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1.0 

1.1 ScoDe and PurDose 

The potential for N reactor fuel ignition after hypothetical K basin drainage is 

considered here for fuel configurations and boundary conditions specified by the Spent Nuclear 

Fuel Project (SNFP). Configurations include: 

1. Scrap canisters (open K East canisters containing primarily fragmented 
fuel) partially covered by sludge (on the exterior), 

IWTS (Integrated Water Treatment System) settlers filled with fine fuel 
particulate, 

2. 

3.  

4. 

IWTS knock out pots filled with coarse fuel particulate, 

Scrap (fragmented fuel) in  stylized configurations residing on the process 
table, including hemispherical and cylindrical piles, and 

Scrap i n  a scrap basket on the process table. 5 .  

Fuel mass, metal fraction, and surface area or ranges for these parameters are specified by the 

SNFP in each configuration. Fuel and container exteriors are specified to be dry after the 

hypothetical drainage event, except in the case of fine particulate in the settlers which 

physically must hold water. Credibility of the specified scenarios and input parameters is 

neither endorsed nor judged in this report. 

The purpose of the calculations is to determine thermal stability of fuel given the 

specified configurations, parameters, and boundary conditions. 

FAI/99- 71 1 - 1  August 1999 



SNF-4998, Rev. 0 

1.2 Summarv of ResulQ 

After hypothetical K basin drainage, thermal stability of the various configurations 

examined may be summarized as follows: 

1. Using best-estimate rate law values, scrap canisters are thermally stable 
for the time-average basin ambient temperature of 35°C as long as the 
canister is no more than about 2 5 %  covered by sludge. Use of a higher 
rate law multiplier or a higher sludge coverage makes a scrap canister 
unstable. Stability would be increased for partially filled scrap canisters. 

For practical purposes, IWTS settlers are at the margin of thermal 
stability and are unstable for a time-average basin ambient temperature 
of 3 5 T .  This conclusion would change if i t  could be shown that low 
metal fractions are really passed to the settler from the I W S  knock out 
pot. The conclusions are insensitive to choice of rate law multipliers. 

Using best-estimate rate law values and a modified design, including 
copper inserts, an IWTS knock out pot is thermally stable for reasonable 
contents. For higher rate law values or for the baseline design, an IWTS 
knock out pot is unstable. 

The stable scrap mass in a hemispherical configuration on the scrap table 
is slightly less than, or just about equal to, twice the scrap mass of a 
scrap canister (four barrels). In a cylindrical pile, two canisters' scrap 
mass is stable up to depths of about 0.28 m ( I 1  inches), and one 
canisters' worth of scrap is always stable. 

A scrap basket is thermally stable using bounding input parameters. 

2. 

3. 

4. 

5 .  
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2.1 Scena n o  and m e t e  r Swc ifications 

Here we investigate the ignition potential of material in a scrap canister after a 

hypothetical K basin drainage accident. Figure 2-1 is an illustration of a scrap canister 

partially covered in sludge with heat transfer paths and elevations defined. In this scenario, 

water is assumed completely drained from the scrap canister interior. 

In a worst case, scrap fills the canister to the top as a porous debris bed, and in practice 

variable debris heights are of interest. The sludge coverage fraction external to the debris bed 

is variable. Table 2-1 contains a summary of key parameters. 

Heat transfer in the scrap is idealized by a one-dimensional axial temperature profile. 

The portion of scrap covered by sludge is adiabatic radially because in general another canister 

will be present and the sludge merely tills up inter-canister volume. The uncovered portion of 

scrap canister wall undergoes convection by a thennosyphon mechanism described in detail in 

[FAI, 19941. Thus, the uncovered scrap loses heat like a fin in the direction orthogonal to the 

calculated temperature gradient. This approach is conservative and will yield a conservative 

prediction of ignition potential. Heat transfer coefficients in each direction are discussed 

below. 

The temperature distribution below the sludge level T, and above the sludge level Tz 

may now be derived. The derivation in [FAI, 19941 is repeated and extended here to obtain a 

simplified, closed-form ignition criterion. 
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Figure 2-1: 

Ignition Model for Highly Degraded Fuel Elements in an Open Canister Partially 
Submerged in Sludge. 

Radiation 
and 

Convection 

Fuel Element Debris 

Canister-Tubs Wall ----.. 

