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Activity Purpose is Measurement of Spent Fuel
" Intrinsic Dissolution Rate in Aggressive Groundwater €

Quantify Effect of Groundwater Contacting Spent Fuel
— Develop Data Set for Analysis-and Modeling

+ Develop a Bounding Intrinsic Dissolution Model

 Model Should Be Reliably Extrapolated

* Since Fuel Matrix is UO,, Dissolution Differences Should be
Due to Burnup Factors, e.g. Concentratlons of Radionuclides
in Spent Fuel ' A

e Unirradiated UO, is Surrogate for Spent Fuel and Test of
“Zero Burnup” E



Méasure_ Intrinsic Dissolution of UO, and Spent Fuel
Using Flow-through Method

o

N . "~ Solution o



Selection of Variables and Conditions for Data Set C

e Simulate Environmenf (Referenced to J-13 Groundwater)
~ Oxidizing ' ’
- Groﬁh'dweter Alka»linity,
— Carbonete ‘ae.Aggressive Surrogate for Groundwater lons
~ Elevated Temperature
o Ler‘rgr-'term'Coriditions Mey Vary Frem Nominal
— Pick Plausible Conditions |
— Wide-Range of Conditions

- Be Aggl:es',sive for Conservatism



Aqueous Chemistry Based on J-13 Well Water Analysis |

Table 2.1.3.5-2. J-13 Well Water Analysis

) Component Concentration Component Concentration
(hg/ml) . , (ng/ml)
Li - 0.042 Si 27.0
Na 43.9 F 2.2
Koo, s e o G 6.9
‘Ca . ' 125 ° " 'NO3 9.6
Mg 1.92 S04 - 18.7
iSr -/ o 0.085° 7 T.HCO3® 125.3
Al 0.012 :

Fe 0.006 pH 7.6



Selection of Experiments

* Bracket Conditions
— Oxygen: 80 ppb to 8 ppm (0.2% to 20% gas phase)
— pH: 8010 |
— Carbonate: 0.2 to 20 mmol/L

— Temperature: 25:Cto 75 C



YMP Spent Fuel Dissolution Data .~~~
Examine Five Variables Simultaneously |
* Coupling of All Five Variables Studied - .-~

Steward and Gray (1 994) ' : .
and WFCR (1997)
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Two Other Published Data Sets Measure-
Only Two Variables at a Time on UO, jC

« The Two Other Published Data Sets Cover Only Patterned Areas
» Some Reports Examined Only One Variable ( e.g. pH at 25°C)
* Other Available Data Outside Repository Conditions
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Statistical Experimental Design (DOE) Allows for
Robust Multivariate Modeling L

 Minimizes Experiments Needed to Fit Model Type
| 2 More than One Variable Changes at a Time

e Picks Variable Settmgs that are Umformly D|str|buted in the
‘Experimental Space -

* Provides Regressible Dataset for Modeling* = - ..i -
e Experimental Conditions are’ Independent - -

 — Assures Best Fits and Statistics

o No Confoundmg v

' » Confusion of Variable Effects (e.g. carbonate)



19 Experiments Allowed for Full Second Order
Model in All Variables

e Same Test Matrix Used for UO, (LLNL)
and Spent Fuel (PNL) Studies

* SF Grains and Large Polycrystalline UO, Samples Used
» Replicates at Mid-Values Checked on Reproducibility

 Designs can add to Previous Designs or Data



A
A

Current 49 Run Dissolution Data Set Has

25 SF Runs and 24 UO, Runs S C]

BURNUP TEMP C0O3 Q2 PH Diss. Rate
(MWd/kgU) C {mol/L) (atm) (mq/m’/d)

0 25.00 0.019953 0.001995 8.00 ~ 0. 215797
0 26.10 0.000200 0.001995 10.00 . 0.232558
0 26.10 0.001995 0.001995 9.00 . 1.5158152
0 ‘50.00 " 0.019953 ’0.001995 | 10.00 i 4599407
0 75.00 0.019953 0.001995 10.00 . 5.610000
0 75.00 0.000200 . 0.001995 8.00 ' 0.510915
0 25.80 0.000200 0.019953 8.00 - 0.118689
0 25.80 0.019953 0.019953 10.00 1 1.871345
0 50.00 0.001995 |- 0.019953 9.00 .12.300717
0 50.00 0.001995 0.019953 9.00 - 7.959083
0 50.00" 0.001995 0.019953 9.00 110.361842
0 +75.00 0.000200 0.019953 10.00 9.210299
0 75.00 0.019953 0.019953 8.00 - 5113193

0 25.00 0.019953 0.199526 8.00 | 2.421000
0 25.00 0.000200 0.199526 10.00 - 2.554155
0 25.00 0.019953 0.199526 9.00 6.719085
0 25.00 0.001995 0.199526 10.00 '~ 9.342891
0 - 75.00 0.019953 0.199526 - 10.00 77.376698
(0] " 75.00 0.000200 0.199526 . 8.00 ‘10.876331

