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1.0 INTRODUCTION AND PURPOSE 

Interim storage of multi-canister overpacks (MCOs) containing spent nuclear fuel 
(SNF) generates issues of increasing gas compositions within the MCO, notably oxygen, 
because of it’s flammability properties. The safe storage of the SNF in MCOs can be 
demonstrated by using conservative conditions with modelled values. Current thought is 
to provide 0.5 atm overpressure of helium to the MCOs prior to the 40 year interim 
storage. However, using ‘worst case’ conservative conditions, such as low reactive 
surface areas on the uranium fuel, the modelled results (Duncan and Plys 1998) show the 
oxygen concentrations to be above the 4% limit. This document proves, using 
conservative conditions with a zero reactive surface area and backfilling the MCO with 
1.5 atm overpressure (2.5 atm abs) of helium prior to interim storage, the MCOs can 
maintain oxygen concentration levels below 4 mole %. Also, a hypothetical case exists 
with an MCO containing only K East fuel with a range of little to none reactive surface 
areas and an initial backfill overpressure of 0.5 atm (1.5 atm abs). Again this document 
demonstrates, using modelled parameters, that this condition remains well below 
4 mole % oxygen over the 40 year storage period. 

2.0 SCOPE 

The subject scope includes input values from modelling calculations in 
HNF-SD-SNF-TI-040, Rev. 2 (Duncan and Plys 1998) with a revised (increased) helium 
backfill pressure to demonstrate that oxygen mole (or volume) concentrations, after 
40 years of MCO storage, do not exceed 4% over a range of low reactive surface areas. 
Conservative input variables are utilized, including a zero reactive surface area, along 
with a bounding uranium oxide hydrate value (0.1 1 kg/mz) which is correlated with the 
amount of oxygen generated per reactive surface area via radiolytic decomposition. The 
major modelling input revision is the increase of the initial helium backfill pressure in the 
MCO from 0.5 atm to 1.5 atm overpressure (or total 2.5 atm absolute). In principal, any 
oxygen generation rate can be mitigated through an appropriate backfill pressure (Duncan 
and Plys 1998). Also considered is the case of only K East fuel with no reactive surface 
area at 1.5 atm absolute backfill pressure. 

3.0 KEY INPUTS AND ASSUMPTIONS 

Revisions to modelling calculations are included in Appendix A (re-formatted 
MATHCADTM file from Duncan and Plys) and noted in bold face type. Modelled input 
parameters include the following as noted in Appendix A 

Decay Power: A range of MCO decay power values, from 10 W to 770 W, is included 
in the calculations. An average MCO decay power is 396 W. 

Radiolysis: Al(OH)3 radiolysis is by gamma dose alone with 
g(H2) = 1.2 molecules/100 eV and g(O2) = 0.225 moleculedl00 eV. 

I 
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UOs .xHzO radiolysis is by alpha, beta, and gamma sources with g(H2) = 0.165, 0.05, 
and 1.2, respectively. uo3 .xH20 g(0z) values are 0.083,0.025, and 0.1 1 for alpha, beta, 
and gamma, respectively. 

Conservative values are included such as 8 kg aluminum hydroxide, 0.1 1 kg water/m2 
reactive surface area from uranium oxide hydrate, 200 g free water, and a range of low 
(and zero) reactive surface areas. The minimal to zero area is associated with minimal to 
no fuel scrap and undamaged fuel rods. Note that the 200 grams of free water remains as 
a constant over the range of reactive surface areas, including zero reactive area. This 
term is bounding since the amount of free water is associated with the cracks in the 
damaged fuel surface (reactive surface area). Helium backfill overpressure is increased 
from 0.5 atm to 1.5 atm (2.5 atm abs) prior to interim storage. 

A separate conservative case is demonstrated assuming no Al(OH)3 with minimal tozero 
reactive surface areas at a helium backfill pressure of 1.5 atm absolute. 