Conduction 
ME947107.CDR 3-11-94 
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Parameter Value 
Decay power 2000 WIm’ . 

125’6 m.’ Area per unit volume 

Canister radius 0.104 m 
Canister average height 0.6 m 
Bed thermal conductivity 0.46 wImlK 

75 % Ritchie relative humidity 
reaction rate 

References 
Rounded up Databook bounding value. 
Corresponds to Databook 4.5 m2 scrap 
basket. 
None. 
None. 
For metal in air. 

With various rate law multipliers. 

To simplify the nomenclature during the course of the analysis, we denote by Q the 

sum of the spatially uniform decay and oxidation volumetric heating rates. Thus 

A, 

where A, 

cb 

Qdk 

d 

AH 

= 6 Q - 4 )  
d 

= 

= Scrap porosity (void fraction), 

= 

= Effective particle size, m, 

= 

Reactive area per unit volume, m-’, 

3 Fuel volumetric decay power, W/m , 

Heat of reaction, 3.4 x IO’ J/kg02, and 

fi;x (T)= Reaction rate, kg021m 2 Is. 

The quantity T, in the above equation is the yet-to-be determined maximum temperature 

within the reactive uranium debris bed. The conduction equation for the lower portion of the 

canister with an adiabatic side wall is 
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O < z < t L  d' T, Q - = - -  
d z' k b  

where z - - Vertical coordinate measured from the bottom of the canister, 

L = Total height of the uraniiiiii debris bed, 

kb = Effective bed thermal conductivity, W/ln/K, and 

f = Lower fraction of the canister wall that is not cooled on the outside by 
natural convection (see Figure 2-1). 

The fraction f is a measure of the degree of submergence of the heat generating portion of the 

canister in the exterior sludge. The conduction equation for the upper portion of the debris bed 

where side convection occurs is 

- d2 T2 = - - + 2 - ( T , - T , . )  Q H, f L < z < L  
d z2 k b  R,,," 

(2-4) 

where R,,, - - Radius of the canister, and 

Hs = Heat transfer coefficient for convection off the side of the canister 
divided by the bed thermal conductivity 

The heat-transfer coefficient hg is given by 
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2 where g = Acceleration of gravity, 9.81 m/s , 

P - - 1 / Tm = Expansion coefficient, K“, 

AT = Reference temperature difference, K ,  

V = Air kinematic viscosity, kg/m s, and 

a = Air thermal diffusivity, m2/s. 

The solutions of equations (2-3) and (2-4) must obey the following boundary conditions: 

at the bottom of the debris bed, and 

-(L) = - H, [T2 (L) -T m ] d T2 
d z  

at the top of the debris bed. The quantity H, is the “downward heat transfer coefficient” for 

conduction into the concrete, namely ko,, / divided by the debris bed thermal 

conductivity. 

H, = k, 
R, k, 

(2-9) 

The quantity H, is the “upward heat transfer coefficient” for combined turbulent and natural 

convection heat transfer off the top of the debris bed divided by the bed thermal conductivity: 

(2-10) 
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Here & is the sum of convective and linearized radiative terms: hm = h, + h,. 

h, = 0.1 (:) g P A T  ”’ 
(2-1 1) 

h, = 4ueT: (2-12) 

where E = Overall planar emissivity, and 
2 4  

U = Stefan-Boltzmann constant, 5.67 x lo-’ Wlm IK . 

Note that in writing equation (2-7 ,  we have assumed that the temperature within the concrete 

floor of K-basin and far below the canister is always equal to the ambient temperature. 

The solutions of equations (2-3) and (2-4) must also obey the following temperature 

compatibility conditions at the location in the debris bed that coincides with the surface of the 

insulating sludge (see Figure 2- 1 ) :  

(2-13) 

Solving equations (2-3) and (2-4) yields 

; o < z < f L  (2-14) Q TI (2 )  = T, + - (- Z’ + C, z + C2) 
2 k b  

(2-15) 
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where C,, Cz, C3, and C, are constants of integration and a fin parameter is defined by 

(2-16) 

Substituting equations (2-14) and (2- 15) into the boundary and temperature compatibility 

conditions represented by equations (2-7), (2-8). and (2-13) yields, after some lengthy 

algebraic manipulations, the following expressions for the integration constants: 

where M in equation (2-17) is defined as 

M = in f L + -  [ 

(2-17) 

