
FILE No.371 07/14 '00 08:40 ID:SNL ORG.6406z6421 FAX:505 844 8719 

Post-it Fax Note 7671

PAiGE 1/ 9

Analysis of Plume Energy Associate 
Spent Fuel Pool Storage Accident 
R.O. Gauntt 711 3/2000 

Fuel and Canister Dimensions ' ' 

" 0.410 
ra clad:= 6.135mmn rf, -- in 

.2

Tj clad= 5.322mm 

asscmblylength -=4.1wr 

Fuel properties 

Pzr:= 6500 kg 

PU02 := 0.95-10.96-.gm 3 ,.M 

PZy02:- 5-6 3 
Cm 

MW2:, = 91.2-M 
mot 

MW,2=123.2- gm 
mol 

MW0 2 :=3-g 
mot

cam~perirctcrr: 4-5.215-in 

atI=Mister:- 0.12-in

Cpu02:= 370-joul~e 
kg-K 

MWN2: 28 S 
mot

Fuel Assembly Properties--------------

mass~~jd: 64i-9(rald2 - r~ciid 2) .asscmbly jength* p7.  

masscaiswr: assembly length- canyerimeter- 1cns rPZx 

massfiJ.1 -- 62.7 -t rfJ. assembly length- P U02 

ma~ss,,nj, = 43.039 kS 

M"ScIad =49.91 kg 

massr,,. = 225.442 kg

z1>
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Enthalpy (Internal Energy) of Zircaloy, U~k and ZrOz W ,2~m ~ n 

Properties from MATPRO 

U0 2 Internal Energy ' " '- -

-i4 joule 
K1  296.7.K e 535.285-K 0lf 02 2.74- 10 

K2 : 2.43.10-2Y7 ED:- 1.577I01~ 5 ole.l 
kg 

Moi Cp1 UO2!= 50-1 

K3 := 8.74510c R := 8.3143--juek
mci-K 

H.oJid. U02(T) K1.0- + K-27 + 1 3 e Jk 
HU02(T) :r 4V(3l38K - T). Hl,Id- U0 2(*T) + 10(T - 313M-){H.Olid 1J2(3138 K) + AHf uo 2 + (T - 313&K)-P1_uo02] 

T; OK, 10K.. 4000K 

2 

i~e MATPRO Data 

0.2 

04 

ac 400 o 1000 ce 2000 2500 8000 8500 4000 

1.6 Curve Oft to MATPRO 
1.4 

81uoz(T) 1.2 

16 joUcI4 
10 ;S 0.8 

- 0.6

0 500 1000 1S00 2000 2.500 3000 3500 4000 
T

2-
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Zircaloy Oxide Internal Energy 

fil :=56T) 3.055-.10-2_.' 1. 14- 1 {- (K - 2.102495,10 5 + H3o 1 joulek 

L K) 001 kg

H4Cr):i1 .7

+,0.1082- (T>) + 2.6 - 1 1 3001 kge 

+0.1082(.Y T 2 3.9888 le + H3
9 joul 

( K) 00 kg

Is(T [ K).. + 1.39. d0 + H3001]JkS 

1zro(j) :=HI(T) if [(T > 273.0K) A (T < 1478.0K~l 

H2(T) if ((T > 1478-01K, A (T < 2000.0K)] 

H3(T) if [(T 2t 2000.0K) A (1T < 2558.0K)] 

114(T) if [(T 2 2558.0K) A CT < 2973.0K)] 

H5(T) if J(T;ý 2973.01Kl ^ (T < 410ff OK)]

0.0-2~ otherwisc 
k9

T

Hg;=1.194-10

30 

25 

H7, 2 (T) 2 

k9

500

300 coo Q0 1moo 2800 

SUMt 5-3. Zirgloy DXaIk MtMIP) MS., fUN..uor Of I'MCMIUMr

3300
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lEnthalpy of Zr 

(2.6 -0),105 -oll 

Hzr1(T): kg- -(T -300K) 
(110 - 300)K 

(3.5 -26-0ol 

Hzr2(T) k= g - (T - I I 0K) + Hzr, (1100OK) 
(1250 - I 100)K 

(6.75 -3.5) -1 C 

Hzr3(T) emkg *(T- 1250K) -t-Hzr2(1250K) 
(2100 - 1250)K 

(9.25 - 6,75)- 05 jouje 

Hzr4(T) k220 - * OK (T - 2 100K) + Hzr3(2100OK) 