0 75.00 0.000200 0.199526 - 10.00 6.480447
-0 75.00 |. 0.001895 0.199526 - 9.00 23.262205
-0l 75.00 0.019953 0.199526 -+ 8.00 54 .000000
.30 19.00 0.000200 0.001995  10.00 . 0.507000
30 21.00 0.001995 0.001995 9.00 1.870000
30 23.00 0.019953 0.001995 8.00 . 2.830000
‘30 50.00 0.019953 0.001995 10.00 : 1.040000
‘30 74.00 '0.019953 0.001995 10.00 0.693000
‘30 78.00 '0.000200 0.001995 8.00 1.980000
30 25.00 0.019953 0.019953 10.00 -:2.050000
30 27.00 0.000200 0.019953 8.00 1.790000
30 74.00 0.019953 0.019953 10.00 . 4.750000
‘ 30 77.00 0.019953 0.019953 8.00. ¢ 2.880000
30 78.00 0.000200 0.019953 10.00 ! 1.,490000
30 21.00 0.000200 0.199526 10.00 " 0.629000
‘30 22.00 0.019953 0.199526 8.00 "~ 3.450000
- 30 22.00 0.019953 0.199526 9.00 i 2.830000
30 22.00 0.001995 0.199526 10.00 v 2.040000
30 50.00 -'0.001995 |- 0.199526 9.00 6.340000
30 50.00 0.001995" 0.199526 9.00 - 7.050000
30 50.00 0.001995° 0.199526 9.00 - 5.070000
30 74.00 0.019953 0.199526 10.00 14 200000
30 74.00 0.000200 0.199526 8.00. 8.600000
31 25.00 0.020000 0.200000 8.00 ~ 3.100000
31 25.00 0.000200 0.200000 8.00 t 2.400000
31 50.00 0.002000 0.200000 9.00 © 7.000000
31 75.00 0.020000 0.200000 8.00 " 6.900000
3.1 - 75.00 0.000200 0.200000 |- 8.00 9.700000
44 25.00 0.000200 0.200000 8.00 3.000000
50 22.00 0.020000 0.200000 8.00 1.500000




AWYMPILLNL Multlvarlate Uo, Dlssolutlon Results
Similar to Existing Carbonate Studies

pH Varles for YMPILLNL Data Pomts
' " DRAFT
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Some Acidic Dissolution Data Available

UO2 Dissolution Versus pH

at 20°C
100
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25 Dissol'uti'oh'*Experiments Performed on UO,-H,0 and U,0,

L

. Umrradlated UO3 H O and U308 Are Surrogates for Oxldlzed
Spent FueI B . N

e 16 Experlments Reqwred for FuII Nonlmear Model in AII
~ Variables .

e 9 Addltlonal Runs Formed Complete Set of Hi/Lo
Temperature Pairs: - -

e Variable Ranges Same As UO, '
— Temperature . 251075°C .
_ Carbonate ~ 0.0002 to 0.02 Molar -

-pH - 8010



Dissolution Rates Increase in Higher Oxides
and at Higher Carbonate and Temperature Levels |®

Compai’i‘s'on of Dissolution Rates at Boundary Conditions

pH .Carbonate Oxygen Temp Dissolution Rate
(mgU/m2.day)
(mol/L) (atm) 'C Spent UO3 U3z0g UO3:-H20

Fuel*
ATM-
103
8 0.0002 0.2 25 3.9 ~5 ~100
8 .0.0002 0.2 50 5.4
8  0.0002 0.2 75 8.6 11 ~6 5200
8 0.02 0.2 25 3.5 2.4 19 ~700
8 0.02 0.2 50 38
8. .0.02 . 0.2 75 54 ~150  >1500
10  0.0002 0.2 25  0.63 2.5 0.8 >100
10 . 0.0002 0.2 50 3.1
10  0.0002 0.2 75 6.5 ~3 >150
10 0.02 0.2 25 20 21 ~200
10 0.02 0.2 50 26
0.2 75 14 77 ~200 >1000

10 0.02

* From Walt Gray (PNNL)



Different Modeling Approaches Investigated'i? |

o Classical Chemical Kinetic Rate Law First Used

« Non- Equmbrlum Thermodynam|cs Foundation of Later

Formulations
- Based on Energetlcs Across Solid-Liquid Surface

— Onsager Form Works Near Equilibrium

- ButIer-VoImer Form Applies Under All Conditions— ~ ~

Intrinsic Dissolution is Far From Equmbrlum



Classical Chemical Kinetic Rate Law

| - _E
R=[A]*[BJP[C]"[D]°...e RT

Z aj H ]
z b, H TP

Simple Form

General Form

*Stumm and Morgan
“Aquatic Chemistry”