(2- 18) 

(2- 19) 

(2-20) 

(2-21) 
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Test a pure source with no depletion, same initial distribution, expect to derive average addition rate 
- I  

Ax.( I - C I ,  p 111 270 Fill over a two year period vdCrl := I-'1+---'1 
?.SCC) (I,) 23x 

-9 Vdot = 1 3 5 3 1 0  

Test particle evolution function Expect evolution to a steady distribution when a source is present: 

N : = N ( p  S.a ,,O.oooO1.ql 

Dl(1.N) :=tNdot(300,N,S.~.~.V9,t) v :=rkli\c4N.U.Suc\ , 2 5 l L l l l  1 J :=0..13- I 

I Sll.j+i 
n l .  :=v n2 : = v  114. : = v  I 1111i.J+1 i'jl :=vzSO.J+l I13 : = v  

J l O . j + l  J ?l1.J+1 

Demonstrate a-priori prediction of steady distribution, n4, n5, and NS all align on plot below 

q.Vdot.S,. - 1  I IJ:=RTOS(<.300) U = l  241.10 
'Jb! 

q .Vdd  3, I J  +NSjb+i. ' ,Jb+i, 
b :=B- I NSb:= h:=0..13-2 ,ii,:=13-h-2 NS. , := 

0 NS6=3?Kr lO NS,,= I Y?IU 

9 n j 6  = 3 . 2 W l U  l n j = ~ . v ? ~ o  u 

' (Jb) 
U.', J h l  

6 NS,, = 2.73HIO 

6 n S I 2 = 2 7 3 ~ I O  j :=O..  13- I 

1.1010 

1.10' 

1.108 

- J 1.10' 

1.106 

N. 

" I .  
1 

"5. 
1 

NS. 1.10~ 
1 

- 
- 

1.104 

I.IU' 
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- 1  
S U C I  'I 

Examine steady area distribution. 1 : = ( I , .  1 3 -  I AS :=Ah .NS 
I J I  

C A S l  = 2 I XI13 

J 

Adot : = q . V d u t . x A h l . S I  Ado1 = l.89>10-' 

j 

AS 

L' 1 0 I 

0 
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Stringent Test: Propagation of Monodisperse Initial Distribution 

b : = O . . B - I  N :=IC6 S :=0 N U - i : = I  q : = O  < : = 3  

Dl(t.N) :=INdol(300.N.S.~.~.0) v :I rh l i \d (  N.O.Scc! ,250.1)l ) j : = O . . B -  I 

i :=O. .? jO  I :=v v : = s ~ ~ b ~ 1 1 ~ ~ l r i x ( ~ , U . 2 j ~ l . l , i ~ ~ "  Ndul ,  : = I l N d o t  3llO.v , S , q , < . O j  

ii :=O..X9 Jt,, :=(,,+, - 1 3lIiu . - . \ l ? , y  ._  Ndol.  \ 1  = - I  Number conserved 

b b 

<I > 
I 1.0 

I,,:,\ 116" 

I1 SCC) SCCV 

7 :=- T = (I (139 - = o 64 Particles depleted - 1  I U:=flJo\rc.300) U = I.24I-IO 

Ideal areaversus time: r :=ifir,,,,,<Wl ,U.r,,,,,- lJ.1, AI  : = l . n . a r  ' Iy, :=l ;Sc~y~~ 

n l  : = v  <30' "2Z-v (13 : = v  114 :=v 1,s : = v  

I ?n ij :=0 . .4  NR ~ 0 . 1  RIU :=r3" I<I  :=rH, I<[, :=r I<$ :=r  U I - %I 

after 0 639 year 

Select distributions 

111, : = T I S O  e- Ideal solution 

em> <')U > < I ? ( , >  < lW> 

Ideal versus 
numerical solution 

Vertical line at right 
is the initial radius 
of ail paNcles of 
uniform size. 

Circles indicate the 
ideal particle radius 
at five successive 
later times. Five 
Uistribution cuwes 
correspond to the 
calculated values 
at the same times. 