4.0 CONCLUSION 

The plot in Appendix A, on page A-1 1, shows that use of an initial helium 
backfill pressure of 2.5 atm absolute in the MCO results in acceptable oxygen mole 
concentrations per low (and zero) reactive surface areas under conservative conditions. 
The ‘worst case’ condition of zero reactive surface area using this initial helium backfill 
pressure results in an oxygen concentration less than 4% over 40 years. A comparison 
plot, on page A-12, shows the results from an initial helium backfill overpressure of 
0.5 atm (1.5 atm abs) in an MCO using conservative input values. Page A-14 shows the 
results (oxygen below 3%) from the hypothetical condition with an MCO filled with only 
K East fuel and minimal to zero reactive surface areas at an initial helium backfill 
pressure of 1.5 atm absolute. 

5.0 REFERENCE 

D. R. Duncan and M. G. Plys, 1998, “MCO Internal Gas Composition and 
Pressure During Interim Storage,” HNF-SD-SNF-TI-040, Rev. 2, DE&S Hanford, 
Richland, WA. 
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MCO 02% AND MAXIMUM PRESSURIZATION: RADIOLYSIS AND GETTERING OF 0 2  
Goal is 0 2  concentration at end-of-life, or max concentration, so H2 gettering not considered. 

RANGE OF Q AND A, DATABOOK G(02) VALUES, 8 KG AL(OH)3, 
BOUNDING 0.1 1 kg H20 / m"2 FROM U03.2H20,200 G RESIDUAL H20 (NO U03.2H20 
DECOMP) 

B Y  Martin G. Plys, Fauske & Associates, Inc. 16W070 W.83rd St. 
Burr Ridge IL 60521 Phone 630-323-8750 

FOR Hanford Spent Nuclear Fuel Project - Duke Engineering & Services Hanford 
- Richland, WA 
Contact: Darrell Duncan 509-372-1013. 

DATE: June, 1998. 

Calculation Technical Basis and Assumptions: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

IO. 

Decay power varies per HNF-SD-SNF-CN-006 RegulatorylSafety Design Basis: 

source 1995 2040 lamda tau Where lamda in l/year and tau in year 
alpha 26.3 32 -4.36e-3 -159 Alpha increases as fraction with time 
beta 65 22 +2.41e-2 28.8 
gamma 42.4 14.3 +2.42e-2 28.7 Note decay power in W/MT here 
TOTAL 133.7 68.3 1.49e-2 46.4 

Average MCO decay power is 396 W, bounding power is 776 W, and fuel mass is 6339 kg. Alpha, beta, and 
gamma fractions from 1995 above are applied for all total MCO powers. So for example, alpha power in an average 
MCO is = (26.3/133.7) * 396 = 77.9 W. 

MCO temperature is directly related to decay power as a function of time -- so 0 2  gettering is 
related to. 

AI(OH)3 radiolysis is by gamma dose alone with g(H2) = 1.2 molecules / 100 ev [HNF-SNF-CN- 
0061. g(02) is either 0.225 [same ref] or 0.6, conservative stoichiometric value. AIAJ gamma 
absorption = 35%. 

Uranium Oxide Hydrates are represented by U03.2H20. 

U03.2H20 NOT ALLOWED TO DECOMPOSE THERMALLY - RESIDUAL H20 
EVAPORATE. 

U03.xH20 radiolysis is by alpha, beta, and gamma sources with g(H2) = 0.165,0.05 and 1.2 
respectively, using the 11% water fraction when x=2 [HNF-SD-SNF-CN-0061. U hydrateRI 
gamma absorption = 86%. 

U03.xH20 g(02) values are: 0.083,0.025, and 0.1 1 for alpha, beta, gamma respectively from 
[same ref], but a gamma value of 0.6 is a conservative stoichiometric value. 

No hydrogen gettering - only occurs when Oxygen is depleted. This is OK because it allows the 
maximum presssure to be calculated, before substantial H2 gettering, and the max. 0 2  
concentration. 

Oxygen gettering by Ritchie's moist air correlation, since H20 present, with a minimum limit of 
Trimble's dry air correlation. 

A- 1 
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11. Bounding values are: 1.5 atm backfill overpressure, 2.8 kg water from AI(OH)3 with no 
removal, 0.77 kg water from U03.2H20 7 mA2. Inputs may differ from bounds. Best-estimate is 
0.055 kg H20 / m Y  from U03.2H20; bound is 0.11 kglmA2. Bounding area is 8 mA2. 

