassive));

i02steel=((i002steel*((Exp[-(bo2 zo2 f (corrsteel - eeqo2passivesteel))/(r tempk)])/(1 + ((i002steel*delta*Expl-
(z02 bo2 f (corrsteel - eeqo2passivesteel))/(r tempk)])/(cbuiko2 4 f do2)))))*(arfractsteelpassive));

corr825=ccorr825 /. FindRoot[ipass825-(i0h20825*(Exp[-(bh20 zh20 f (ecorr825 - eeqh20))/(r
tempk)])+i002825*((Exp[-(bo2 z02 f (ecorr825 - eeqo2))/(r tempk)])/(1 + ((i002825*delta*Exp[-(z02 bo2 f
(ecorr825 - eeqo2))/(r tempk)])/(cbulko2 4 f do2))))y=0, {ecorr825,0}, MaxIterations->500];

ih20825=i0h20825*(Exp[-(bh20 zh2o f(corr825 - eeqh20))/(r tempk)]);

102825=1002825*((Exp[-(bo2 z02 f (corr825 - eeqo2))/(r tempk)])/(1 + ((i002825*delta*Exp[-(z02 bo2 f
(corr825 - eeqo02))/(r tempk)])/(cbulko2 4 fdo2))));

couple=ecouple /. FindRoot[arsteclactive*iOferrous*(Exp[(afe zfe f (ecouple - eferrous))/(r tempk)])
+ipass825*ar825 + istp*arsteelpass—((arsteelpass*i0h205tce1passive*(Exp[-(bh20 zh2o f (ecouple -
eeqh2opassivesteel))/(r tempk)])+arsteelpass*i0o2steel*((Exp[-(bo2 z02 f (ecouple - eeqo2passivesteel))/(r
tempk)])/(1 + ((i002steel*delta*Exp{-(z02 bo2 f (ecouple - eeqo2passivesteel))/(r tempk)])/(cbulko2 4 f
do2))))r+(ar825*i0h20825*(Exp[-(bh2o zh2o f (ecouple - eeqh20))/(r tempk)])+ar825 *1002825*((Exp[-(bo2 zo2
f (ecouple - eeqo2))/(r tempk)])/(1 + ((i002825*delta*Exp[-(z02 bo2 f (ecouple - eeqo2))/(r tempk)])/(cbulko2
4 £ do2))))))==0, {ecouple,0}, MaxIterations->500];

¢825wp=((1-galvaniccoeff)*corr825) + galvaniccoeff*couple;

7//2«»
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corrsteelwp=ecorrsteelwp /. FindRoot[arsteclactive*i0ferrous*(Exp[(afe zfe f (ecorrsteelwp - eferrous))/(r B .I.)l;z:t[failgl;iﬁ:z?g;ahz?]};; t"’FFOrtra;lel:e:r()lgf)zeszljlf:s}:z:f]iY'eSt'? eIi})’r"tra",FFOrtr[m;FOrm[ete q(i?zl},"
. , JFortranForm , , nForm[o2overpotential],"” m———

R tempk)]) + istp*arsteelpass+ipa55825*ar825-((arsteelpass*i0h205teelpassivc"‘(Exp [-(bh20 zh20 f(ecorrsteelwp e S
- eeqh2opassivesteel))/(r tempk)[)+arsteelpass*i0o2steel *((Exp[-(bo2 zo2 f (ecorrsteelwp - . FortranForm{khenryconst]," *,FortranForm(cbulko2]," "FortranForm(do2],” ",FortranForm{tempk]," e

T eeqo2passivesteel))/(r tempk)])/(1 + ((i0o2steel*delta*Exp{-(zo2 bo2 f (ecorrsteelwp - eeqo2passivesteel))/(r T :: FortranForm[ph]," " ’.F ortr an"F 0,‘: mfhplusconc],” *,Fo r’f'ra?F orm[phpassivesteell,”
— tempk)])/(cbulko2 4 f do2)))))+(ar825%i0h20825*(Exp[-(bh20 zh20 f (e825wp - eeqh20))/(r it S ,FortranForm[hplusconcpassivesteel], ,FortranForm[h2oactenergy]," ", FortranForm[o2actenergy]," s
) tempk)])+ar825*i002825*((Exp[-(bo2 202 f(e825wp- ecqo2))/(r tempk)])/(1 + ((i002825*delta* Exp[-(z02 bo2 — Fortranform{bo2]," ".FortranForm[bh2o]," *.FortranForm(afe],” *.FortranForm[arstecl],”  ——
" f (¢825wp - eeq02))/(r tempk)])/(cbulko2 4 f do2))))))==0, {ecorrsteelwp,0}, MaxIterations->5 00]; ,FortranForm[arsteelpass], ,FortranForm[arsteelactive], ,FortranForm[arfractsteelpassive],
(RO SUS— " FortranForm{ar25]," ",FortranForm[ferrousconc]," ",FortranForm[eferrous]," ",FortranForm[i0ferrous]," ————