<I > 
Numerical solution area versus time. Arx : = v  .Ab 

iw-6 
Reactive area versus time: 
Ideal vs numerical solution 

AIi The ideal and calculated 
reaction areas are virtually 
identical. r.lo-' 

h i  - 

0 -i\\ 0 1, 1 U, v, I I  6 0 x I 
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Example particle size distributions Volume distribution functions b = U  U- I 

100 micron mean and standard deviation 50 micron mean, 50 micron standard deviation 

n l  := IPI, 1.0. IO-'. 1.0 IU-' 112 : = 1 1 ~ ' 0 j . ~ ( i ~ . u j . ~ O ~ ~  

A :=zi12~, 2 A ,, = I 542.10 5 
h I-hi, 

u IS u 2  

u I S  

0 1  

81% 0 1  
n " l b  

0 
0 US 

0 115 

n " 
U IU lllu ISU 2011 L J I I  11 Ill IO0 ISU L o a  zsu 

in' rbb 

300 micron mean, 200 micron standard deviation 400 micron mean, 200 micron standard deviation 

n3 := d3.0.10-'. 2.0- I"-' 114 := IW 10. i i i ' . 2  0. i t i". 

~ , , : = X n 3 ~ . -  3 A, ,  = ~ . I U P I U  4 

b rbb 

A : = X i 1 4  .I A ,, = 1.62?10 4 
rIii, 

h 

U.M 
0 1  

b 
nJb O.M a4 

I L 
0 IUS 

0.02 

0 U 
0 IO la, IS0 zuo LIU U IU 100 IS0 LW 2JU 
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tL , (mo.N]  := lnlll-p ,,,.N.Vh 

4 , .pN.Ab 

Function to yield effective 
conduction length given 
oxide mass and particle vector 

- 1  . I  - 1  
I: = 0 3 

, P I l 1 1  I '>IO ' 
R = 0.254 

Ax =0.203 

4c( I - c ) . I  lllIll'p + I l lo  .p 

I t I W A )  

1-R-  i l . cos (0  5.0) 
2et l l , J l l , l l )  p "  =j.IU' 

fAv(mo,N!  := m,+pln.N.Vb 

A , c N . A b  I Function to overall A / V 
in settler 

fTig(A,,mo.mm.E,.X,hj := ' T u i l l t 3 S ~ l  

Tip- root j 113(A , .iii0. 111 5.X. 1i.T ull l j  - I .T ,,,) 
Function for power at ignition point Note To=1 at ignition used to get reaction power 
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Full simulation 100 micron size mean and s.d over 1 year: 

F:=O.OOI p S : = i d '  o s : = i ( P  p ~ u . 5  < : : 3  1 : =scq  

Y := tYO/F,p s,a  s,p,7 ,< '  
Source rate and fraction filled lust be oxide for reference: 

Vdot :=Yi, Vdot = I 176 IO' v d o t , ( i - C  j' S ~ L ~ . A \ - '  = 2 0 1 5 1 0 ~ ~  Ax .po  = I OIL10 

Time, oxide mass, distribution, temperature, reactive area 

<I' := rLlisc4 Y.U.r ,250.I)S) j : = ( I . .  ID- I i :=a,. 250 

3 

Ar :=N<'> .Ab 
<> > N : = q ,  '1. := f I 'SS~j . ino, .N - 273 

1 .8  L I + b  I 
1110 := Y' 

I 1.1 t :=v 
I 8.0 

Select particle size distributions. 

mol :=Y o . i t 6  '" 'j := 1O.j +6 1 1 2  1 :='I' ?U.j+6 1113 j :='I'  1O.j+6 1"41 :=Y210,1+6 

day0 :=t,.Secd-l day1 :=tiu.Sccd-' day2 := t,,.Sucd- day3 : = L  (,i .Seed*' day4 :=t2,;Secd-' 

Check full after one year: 

Reaction power at peak (about 0.5 year) 

Temperature and reactive area. Discontinuity in T when height = 213 diameter 

', ino?,,.p o'i + N<""> . V h ,  .A>-' .( I - c ji = I 026 

Qra := iQr~,<. ' l  + 2 7 3 , . ~ r ,  ma.(Qr) =27,374 

Days for 
curves: 

day4 = 365.25 

day3 = 73.05 

day2 = 29 22 

day1 = 14.61 

da>Q = O  

Particle size distributions for increasing times from lower (solid) to upper (crosses) curves 
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0 0.5 

Time. Ysrr 

_18 

U U.25 U.5 0.15 1 

li"lE, sur 

Fig. 3-1. Settler ignition condition for :=3, 100 micron radius and std deuation, for various fill conditions. 
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Full simulation 50 micron Size mean and s.d over 1 year: 

F:=0.001 ) 1 ~ : = 0 . 5 ~ 1 0 ~ ' o , : : r O . j . I t i ' ~ ~ : = t J 5  <:=i T :=See! 