** Note on units: time in years, mass in grams, area in mA2, with appropriate conversions used. 

1 .O INPUT AND DERIVED VALUES 

Avogadro's number: 
Conversion factor J/100 ev: 

MCO volume, mA3, 

and backfill temperature, K 

Fuel Mass (grams): 

U03 Hydrate mass per unit area gramlmA2: 

Max g H20 from U03.xH20 & max g Al(OH)3: 

Free H20, g, bounding value: 

Amount of water from U04.2H20 if no AL(OH), g: 

Molecular weights of AI(OH)3 and U03 hydrate: 

g(H2) & g(02) value for AI(OH)3, moledl00 eV: 

g(H2) values for U03 hydrates, molec/100 eV 

g(02) values for U03 hydrates, molec/100 eV 

g(H2) values for free H20, molec/100 eV 

Na :=6.022 la3 
Jev :: 1.6.10-'7 

V,, = 0.5 

Tbf= 298 

M ,:=6.339106 

= I 10 BOUNDING 0. I I kg/mA2 ! 

UH,, = 770 
AL,, = 8000 

mh = 200 

mud = 54 

MA = 78 
Md = 322 
Mw= 18 

?&= 1.2 
g, = 0.225 

ghu,= 0.165 
0.05 

g,,= 1.2 

&,,= 0.083 
0.025 

&,= 0.11 

A-2 
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g(02) values for free H20, molec/100 eV 
&,= 0.8 
&p= 0.265 
&,,= 0.25 

Relative gamma absorption for AI, U, H20: 
rQ, = 0.35 
rQ, = 0.86 
e,,., = 0.38 

Power fraction for AI(OH)3. Multiplies initial power; decays with time per below. 

fp, = r Q q  42.4 

fp, = 0.1 1 1  
fpw=26.3 

@“a = 65 

fp, = rQ,. 42.4 

133.7 

133.7 

133.7 

133.7 

Power fractions for U hydrates, Each independently decayed with time. 

Qua = 0.1967 
f p  up  = 0.4862 
fpuy = 0.2727 

Power fractions for for free H20, each independently decayed with time. 

fpwa :=Qua 
fpwp := fpup  
tp, = rQ,. 42.4 

133.7 
fp ,  = 0.1205 

Decay rates for alpha,beta,gamma, and total power based on 1995 to 2040 changes. Note alpha 
power increases slightly, so rate is negative. 

h a = -4.35931f3 

A-3 
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a a = 0.0149 

a :=2.hI'4.3 
45 (42.4) 

h = 0.0242 

2.1 FUNCTIONS FOR REMAINING MASS DUE TO RADIOLYSIS 

2.1.1 AI(OH)3 radiolysis fractions and example for 396 W in 6339 kg (W/g unit used): 

1 a. 3 f l .M ,h.(JeV.Na)-'.(360024.365) 

h a. = 2.684910' 

A ,(Q,t) := ao'ghay@ay'Q,(;hy*- 

A Y  
Fa(Q,t) :=el\ 

Fraction (mass or moles) AI(OH)3 left as function of MCO power, time 

F a( 396,40) = 0.9643 

Fraction left in average MCO after 40 years: 3.6% decomposition. 
-zy. t  

@ha(Q,t) :=-h ao%hay.fpay.Q.e 

Derivative of fraction: Used for HZ radiolysis rate 

dFha(396,20) = -8.736Plo4 

About -0.09% per year implies -3.6% over 40 years 

dFoa(Q,t) :=-I ao~goay~fpay .Q.e~hy ' t  

Derivative of hction: Used for 0 2  radiolysis rate 

2.1.2 U03.2HZO radiolysis fractions and example for 396 W: 

A. uo :=M f l , M  uh.(JeV,Na)-1,(360024.365) 

I uo = l.6626104 

r\ u(Q,t) :='uo'ghuy'fpuy'Q,(,.hy'- uo'ghuP'fpup'Q,(ehp.'- I ) + b  uo'ghua.fpua.Q, 