UO, and Spent Fuel Rates Have Different 0xygen
Dependenmes

UO2 Data Exhlblted About Half-Order Oxygen Dependency
.at All . Conditions . e

= 0,->20 or 1/2:0,>0
» Possibly Surface Oxygen Decompositionor
Redox Couplmg R

. At 25°C Spent Fuel Rate was Almost Independent of Oxygen
Concentratlon -

e At 75°C Spent Fuel Reactlon Orders Between 0.35 and 0. 73
Observed - |



Only Spent Fuel Data Show Strong Temperature

and Oxygen Interaction

L

Classical Chemical Kinetic Rate Law:
— Rate = k[A]?[B]°[C]°[D]“... exp(E./RT)

UO,: log(D){mg/(m?/day)} = 4.824+0.275l0g,,[CO,]+ |
0.448l0g,([0,]-0.2710g,,[H]-1685/T r2=0.79

SF: log(D){mg/(m?/day)} = 9.234+0.142l0g,,[CO,]-
16.73l0g,,[0,]-0.140l0g,,[H]-2133/T+ 6.81l0g,,(T)l0g,,[0,]
| | - r2=0.85

Oxygen <--->Temperature Coupling May Be Radiolysis




.\J_.

Regression Fits of 20% Oxygen Results Similar

 UO,: log(D){mg/(m?/day)} = 4.650+0. 274Iog10[CO3]
- 0. 187Iog10[H] -1500/T | o
| r2—0 79

. SE: Iog(D){mgI(mzlday)} 7.202+0. 226|og10[C03]
- 0.09110g1[H]-1628/T
220,95

* Without Oxygen Dependence Results are Similar



Onsager Form of Rate Equations for Regression C

Rz{AL}.eéf%}.{nAl.- [CO5]+ A2:[0, ]+ 43-[H* [} {46 - R- X4-logso([COs - [02]-[H*])]

L Ug =y

R={A4-e§}-{1+A1-[CO3]A7 +A2.[02]A8 +A3-[H+]A9}- {A6—R'X4'10810([C03]'[OZ]'[H+J)}

L Hs =Ly

e L.is an Onsager Coefficient
» No Onsager Form Worked Well



Two Forms of Butler-Volmer-Like Models Tested C

“* First Butler-Volmer Form used Polynomials in the Bulk Concentration
Variables of the Liquid and the Spent Fuel (Burnup)

- Represented chem|ca| potentlal and electrochemlcal functlonal
‘terms

« Second Butler-Volmer Form Had Logarithmic Polynomials of
Concentrations: Representing the"ChemicaI:Potentials

- Logarlthmlc Functlons Correspond to Accepted Functlon
Representatlons for Ideal and Non Ideal Solid and Luqund
Solutions . - -



Second Form of the Butler-Volmer-Like Model Is Best C

* First Non-Logarithmic Form is:

. In(Rate SF) = a0 + al. BU + a2.IT + a3. CO3 + a4 02 + a5 H+
a6-BU.IT + a7-BU- 02 + a8 BU-H + a9.CO3- 02 +a10-C032 +
al1.022 + a12.BU-02.IT k- Radiolysis Term

. Second Logarlthmlc Form is:

. In(Rate SF) a0 + a1-PCO3 + a2-PO2 + a3-PH + a4-PO2.IT +
a5.-LBU-IT + a6.L.BU-PCO3 + a7-LBU-PO2 + a8-LBU-PH + a9.IT2
+ a10-PCO32



Loee

-

_ dnuing WBN/PMIN 08~ 12 10u a1k sputod ejep [onj juads Z Ajuo Ing oA 1988 s smoys dnuing

(dnuinq 049z) on 10} Ajtenoiued ‘Ajgeloipasd sajejodesixa pue [jam ejep Sii [9pon

£=Hd 0} lIam se paje|odexnxa pue 0L=Hd 1 [apoui 1Saje| jo uospeduioy

- ) {9) emmwsedweg

(NBX/PMN)
dnusng

oz-om

or-0zm o

09-0r 1y

08-091
001-08m
0z1-001 g
or1-0Zt m
09s-0rt
081-09t m
00z-081 m

ajeuoqied [BlOl WZO0'0 pue
uabAxo spaydsowyy ‘gi=Hd e
ajey uo[injoss|g--|9poW J3WOA J3Ing

-

e

(Aep/zw/Bw)
" e1sy uopnjoss|q -

- e, o>
- o4 (9) sunyesedwey
S © o. N e
; OL e ® © 3 3 5w
- . 09 g 00 L
° 08 S
] 23 >
.:.__“_.“.u:,mq,.f (oY A B 2108 . -
Cr0e LT T, oY - o