Y := tYOf F. )I ,u , V , T  ,<': '1' :=rkiisctt Y.o,r .25u.l)S j j :=U.. U- I i : = O . . Z j O  

Source rate and fraction filled just be oxide for reference: 
3 vdol ( 1 - E  j l . s c c v . A \ i  = ~ j x ~ j i . i o l z  ~ \ . p ,  = I.OIFIO 4 Vdot :=Y,, Vdo1 = 4.443 10 

Time, oxide mass, distribution, temperature, reactive area 

Ar :=N<".Ab (1, 1, :=Y,,o ino, :=Y,,s N ,,:=Ll',,,+<, I., :=II 'SS~~.ino,.N - 213 
I 

Select particle size distributions. 

in0 i :=Y O . J + ~  Ill1 1 :=Y 1",1+6 I l l2 1 :=Y ?u,l +6 ,113 I ;='I' (,, +~ In4j '='?50.1+6 

day0 :=lO.Secd-' day1 :=i,,.Sccd-' day2 :=I !I, . S . . d - '  LL day3 :=~,;Sccd-' day4 :=t,,.Secd" 

Check full after one year: 

Reaction power at peak (about 0.5 year) 

Temperature and reactive area. Discontinuity in T when height = 2/3 diameter 

~ il~~J51,.po - I  + N'""' . V b l . / \ ~ - ' . ( I - , : j l = 1 0 4 4  

Or, := l~ rx< . ' l '  + 2 7 1  .Ar, inn.(Qr) =26.535 

Days for 
curves: 

day4 = 365 2 5  

day3 = 73 OS 

day2 = 29.22 

day1 = 14.61 

du.@ 1 0  

Particle size distributions for increasing times from lower (solid) to upper (crosses) curves 
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<i > Conduction length : = t ~ , ~ ~ ~ ~ ~ ~ .  "'> ; , Metal mass: mil? : = p  m , ~  .vb 

External h 11 :=6  

Q, := lyi Avh ,1110~ . i i i i i \  .< .l.e,:l'igi,; 

<I > Bulk A 1 V: 

Tig, := tTig( Avb i,~noi, iml? ,<, Lei. 11, - 271 

Avb := TAv \ i i m ,  N 

0 o s  I 
Time. Ysrr 

1" ' I 
11 0 2 5  0.5 0.75 I 

I inn<. Year 

Fig. 3-2. Settler ignition condition for@. 25 micron radius and std deuation, for various fill conditions. 
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Full  simulation 300 micron mean 200 micron s.d 100% metal over 1 year: 

f : = O . O O l  p '=1.1f4 oq:=Z.l(r4 k i : = I U  < : = ?  r:=Scc! 

Y := lYOiF.& s.a s , ~ . ~ , 6  'I' :=rk I i \d  '~ . (J ,T , 2 j ( l , I l S )  j : = O , . I 3 -  I 1:=0..250 

Source rate and fraction filled just be oxide for reference 

Vdot :=YI,  dot =L)  52210' 

Time, oxide mass, distributlon, temperature, reactive area. 

S '  - 

3 vdoi.( I - j 1  .scc, . A i 1  = 2. I I %l( i '4Ax.p = 1.o13.10 

I, :=Y,," 1110, : = Y , , 5  N , : = ' I J  'I. :=II.SS,:.ino,.N<" - 273 Ar, :=N<".Ab 
1 .  t.1+6 I 

Select particle size distributions: 

1111 :=Y i l l2 I :=v i l l3  I Illy :=Y25" , I+6  mO J :=Yo, ,+6  1 
dayl :=t,.Secd-l day1 :=ii".Sccd-' duy2 : = i  ?" Sccd'l day3 :=li,;Sccd-l day4 :=t?5n.Secd-1 

Check full after one year 
I 

: I I I O ~ ~ ~ ' ~ ~  + N'""' .VhJ .A\-' ( I - c j = 0 978 

Reaction power at peak (about 0.5 year)' 