356 joule 

Hzr5(T): Hzr4(2200K) + Kg .(T - 2200K) 

HZXT) :=Hzrd(T) if ((T 2! 300K) A (T -C 1100K)) 

Hzr,(T) if IfT a I1100K) ^ (T < 1250K)] 

Hzr3(T) if ((T Ž 1250K) A (T <2I100K)) 

Hzr4(T) if [(T ;a 2 100K) A (T < 2200K)) 

Hzr$(T) if ((T ?t 2200K)) 

0 -2IL otherwise 
kg 

10 1.  

8 4.0 

10- joul 
kgj 4 0 

2 LO0 
a ~~~~0.0 --.-- -.  

100 700 1100 1500 Iwo0 2300 ~ o o noo 1600 Woo 2300 

T Ternpu.1lwa DO 

Zircciloy crndia2py as a function of' temperature.

4

rz ~ 4/ 1P'
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Nitrogen nhpy* -

H r) := 6.76. -T (.606- I3). ~2 + (O.I3, 1076){. : - 2.044-10 3 a 

H~N(T): [1.117-10.{i) -2.88O0-10{1 -1 5,349-167() -I 1.506 io]'j. joleMWN2 

HN2(T) 30 

kctl 

20 
H14,<T) 

................ .........

RC 
Iandbook 

MELCOR 
Properties

1000 20001000
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Whole Core Propertiesn•.**u *nmms,---mnnnnnsnn*"*** 

580-nmasse]== 2.895 x i 0kg Mass of cladding in 580-element core 

580-massd= 44 Volume of cladding Zr in 580-element core - = 4.454 m' 

PZr 

580"nussai- = 2.496 x 10 4kg Mass of canister in 580-element core 

580.mass,.i. = 3 Volume of canister Zr in 580-element core 
=3.84 

PZr 

(masscanisw + massclad)580 = 5.391 x l0e kg Mass of Total Zr in 580-element core 

[(massicist4 + masscjd)- 580] = 8.294 m3  Volume of Total Zr in 580-element core 

Pz,

Calculate the Energy From Oxidizing a Single Fuel Assembly ... m,.......,,....tr....  

fox = 0.36 Fraction of available Zr which becomes oxidized.  

AHoxy;.= 1.2065.107. j-oue Heat of reaction for Zr in Oxygen AHoxy = 2.882 x 1 3 Cal 

kg gm 

Ech=d fo.mass.1sd.ARO, Ecisr- f0X'massC Aistt'AjoXY MJ =- 10 6joulc 

GJ =- 109-joule 
B-oxy :=Eciad + Ecwnitr 

KW - 1000.watt 

kdad = 216-78 MJ 

Enis,, = 186.935 MJ 

Ey -- 0.404 GJ

4
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Analysis of Burning a fraction of the Zr available 

Zr÷0 2 => ZrO2

masszr: ( - o)- ~ .4.sunsw + assW~) 

moies := ( - asschd + RSScmhwr÷ S:= 'oMW7,

mOlCszr = 366.904 mol 

mo[eso0 2 = molesr 

MOleSN2 = 79-'•9"mo0o 

21

Mass of Zr remaining after oxidation of foy fraction 

Total moles of Zr in a fuel assembly patlicipating in 
oxidation. Air Composition 

21% Oxygen 
79% Nitrogen

Moles of oxygen consumed in bunng foxy 
fraction of the available Zr metal.  

Moles of nitrogen associated with the air- burning of fo, 
fraction of the available Zr metal.

MassZo 2 := f 0. 9(MaSs&d + massi. MWZr- Mass of ZrO2 formed after oxidizing the 
fraction of Zr metal

E.,2 (T):= (masszroXHzro 2(T) + massr'HZ,(T) + massarlHuo2(T) + MOleSN2.HN2(T)) 

EsFbjc(T) %-- masszjo2-HzoT) + massf.rHuo2((T) + maSszr'Hz(T) 

T:= 1500K,1SlOK..4000K 

The graph to the left shows the 
partitioning of energy from the 

,o oxidation of a fraction of the Zr 
in a fuel assembly. The energy 
produced by oxidation, Eoxy is 

00 -- partitioned between the fuel 

i(T) 
assembly debris and an 

,.... amount of nitrogen associated 
with the oxygen in the air. The 

600
09,) ....... red curve shows tha total 
dJ energy of debris and nitrogen, 

400 - .... .... ----------------------- .. -and the blue curve shows the 
. sensible heat retained in the 

............................. debris alone. The difference in 
200 - the red and blue curve is an 

estimate of the plume energy, 

since this is the energy content 
of the nitrogen.