",FortranForm[kl1h2osteel]," " ,FortranForm[i0o2steelat298k]," ",FortranForm[i0o2steel],”

isteelactivewp=((i0ferrous*(Exp[(afe zfe f (corrsteelwp - eferrous))/(r tempk)]))*(1-arfractsteelpassive)); " FortranForm[iOh2osteelat298k]," ",FortranForm[iOh2opassivesteelat298k])," ",FortranForm{iOh2osteel],"

S— isteelwp=((i0ferrous*(Exp[(afe zfe f (corrsteelwp - eferrous))/(r tempk)]))*(l- SRR W ",FortranForm[iOh2osteelpassive]," ",FortranForml[isteel]," ",FortranForm[ipasssteel],” S
i arfractsteelpassive))+istp*arfractsteelpassive; ) " FortranForm[isteelactive]," ",FortranForm[ih2osteel]," ", FortranForm[io2steel]," ",FortranForm[k 1h20825]," R
M : YT " FortranForm[i0h20825at298k}," ",FortranForm[i0h20825]," ",FortranForm[i002825at298k],"
S ",FortranForm[i002825]," ",FortranForm[ipass825]," ",FortranForm[ih20825]," ",FortranForm[i0o2825]," o
o ih2osteelwp=(iOh2osteelpassive*(Exp[-(bh20 zh20 f (corrsteelwp - eeqh2opassivesteel))/(r ] . ",FortranForm[i§teelwp]," ",FortranForm[istc§1activewp]," ",FortranForm[ih.2osteelwp]," I
tempk)])*(arfractsteelpassive)); - ",FortranForm[io2steelwp]," ",FortranForm[ih20825wp]," ",FortranForm[io2825wp],"

e ", FortranForm[arsteel*isteelwp],” ",FortranForm[arsteel*ih2osteelwp],” ",FortranForm[arsteel*io2steelwp]," —————

o io2steelwp=((i0o2steel*((Exp[-(bo2 202 f (corrsteelwp - eeqo2passivesteel))/(r tempk)])/(1 + e ",FortranForm[ar825*ipass825]," ",FortranForm[ar825*ih20825wp]," ",FortranForm[ar825*i02825wp]," —
((i002steel*delta*Exp[-(zo2 bo2 f (corrsteelwp - eeqo2passivesteel))/(r tempk)])/(cbulko2 4 f ",FortranForm[currentsum]," ",FortranForm[cathcurrsum}," ",FortranForm[potentialdrop],”

. do2)))))*(arfractsteelpassive)); e [ " FortranForm[resistance],” ",FortranForm[corrsteel],” ",FortranForm[corrsteelpassive]," ——

R ’ R ",FortranForm[corrsteelactive]," ",FortranForm[couple]," ",FortranForm[corr825]," .
ih20825wp=i0h20825*(Exp[-(bh20 zh20 f (e825wp - ceqh20))/(r tempk)]); " FortranForm[corrsteelwp]," ",FortranForm[e825wp]," ",FortranForm[galvaniccoeff],"

— R " FortranForm[istp]],{galvaniccoeff,0.0,1.0,0.05}] T—

102825wp=i002825*((Exp[-(bo2 z02 f (e825wp - eeqo2))/(r tempk)])/(1 + ((i002825*delta*Exp[-(z02 bo2 f s —
(e825wp - eeq02))/(r tempk)])/(cbulko2 4 f do2)))); RU—

currentsum=arsteelactive*iOferrous*(Exp[(afe zfe f (corrsteelwp - eferrous))/(r tempk)]) + et o
istp*arsteelpass+ipa55825*ar825-((arsteelpass*i0h205teelpassive*(Exp[-(tho zh2o f (corrsteelwp -
. eeqh2opassivesteel))/(r tempk)])+arsteelpass*i0o2steel*((Exp[-(bo2 zo2 f (corrsteelwp - eeqo2passivesteel))/(r
_— tempk)])/(1 + ((i0o2steel*delta*Exp[-(z02 bo2 f (corrsteelwp - eeqo2passivesteel))/(r tempk)])/(cbulko2 4 £ ———
do2)))))+(ar825*0h20825*(Exp[-(bh20 zh20 f (e825wp - eeqh20))/(r tempk)])+ar825*i1002825*((Exp[-(bo2

z02 f (e825wp - eeqo2))/(r tempk)])/(1 + ((1002825*delta*Exp[-(z02 bo2 f (e825wp - eeqo2))/(r
— tempk)])/(cbulko2 4 f do2)))))); —

——————

cathcurrsum=ar825*ih20825wp-ar825 *i02825wp-arsteel *ih2osteelwp-arsteel*io2steelwp; ‘ ‘

[ER—

anodiccurrsum=arsteel*isteelactivewp-+istp*arsteelpass+ar825 *ipass825;

el TT—

. potentialdrop=e825wp-corrsteelwp; N

——

resistance=Abs[potentialdrop/anodiccurrsum];

—————s . o

- L n W—

H I ——
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