Temperature and reactlve area Discontinuity in T when height = 213 diameter 

Qr, :=IQr\;:.'l,+273'.Ar, iiia.(Qr) = 5 9 . I  I 2  

Days for 
curves: 

day4 =365 

! 1 1  dqtl = u  

Particle size distributions for increasing times from lower (solld) to upper (crosses) curves 
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100 

s 
i 

4 50 

k 
t 
k 
P 

0 
0 o s  I 

Fig. 3-3. Settler ignition condition for :=3. 300 II radius 200 p std deviation, for various fill conditions. 
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Knock Out Pc 

APPENDIX H 

Transient Thermml Evaluation 

The knock out pot transient thermal evaluation is a refinement of the model presented in 

[Plys, Malinovic, and Duncan, 19991. In the previous model, transient heatup of knock out pot 

contents was modeled by considering the lumped heat capacity of the debris and water in its 

pores. The debridwater lumped internal heat transfer resistance was selected based on 

experience, and found to agree with the results of the ignition theory evaluation, which contain a 

detailed two-dimensional temperature profile. Heat transfer from the debris was equal in all 

directions: The side and bottom of the debris bed transfers heat to basin water, and the top of the 

debris bed transfers heat to overlying water which is assumed at the basin water temperature. 

In the present model, overlying water is considered as a separate heat sink because the 

exterior of the knock out pot is now air. Knock out pot debris transfers heat sideward and 

downward to external ambient. Upward heat transfer is to the overlying water pool. The 

overlying water pool receives heat from the debris, and has its own heat transfer rate to the 

external ambient. Therefore, there are now two lumped heat capacitances in this model. 

Note that a detailed study of the potential for substantial exchange between water 

surrounding the debris and the overlying water pool was made but is not mentioned here in 

detail. The key result is that for this specific application, little benefit can be obtained by 

considering the onset of convection between water in the debris and the overlying pool. The 

physical basis for this conclusion was presented by [Plys, Malinovic, and Duncan, 19991 where 

the onset of natural circulation in knock out pot debris was found to occur at a threshold 

Rayleigh number of about 40, which is obtained when the knock out pot temperature range is in 

the 40 to 60DC range. Experimental results that consider the effect of overlying water were 

obtained by [Rhee, Dhir, and Catton, 19781. Application of these results show that added 

cooling will not occur until reaction power is far in excess of heat removal capability for the 

transient cases considered here. 

FAI/99-71, Rev. I H - 1  October 1999 
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The heat balance on knock out pot debris is (symbols are defined in nomenclature and 

ancillary formulas are found in [Plys, Malinovic, and Duncan, 19991 or the attached Mathcad 

file): 

Q, = A, V, 6 k, exp -- AH [ 3 
0 I - l ) C  

(H-l)d 

And the heat balance on the overlying water is: 

(H-2)a 

Q, = h, A, (TU -$)  (H-2)c 

As with the previous model, lumped debris internal heat transfer resistance is given by: 

FAV99-71, Rev. I H - 2  Ocrober 1999 
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hb = k b  

(0.33 D) (H-3) 

and yields agreement with ignition theory results. The external heat transfer coefficient from the 

knock out pot to the external ambient is he, = S W/m2/K. Thus, the overall heat transfer 

coefficient from debris to ambient is found by combining equations (H-3) and (H-4). Just to use 

a finite value, a heat transfer coeficient of 50 W/mLIK is used for internal water resistance, and it 

is combined with the debris internal and ambient external values for overall resistance. 

Performance of the transient model was checked by evaluating heat balance terms as a 

knction of debris temperature for stable and unstable cases (see the Mathcad file). In the stable 

case the results showed a steady temperature could be attained at about 42T, which is borne out 

in the transient results, and a metastable point exists at a higher temperature, as expected by 

ignition theory. In the unstable case with SO% metal mass fraction, it was clearly shown that 

changes in the model representation of heat transfer between debris and overlying water could 

not appreciably change the predicted time to runaway. Transient results are shown in the 

following Mathcad file and are described in the main text, Section 4.3. 