T 
K

-z

M 

M]
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In the above energy partition. I have assumed that the fuel assembly will slump after exceeding 2500K in 

bulk temperature. After slumping, the geometry is assumed to alter so that continued exposure to air is 

precluded. The energy required to cause this slumping is attained after reaching about 33% oxidation of the 

available Zr metal, including the channel boxes (BWR fuel). The plume energy would be the energy 

transported by the nitrogen portion of the air which was involved in the oxidation reactions.  

PlumeEnergy:= molIesN2KN2( 2500K) These values are on a per assembly basis.  

Plume._Enetgy = 100.707 MJ 

If we assume that the BumDuration:= 30min then the power to the plume can be estimated as....  

PlumePower Plume Energy PlumePower = 55.948 KW per assembly 
Bum-nDuratilon 

If an entire core of assemblies is involved, the numbers are multiplied by the number of asemblies. However 

another way to express the results might be in a fraction of the chemical energy that goes to the plume, 

FOXY - Emiabl,(2500K) 

Plumefracion E - E 5oxy 

So, in summary, we expect that a fraction of each fuel assembly would be involved in air oxidation, that 

fraction limited by the degradation of the assembly after surpassing 2500K. That fraction is equal to 

foxy = 0.36 

And, of this fraction of the Zr producing chemical energy, the amount going into the plume is estimated to be: 

Plume-fraction = 0.252 

A final note is that I have assumed that the heat is strictly partitioned between fuel, clad, canister, the oxide 

reaction products and the nitrogen. Heat losses could allow a bit more oxidation energy to be liberated before 

resulting in fuel slumping, so an additional factor might be included to account for this.  

A highly conservative assumption would be to assume that the sensible heat associated with 2500K Is 

retained in the fuel debris, but that the entire amount of zircatoy in the assembly is oxidized. In this case....  

Emax0 y:= (massoIld * mass-5nister)*AHoxy 

Emaxoxy = 1.121G3 

C(S'n=.)S.ad+ MMWzr- ,-o21.,]) + massfr.j'Huo2(T) 
L mas~~~Wi~4MZro

Ed=•4(2500K) = 0.353 GJ

* L2 %1 1

6/ 'Zi
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In this conservative case, the oxidized fraction is assumed to be 100% and the fraction of the oxidation 

energy going into the plume is

Ernaxox - Ed.W(2500K)_ 
______________ -= 0.685 

Emaxox

Plume fraction of oxidation energy under highly conservative 
assumptions.

Executive summary 

We would expect that the fuel assemblies will collapse by overheating at about 2500K which we would 

expect to happen after attaining something on the order of 33% oxidation of the available zircaloy. On the 

basis of an entire core of 580 BWR assemblies, this amounts to

Total Energy 

Sensible Heat in Debris 

Plume Energy =

where,

foSy 580. ma.vxy = 234 GJ 

580.E..ib1(2500K) =175GJ mixture of Zr, oxidized ZrO2 and U0 2 

580. (fon. Smaxoxy - Esmj161 (25O0K)) = 59 GJ

&oV = 0.36

An estimate of an upper bound would be to assume 100% oxidation of the available zircaloy with 

retention of sensible heat in the debris material. In this case, the energy associated with oxidizing an 

entire core of asemblies would partiton as follows:

Total Energy = 580.Emax.,y = 650 GJ

Sensible Heat in Debris = 580- Ed,6(2500K) = 205 GJ fully oxidized ZrO2 and U0 2

Plume Energy - 590. (F.max,,, - Eabi,(2500K)) = 445 GJ

It should be pointed out that the upper bound requires considerably more air to remove heat than 

participates in the oxidation. It is doubtful that such effective drafting could be realized.
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