' Y  ' P  ' a  
A JQ,O F JQ, t) :=e 

A-4 
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Fraction (mass or moles) U hydrate left as function of MCO power, time 

Fu(396,40) = 0.503 

Fraction left in average MCO after 40 years: 50% decomposition. 
Derivative of fraction for H2 radiolysis rate: 

- n p t  - h a *  dFhu(Q7t) :=-h uo.ghuy ' fPuyQe~h7*-  uo'ghup.fp,pQe 

dF hu(396,20) = -0.0166 

- A  uo'ghua'fpua'Q,e 

About - 1.6% per year implies >50% over 40 years (rate varies strongly) 0 2  production from radiolysis of 
U03.2H20: 

dFou(Q,t) :=-A u o ~ g o u y ~ f p u y ~ Q ~ e ' b y f -  A u o ~ g o u p ~ r p , p ~ Q ~ ~ h P  t-  A u o ~ g o u a . Q u a . ~ . ~ * a ' t  

2.1.3 Free water decomposition 

1 wo :=M f ' , M  ;(Jev.Na)-'.(360024.365) 

h wo = 9.2939lO6 

Fraction (mass or moles) U hydrate left as function of MCO power, time 

Fd396,40) = 0.9225 

Fraction left in average MCO after 40 years: 8% decomposition. 

Derivative of fraction for H2 radiolysis rate: 

-hr.f -Ap . '  -h;t dFhw(Qst) :=-A w 0 . g h v ' f p v ' Q . e  -1 wo'Bhwp'fpwpQ.e - h wo.ghwa.fpwa.Q.e 

dFhw(396,20) =-1.98661c3 

About -0.2% per year implies 8% over 40 years 0 2  production from radiolysis of free H20 

dFow(Q,t) :=-A w o ~ g o v ~ ~ v ~ Q e  
- a y *  -sat - A wo~gowp~fpwp~Qe-hP*-  A w o ~ g o w a ~ f p w c r ~ Q e  

A-5 
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2.2 FUNCTIONS FOR U GElTERING RATE AND WATER VAPOR PRESSURE 
Water vapor pressure: 

( , , . 3 3 9 - 7 )  
fp sat( T) := e 

PSat(323)= 1.1851.104 50COK 

Ritchie correlation for U-H20-02, below 100% RH, below 100 C, agrees best with data BUT goes below 
dry air correlation at about 37 C - so switch to McGillivray dry air. Ritchie units of mg/cmA2/hr, converted 
to grams 0 2  per mA2 per year.; McGillivray units of kg/mA2/s similarly converted. 

I1 '10.876 Ritchie 
,t(T) := 1013.8808-5769.6.T-1 

Ktrim(T) := 107.19-3732.T-1 '10,876 Trimble 

T,, :'(5769.6- 3732)(13.880& 7.19)-' 

T cor = 304.5376 

Switch correlations here 

fKo(T) := if(TrTcor, Krjt(T). K trjm(T)) 

fKo(323)~0.l.(8766)-' = 1.042910-4 OK@50 C in mg/cmA2/hr Shows nodiscontinuity 

fK0(323)~10'3~(3.15~107)~~=2.902410~10 OK@5OCinkg/mA2/s 

fK (T cor + 0.01). 

fKo(TCor- 0.01).163~(3.15107)-I = 2.395alo" 

(3.1 4 lo7)-' = 2.401411I-~ 

2.3 RELATIONSHIP BETWEEN MCO POWER AND GAS TEMPERATURE 

For 396 W MCO, Conservative low temperature drops are: 
13 C delta-T vault gas to Tube wall; 15 C across gap; 3 C to scrap average; 
so hmax for delta-Tmin: 396 I (13+15+3) = 396 / 3 1 = 12.8. Conservative value is 13 W K  
Min. Getter temperature, given MCO power, vault entrance 

FTmin(Q0,t) = O o .  exu(-h,.tl+ 12 
13 

A-6 
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Nst(Q):= T o t i T m i ~ Q , 0 ) + 2 7 3  

fP sat (T o) .V,,.( 8.314T0)-' 

9*10h Parabolic kinetic rate law. Units are m"2Iyr. Answer at 50 C is :mA21s, 
or 6e-16 mYIyr. If Mathcad says zero, then change 'zero tolerance' in menu 