Nomenclature: 

2 Area for debris-overlying water heat transfer, m , 

Area for debris-external heat transfer, m , 

Area per unit volume for reaction, l/m, 

Area for overlying water - external ambient heat transfer, m , 

Debris plus interstitial water overall heat capacity, JK, 

Uranium metal heat capacity, Jikg/K, 

Uranium oxide heat capacity, J/kgM, 

1 

2 
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Water heat capacity, JkglK, 

Overlying water heat capacity, JK, 

Debris bed diameter, m, 

Debris internal heat transfer coefficient, W/m2/K, 

Heat transfer coefficient, debris to overlying water, W/m2/K, 

Heat transfer coefficient, debris to external, W/m2/K, 

Overlying water height, m, 

Heat transfer coefficient, overlying water to external basin ambient, W/m /K, 

Debris bed effective thermal conductivity, W/m/K, 

Rate law pre-exponential coefficient, kg02/m /s, 

Decay power, W, 

Debris to overlying water heat transfer, W, 

Debris to external heat transfer, W, 

Reaction power, W, 

Volumetric decay power of fuel, W/m3, 

Overlying water to external heat transfer, W, 

Activation energy normalized, K, 

Debris plus interstitial water temperature, K, 

Overlying water temperature, K, 

External ambient temperature, K, 

Debris volume, m , 

Debris metal mass fraction, 

2 

2 

3 
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E 

5 

AH 

Pf 
- 

Pm 

Pw 

Porosity, 

Rate law multiplier, 

Heat of reaction, J/kg02, 

Overall debris density accounting for metal mass fraction, kg/m3, 

Fuel metal density, kg/m , and 

Water density, kg/m3. 

3 

References: 

Plys, M. G., Malinovic, B., and Duncan, D. R., 1999, "IWTS Metal-Water Reaction Rate 
Evaluation" (Fauske & Associates Report FAI/99-26), SNF-4266, Duke Engineering & 
Services Hanford, Inc., Richland, WA, July. 

Rhee, S. J., Dhir, V. K., and Catton, I., 1978, "Natural Convection heat Transfer in Beds of 
Inductively Heated Particles," Trans. ASME Journal of Heat Transfer, Vol. 100, pp. 78- 
85, February. 

Mathcad File: 

FM/99-71, Rev. I H-5 October 1999 



sW-4998, Rev. 0 

File: kpotheat-dry-mcad7.mcd Date: 10/26/1999 Page: 1 

SIMPLIFIED THERMAL EVALUATION OF DRY KNOCKOUT POT 

Martin G. Plys Fauske 8 Associates Inc. 16W070 W. 83rd St. Burr Ridge IL 60521 (630) 323-9750 

SNF Databook kinetic parameters <:= 3 k,, := 119.6 TE := 6945 AH := 1.67, IO7 
oxygen-free U-water below 100 C: 

Average decay power Wlm"3: 

Debris Geometry: 1 ft nominal height, 30% void conservative: 

Q& := 1020 

x 2  D := 0.4064 HI := 0.3 E := 0.3 VI := --.D ,Hf Vf = 0.039 
4 

Areas for external hx 8 hx to overlying water: 

A*:= -.D2 A h  = 0.13 Ah:= (x.D.Hf) + --.D ' A&=0.513 

Metal, oxide, water properties: 

x 

4 4 

pm := 19000 cpn := 150 po := 5000 CP := 300 p w : =  1000 cpw:= 2000 

Heat transfer resistance internal to bad: Approximate resistance of overlying water: 

Functions for average density & 
and volume fraction given mass frac: Pill 

Overall heat capacity as function 
of metal fraction and porosity: 

K ( ~ , E )  := ~ . p ~ . V , c ,  + ( I  - E),[~.c, + ( I  - p).C,].fpa(dVf 

Example for 50% metal and 30% void: 

p := 0.5 fpa(p) = 7.917 x IO' f&) = 0.208 K(~ ,E)  = 7.187 x IO' 

m,c 11.675 mf= 215.655 Cpf = 22s 

Example valuw for rsaction area given 0.2 mm particles: 

d, :a 0.0003 & := 6.(1 - s)+,-' A,:= 4 f l l W . V  

A"= 1 . 4 ~  IO4 A,= 2.917~ 10'kgm2r~'A~i 
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File: kpotheat-dry-rncad7.mcd Date: 10/26/1999 Page: 2 

