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Waste Form, Characteristics---Release Rate Design/PA 
Why? 	 Requirement Statements NRC part 60 

Substantially complete containment of waste package 

Release rate limit (1000 yr inventory) engineered barrier system 

What Characteristics? Initial state and rate response 

Radionuclide inventory evolution 

Alteration rate response 

Dissolution rate response 

Focus of Presentation 

• 	 Spent Fuel Alteration and Dissolution Testing/Modeling for Release 
Rate Response 
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Waste Form Characteristic -	 Use of Rate Responses 

Release Rate Expression (Rapid Release neglected) from Waste Form 

Raqueou s [Containers Failed} @ [Waste Area Exposed] @ [Waste ~ 

Area Wetted} @ [Water Volume} @ [Inventory Dissolution 
Rate] 

@ 

where Raqueou s is subject to solubility limit constraints if applicable (non- 
colloidal solutions). 

Waste Area Exposed > 	 Alteration Rate Response 

Inventory Dissolution Rate > 	 Dissolution Rate Response 
and Inventory Evolution 
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Basts of WF Testing and Modeling Activities 

Waste Form (WF) - Spent fuel + DHLW (glass) + ? 
- Characterized by a set of "state variables" 

Waste Form Responses - Time history of "state variables" 

_>WP Itlitial State (t = O) 
evolves/degrades in time as a 
function of temperature 
environment, gaseous 

environment and water/ 

chemistry environment to a > WF State (t) 


WF Release at time (t) depends strongly on WF State (t) 

WF BOX 
Release Ltistory Gaseous Histo 

Degraded state (t) 
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• ~~ilasle Package Enviroll l l le B o u n d a r y  C o n d i t i o n s  -
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O R N L  D W G  86-332 

B O I L I N G - W A T E R  R E A C T O R  SPENT FUEL 
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•Fig. 1.5. Radioactivity and thermal power of 1 metric ton of heavy metal of BWR and PWR spent fuel 
as e function of burnup and time from reactor discharge. 
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•Illustrative Purposes Only 
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Source "rertn Release Rate Diagralwl 


lo la l  Radionuclide Release Rate 

Gaseous plus constra ined solut ion 
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Oxidalioil of I_WR Spent Fue l '  
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Oxidatiotl of. FragtiletitS of "l~irkey Point Fuel 


~' 360oC 

0 
O N 3.0 

[] 325°C 
295°C 

A 283°C 
13:: O 250°C 

°e,-~
(i) 

2 . 8  - .,.v'--" 

| 2.6 
0 

I ~ ' ~ _ .  

2.4 
O)
:>, 

(~ 2.2 

0.0 I I . 

, .  

1 10 100 I 00() I O[)t)O 
Time, Ii 

SI' I I I l I IE22P f25 NWIFIB/ IO 14116 92 



Spe=lt Fuel Oxidation ,Response--Collceptualization 
for Model 
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~olution/Release Rate T~,.9~ng 


Types of Testing: 

)\ \ \  1. Flow thru dissolution 

2. Saturated dissolution 

3. Unsaturated dissolution 

B... Volume that can contai. 

subvolumes of Water- Bf, 

\ y
\ SI)e=d Fuel (SF) - Bs, 

\ 
and Moist air-  B a 

All tl.ee tests have same mass bala.ce equatio.: 


"Rate of concentration change in water" equals "the spent fuel rate 


of dissolution from spe . t  fuel surface" minus "rate of precipitate 


formation" minus "rate of colloid formatio=~ " 




Dissolution Testing Flow Through Test 


Ci 

Control: inlet water chemistry-C i 
rate of flow-V_Af 
temperature - T 
solid s~J~tace (SF)- A s 

VAf 
SF 

BIB Water 

Measure outlet water chemistry- C o 
Infer "dissolution rate" as function 
of temperature and Water chemistry 

ese/=4/~ms JcJ.o= 



D~~olution "resting 
Saturated "reSt (lots of water) - not =l=oving- 

\ 

I,-1 SF 
Precipitates 
Colloids 

• ' " . 7 ,  . .  

Colllrol: inilial water clmlllislwy(WC) lenll)eralule (1) 
Measure water che=nistry (discrete times) 
Inter (soluble)"dissolution rate" 
Inler (precipilates)"solubility limits"Cp 
See Colloidal particles-lillralioll- 

i" .~  j ~ r .  n 7  P l  S l ~ J $  n l  



Dissolution/Release Rate Testing-- 
Unsaturated Tests (with water moving) 

J VAfI Precipitates 
dI Colloids 

I Water \ dC i  /~/
I Alteration I '  . d  

\ 


Control: inlet WC; C i, T' V_Af 
Measure: outlet WC; C-Co+Cc+~ii~;i: ~ 
Solution concentration C O 

VAf Precipitates-Ct~- Speciation 
- Solubility Limits 

Colloids-C o 
o.~  p Surface Area-A s 

Infer-Release R a t e - ( C o + C c + C p } / ~ t  



., Mode l  Deve lo l ) lnent  Test ing  


Type of 
"lesting 

Flow Thrt.J 
(lully welted 
tlow) 

Saturated 
(tully welted, 
.no tlow) 

Unsaturated 
(lilm welted, 
flow) 

SF Wetted in 
defected 
C!a,dding 

Time 

Short 
(weeks) 

iLong 
(years) 

, Long 
(years) 