XFe(T) :=3.15107~10~4~5.566310~11~~~6295~6T~' 

KFe(323) = 6.012210'6 

Getter area, m"2, given current moles and net molar production rate 

fAget(nO2,dno2,T) 
7.8 2 

3.0 FUNCTIONS FOR GAS EVOLUTION WITH TIME, MCO POWER, GE'ITER AREA, AI(OH)3: 

3.1 H2+H20: With no hydrogen gettering, H2 + H20 is a function of time until 0 2  runs out: 

mh2(Q,A,ma,t) :=Nst(Q) + Nw(Q.A,ma)( 1 - F .(Q,t)) +Nwa(ma) .( 1 - Fa(Q,t)) + N K (  1 - F ~ Q ,  t)) 

A-7 
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3.2 02: Oxygen gettering depends upon time-dependent MCO temperature, and must be integrated. Need 
a trick because Mathcad demands a function F whose arguments are t,Y where t is time and Y is a vector of 
state variables. Output of F is a vector dY/dt. Trick dY/dt = 0 for constant terms needed. 
d02dt( t, Y) := Q-Yo 

A c Y ,  

ma+Yz 
R c  Y3 

y4- if (y4<0) ,0.y4] 

NucN,(Q,A,ma).FU(Q,t) 

N,+N wa(ma).Fa(Q,t) 

02+ '4 

Nw+Nfw.Fw(Q,t) 

sorcac-dFoa(Q,t).Na 

SOXU c -dF ,,(Q, t).N 

sorcwc-dFow(Q,t).Nw 

Tgettffmin(Q,t)+273 

s inkc (R.A).fKo(T get) ,32-' 

netcsorca + sorcu + sorcw - sink 
dO2dtc net if (No2>0) +(net>O) 

0 otherwise I 
First, assign scrutable names to elements of Y 
Q = Power, A = Fuel Area, ma = AI(OH)3 mass, 
R = Rate law multiplier, No2 = 0 2  moles 

Make 0 2  moles > 0 for numerical purposes. Current U03 hydrate, AI(OH)3, and free water moles 
Current source rates from radiolysis 
Current gettering rate by U surfaces 
Net rate includes sink when there is 0 2  present, or at least when the rate is positive (net rate is 
zero when no 0 2  and sink exceeds source). Definition of rate of change: Here the 
trick is used, dY/dt-0 for constants 

F(t,Y):=(O 0 0 0 d02dt(t,Y))T 

Integrating function to just get 0 2  moles at t years: 

Test function for average MCO, bound AI(OH)3: 

A-8 
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T 
Y t [ Q  A ma R 30.10-'] 
lastc t 
ZcRkadapt(Y,O,t,last,F) 

(zt5' ),,, 
fNO2(400, 1,8004 1,40) = 0.3075 

t ~ ~ ~ ( 4 0 0 , 2 , 8 o o a  ~ 4 0 )  = 7.43sr i f3  

Conclusion: Average MCO will NOT have oxygen buildup! 

4.0 RESULTS: 8 AL(OH)3,0.11 kglmA2, RATE MULT=I, 2.5 atm total from He backfill 

m, = 8000 AI(OH)3 bounding mass, grams 

R =  1.0 Rate law multiplier 

Parametric variation for various power and getter areas: 
Power 10 to 770 W, general increments of 50 in the range, 
Area up to 5 mA2 with 0.25 increments below 1.5 
Q =  16 Q :=50.q 

The reactive surface area range is at 0,0.005,0.01,0.025,0.05, and 0.1 m"2 

Qo=lO .Q16=770 

a:=0..5 

Hydrogen: 

Oxygen: 

A : = ( O  0.005 0.01 0.025 0.05 0.liT 

nhzqsa := fN h2(Qq, A,,ma, 40) 

no2q,a := fN02(Qq, Aa, ma, W) 

Helium backfill: Pbf = 2.5 
I l  he : = P bf 16 .v mco' (8.3 14T bf)-' 

he = 50.4526 

Functions for concentration and pressure: 

q,a+ nh2q,a ntot := n he + no2 
q,a 
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0 2  Mass in g a m s  