. 020m .., 02 T L7 2] 09 mm.s..
- ov-ozm| - -0 AT S £108 3
. og-ovpl, - - .-|g PP 7 2 008 B o
: ... . " LTI 1 o 4 %

08-0903 - At i T % ' e 5774 ON—.. m\u
“004-08mf ‘L ¢ T e T ort =
0zt-00tqg| . TR e R T st 0o T
ori-0Zim e PRI 6] b bk ge 08

. "|'||o9t-0orin SR - ; il 002. -5 ¢
' 081-09t m 57 SEs
002°081 m B e el ) ()
o 7y AR RHD ,.?—,..n,...u.,.,...s.q s

ajeuoqied [BJOL WZ0°0 pue
uabAxo opaydsouny ‘z=Hd e

.7 “eiey uopnjoss|a--l9poi J9WIOA-13]INg PUODAS -

Bl jjom ered %on serejodenxg pue eyeq Bunsixg sid [9POI




Slightly Modified Intrinsic Dissolution Model
Provided to PA Recently by Bill O’Conneli

.WFCR R1 Model O’Connell 2 Model

* Term Coeff. (a) ~ Term Coeff. (a)
01 1.161868 01 0.5105
1 PC03 1.547418 1 PCO03 -0.0767
2P0O2 -1.672304 2PO2 -0.3242
3PH 0.260294 3PH : 0.0531
4 IT*PO2 384.146973 41T -1173.78
5IT*LBU 584.818339 5LBU -0.1042
6 PCO3*LBU 0.147972 ‘6 IT*LBU 561.3420
7 PO2*LBU 0.174971 7PCO3*LBU  0.1092
8 PH*LBU -0.285106 . 8PO*LBU 0.1440
9IT**2 -3.727218E+05 9 PH*LBU -0.3091
10 PCO3**2 -0.345209 10 IT*PO2 369.2896

| ' 11 PCO3**2 -0.3531

Differences: - 1/T substituted for (1/T)2: More Like Standard Form

LBU Lmear Term Added: Obeys Model Heirarchy
i.e. Every Variable Has Linear Term
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WFCR and p’ConneII Models Similar

Second BV Model--Dissolution Rate at pH=8, Second O'Connell Model--Dissolution Rate at pH=8,
Atmospheric Oxygen and 0.02M Total Carbonate Atmospheric Oxygen and 0.02M Total Carbonate
| 180-200 AT TR AR ey T
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40 50 60 70
70 80 90 49

Temperature (C)

— 0 Connell Model Yields Slightly Higher Dissolution Rate at Zero Burnup--U02

Not Important leference for Reposntory Condltlons

‘



Simpler Models Including Burnup Do Not Fit Well

e Using Classical Chemical Kinetic Rate Law Gives a R? of only
0.60

~ Rate = K[BUF[O,PCO,[F[H*]¢... exp(E,/RT)

- Using,SoIid Characteristic of;Bur'n:‘u‘,p in Homogeneous
Rate Equation is Not Really Appropriate

* Data ‘Currently Show Differences Between SF and UO,--
Presumably Radiolysis (Burnup'DiﬁerenceS)
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Model Can Be Applied to Technicium and lodine |

e b, s vv"r, q
Uranium Dissolution Rate .[mg/m2/d] - - .° Technicium(99) Dissolution ..Rate:"[pg/m2/d]
pH=8,-0.001 M Carbonate, 0.2 atm 02 . pH=8, 0.001 M Carbonate, 0.2 atm 02
m90-100 :90-100
i > |070-80 -
100 ER: . ) ;
90 [t . |B60-70.| 1" :eo 70
o . B50-60 e .50-60
& m40-50 | g2 | IJ40-50
2q .- |B20-30 [ 2 E 70 .20-30
%E 6679, 2 (m10-20 | %’ o 60 ﬂ10-20
8 g @o-10 | §<= 50 0-10
a~ ’ , ..E Burnup
A (MWd/kgM)
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P
o
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U,O4 Dissolution Exhibits a 20% Smaller
Activation Energy Than UO,

Classicél Chemical Kinetic Rate Law:

Rate k[A]a[B]'-"[C]"[D]d exp(EalRT)

U 08 |°91o(D){m9/(m2/daV)} =
~ 7.95+0. 649Iog10[CO3]+0 106log,,[H]- 1333/T r’=0.88

— Interaction Terms of Carbonate With Temperatui'e
‘and pH Improve Fit Significantly => r?=0.95

U;0,: |°910(D){m9/(m2/daY)} =
6.93 + 0.649l0g,,[CO,] - 1307/T , r2=0.86

UO,: log,y(D){mg/(m?day)} =
5.83+0.334log,,[CO,]-0.157l0g,,[H]-1685/T r’=0.83



Rate Law Fits U;04 Data Well

Classic

Contourplot at pH

8 and 20% Oxygen |
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