SIIorl & 
Long 

Precipitation/ 
Solubilily 

limited 

No 

Yes 

Yes 

Yes 

k 

Colloids 

No 

Yes 
(some) 

Yes 
(lots) 

Yes 

Test 

Control 


Excellent 


Good 


Diliicult 


Dilfict=lt 

Data Obtained 

Dissolution 
Rate 

D!sso!ut!on/ 
Release Rate, 
Speciation/ 
Soli=bility, and 
colloids (some) 

Dissolution/ 
Release Rate, 
Speciation/ 
Solubility and 
Colloids (lots) 

Dissollllion/ 
Release Rate 
Delect Ellect 
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~ S p e n t  Fuel Data Show Temperature and Oxygen 	 \ 
Interaction 

• 	 Class ica l  C l lemica l  Kir let ic Rate Law: 


) Rate = k[A]"[B]b[C]c[D]d...exp(Ea/RT ) 


• UO2: Iog(D){tng/(n12/day)}i = 4.824+0-2751Oglo[CO3]+ i 
' 1  

0.4481Oglo[O2]-0.271oglo[I-I]-1685/'I" 	 r2=0.79 

Si:: Iog(i})lMD~U/(ili:~/di;ly)} = 9.23,'1ttl. i,i21oglolL;O:~j- 

t 6.731og~o[O2]-O.1401Og,oLH]-2-133/T+ ~6.81 log ~o('F)loglo[02] 
, ;  f ,, , r2=0.8 5 

....~ATM-103 [PWR, 33MWd/kgM, 0.25% FGRJ 

J 




,~'Regression Fits of 20% Oxygen Results Similar 


• UO2: Iog(D)[mg/(In2/day)}.= 4.650+0.2741oglo[CO 3] 
- 0.1871Og~o[H]-1500/T 

r2=0.79 

• SF: !og(D){mg/(!n2/day)} = 7.202+0.226!Ogto[C03] 
- 0.091 Ioglo[14]-t 628/T 

1"2=0.95 

J 
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SPENT FUEL RADIONUCLIDE RELEASE 
- Depends on fuel type and test conditions 


Release under Unsaturated Conditions 

- Colloids identified as clays containing soddyite and schoepite 

Fifth Leach period, High-Drip Rate, ATM-103 Fuel 

Unprecip. 3-nm Filter Colloidal 

Species (/JCi/mL) (/JCi/mL) (pCi/mL) 


Cs-137 4 N.A. N.A. 

Pu-239 5 x 10 -5 4 x  10 -7 5 x 10-5 

Am-241 2 x 10 -4 3 x  10 -6 2 x  10 -4 

Cm-244 4 x 10 -4 3 x  10 -6 4 x  10 -4 


• Release under ~ Conditions 

Third Cycle, Final Solution, Turkey Point Fuel 

400-nm Filter 

Species (/JCI/mL) 


Cs-137 24 
Pu-239 x 10 -7 

Am-241 2 x 10 "7 
Cm-244 8 x 10 .8 

~110NAC 

i / /&\ 
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The release of radionuclides from glass depends on the reaction conditions, the 
glass reaction rate, and the reaction progress. 

Glass aged by contact with vapor, water contact in bathtub mode 

Radionuclide Am 4 x 10 -6 7 x 10 -3 
Released to Pu 8 x 10 -6 6 x 10 -3 
Solution (/JCi/mL) Np 1 x 10 -5 1 x 10 -5 

Colloids observed: 	 iron-rich clays, iron silicates, calcium actinide phosphate, 
uranium silicates 

Glass aged by contact with vapor, water contact in dripping 
mode 

. J t 

Initially all of. the radionuclides are released as a solublefraction with 
the solubilities ranging from 7 x 10 -3 to 1 x 10 "$ pCi/mL ' 

After several years, the release values revert to distributions shown In 
Example 1 

Fresh glass, high surface area (glass), bathtub mode 

Tc and Np are released as soluble fractions at a. long-term rate of up to 
0.2 and 8/JCi/mZ/day 

+, 

t + 

B ~  p 

,p++~ + ~  %,I, 
/ A \  

- - j  

+%- o, °+." 



Pe mance Assessment-  Bas=s of Design 


PA Radionuclide Release Response Analysis (Aqueous) 


~Release Response !t) , 1 ¢= [Container7 |~Am°untWFTArea VWaterwetted7| FDiss°luti°nl 
LStochastic/Probab,hst,cJ Fa,lure j (~) L|lnvent°rY|Exp°sed Area J(~)|Lgm/m2/yr |_1 (~) L 	 iRate 

r WF state rSubject to 	 WFContainer + response 	 Hydrology/solubility 	 (cladding/ water dissolution
materiallimit/colloidal 	 oxidation/ chemistry (degraded

responseconstraints alteration) responses state) 
J 

response~Area increasesj 	
jJ 

"De.~ign" -	 do things to minimize release response "history" tO wneet 

repository requirements specifications 


coupled with fact 
Design- parameter/controls 1. container/material response 1 that waste form 

(interdependent) 2~ temperature history ,~ response is 
hydrology (thermal) history waste form 
water chemistry history reSponse 
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I • • •
Summar - - -Waste  Form Aiterat,on/Dmssolutmon 

Provided preliminary WF response models for TSPA93 

• Focused spent fuel testing: 

alteration response of spent fuel by oxidation to U409and 
U308 

dissolution testing of spent fuel over inventory, oxidation 
phase, and water contact modes 

Colloidal characterization activities planned for both spent fuel and 
glass waste forms 