M02a,q := (if(no2q,a>0,no2q,,, ").3 

I a,q a,qIo) 
02%a,q := i 02% > 0,10002% 

P a,q := ntot q,a ~8.314(ffmin(Qq,40) + 273) .Vmco7 '. 1 6 '  

0 2  Generation rate at timet, gramslyear GIVEN calculation of no2 already (above) as an input: 

fdno2(Q,A,ma,R,Aget,no2,t) := Y+[Q A ma R Aget no2IT I d n c  d02dt(t, Y) 

Required getter Area, mY: 

AFEa,q := fA get (%, fdn 02(Qq, Aa, ma, 
32 
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Oxygen Percentage at 40 Years as a Function of MCO Power for Various Reactive Surface 
Areas, Case of: 8 kg AI(OH)3,0.11 kg/mA2 water from U03.2H20,200 g Free H20, BF Helium at 2.5 

0 100 200 300 400 500 600 700 800 
MCO Power, W 

0 m"2 - 
0 0 0.005111~2 
X X 0.01 mA2 
0 0 0.025 m Y  
+ 0.05 m"2 
+++ O.lm"2 

RESULTS : 8 kg AL(OH)3,0.11 kg/mA2, RATE MULT = 1.0,Z.S atm He BACKFILL 
Oxygen concentration as function of area, m"2 (row=constant A) and 
power, W (column=constant Q) 
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MCO Pressure (atrn abs) Over 40 Years, A in units of m2, Q in units of Watts 

Oxygen Percentage at 40 Years as a Function of MCO Power for Various Reactive Surface 
Areas, Case of: 8 kg AI(OH)3,0.11 kg/mA2 water from U03.2H20,200 g Free H20,l .S atm abs He 
Backfill 

0 100 200 300 400 500 Mw) 700 800 
MCO Power, W 

0 mA2 - 
0.005mA2 

X X 0.01 mA2 
0 0 0.025 m"2 
+ 0.05 mA2 
+++ 0.1 mA2 
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4.0 RESULTS: 8 AL(OH)3,0.11 kg/mA2, RATE MULT=l, 1.5 atm He BACKFILL 

m a '  '=0 AI(OH)3 no mass, grams 

R =  1.0 Rate law multiplier 

Parametric variation for various power and getter areas: 
Power 10 to 770 W, general increments of 50 in the range, 
Area up to 5 mA2 with 0.25 increments below 1.5 

Qo= IO Qls = 770 = o..16Qq :=5o,q 

a:=O.. 5 

Hydrogen: nh2q,a ::fNh2(Qq,Aa,ma,40) 

A :=(O 0.005 0.01 0.025 0.05 O.l)T 

Oxygen: no2q,a :=fNo2(e, A,, ma, R, 40) 

Helium backfill: Pbr= 1.5 

n he :=Pbfld.Vmco~(8.314Tbf)~' 

Functions for concentration and pressure: 

ntot :=n he + no2 + nhZq,, 

n he = 30.2716 

q,a q,a 

02%,,~ :=n02q,;(ntOtq,a)-' 

0 2  Mass in grams 

M02,, = (if(n02~20, no2,,0)).32 

02%,,~ := if(02%~,~>0,10002%,,,,0) 

P :=ntot 4.314 f f m m  Q ,40 + 273 Vmm-'.lO-s 

0 2  Generation rate at timet, gramdyear GIVEN calculation of no2 already (above) as an input: 

fdnoZ(Q,A,ma,R,Aget.n02,t) := Y-[Q A ma R Aeet no2jT 

Required getter Area, mA2 

a,q q,a ( ' ( q 1 1. 

I dncd02dt(t,Y) 
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Oxygen Percentage at 40 Years as a Function of MCO Power for Various Reactive Surface 
Areas, Case of: (KE fuel only) no AI(OH)3,0.11 kg/mY water kom U03.2H20,200 g Free H20 

MCO Power, W 

0 mA2 - 
0 0 0.005mA2 
X X 0.01 mA2 
0 0 0.025 m"2 
-+ 0.05 m"2 
+++ 0.1 m"2 
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