Temperature Derivative: Vector Y elements are 0 = Fuel Temperature, I= Overlying Water 
temperature, 2 = Metal mass fraction, 3 = particle size, 4 = external hx coefficient, 
5 1  external temperature, 6 =overlying water height 

mdot(t,Yl := 

I 
hfx e ( h L l +  he[')- 

Qhr t hfx,Ah.(Tf - T,) 

hfw + ( h L '  + hL1)- 
I 

Qfw t hfwAW(Tf - Tow) 

Qd + Qr - Qfx - Qh Tdotf t 
d P L . E )  

( -I q - 1  h w x t  h, + h a  

AWX t n . D . H ,  + Afw 

QWX h*AW.(Tow - Tex) 

CW t AwH,.pw.cp, 

Tdotw c (Qfw - QWX)Cw-' 

(Tdotf Tdotw 0 0 0 0 0,' 

fQ(Y) := 

Qr c &.Vr6.16.exp 

I 
hfx + (h;' + he[')- 

Qfx t hfx,Ah.(Tf - T,) 

hfw c (h;' + h, 

Qfw c hfw.Aw(Tf - Tow) 

Tdotf t Qd + Qr - Qfx - Qfw 
fC(P.4 

( - I  -I)-' h w x t  h, + h ,  

AWX t R . D . ~ ,  + A% 

Qwx c hwx,Awx,(To, - Tex) 

CW A ~ H o w . ~ w . c p w  

Tdotw t (Qfw - Qwx).Cw-' 

(Tdotf Tdotw Qd Qr Qfx Qfw Qwx,' 
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File: kpotheat-dry-mcad7.mcd Date: 10/26/1999 Page: 3 

Test of function: 

h,,, := 5 Gw := 20.0.0254 d, := 0.0005 p := 0.1 T,, := 35 + 273 

I := 0. .  60 T, := 293 + i Y (I) := (T, T,, p d, he,, T,, f&w)T Z ( I )  := fQ(Y ( I )  ) 

TC, := T, - 273 Qr, := Z,,, Qfx, := 2 4 , ,  Q ~ W ~  := z~,, %et, := z~ , , .R (~ .E )  

Reaction power and heat losses as function of fuel temperature for fixed 
external air and overlying water temperatures of 35 C, 10% metal fraction, 
0.5 rnrn particles. expected stable. Result shows stability and steady state 
temwrature of about 42 C. 

I50 

IC4 

.’ -... 
-.-* -.-.-._._._._._._._._. 

30 40 so 60 70 FA -so 
20 

FUEL TEMPERATURE. C 

Reaction 
To Basin Air 
To Overlying Water 
Net power 

7 . . . . . . . 
___. 
_.-.. 
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File: kpotheat-dry-mcad7.mcd Date: 10/26/1999 Page: 4 

Test of function: 

he,, := 5 := 20.0.0254 d, := 0.0005 p := 0.5 Tex := 35 + 273 

i := 0.. 60 T, := 293 + i Y (I) := (T, Tex P d, hex, T, Z 

TC, := Ti - 273 Q, := Z,,, Qfx, := Z4,j Qfw, := Z5,, @et, := Z0,,.fC(p,c) 

Reaction power and heat losses as function of fuel temperature for fixed 
external air and overlying water temperatures of 35 C. 50% metal fraction, 
0.5 mm particles, expected unstable. Note net power holds relatively 
steady until about 40 C fuel, and that losses are much smaller than 
reaction power, so a large dT/dt is expected. Note also that changing the 
heat transfer coefficient with temperature won't do much to influence dT/dt 
because heat losses are small compared to the source. 

Reaction 
To Basin Air 
To Overlying Watcr 
Net power 

- . .. . . .. --_. -.-.. 
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File: kpotheat-dry-mcad7.mcd Date: 10/26/1999 Page: 5 

Compare Transient Hirtories: Take care to use same timestep size for each comparison! 

hh = 3.736 h h =  11.407 

Basin temperature 35 C: T,,:= 308 

Water height 33-12121 inches, L 3 20 hw := 20.0.( 

Particle size 0.5 mm: 

lnitital fuel temperature 20 C: 

d, := 0.0005 

To := 293 

1. 10% metal particles - expect barely stable 

- I  

h w : =  (k + 2) 
h, = 4.545 

I hw = 0.508 

Y:= (To To 0.10 d, he, T,, bW)’ Z:= rkfixed(Y,0,2~10’,10M).~dot) 

2. 15% metal particles - expact just barely unstable. 
Y := (To To 0.20 d, h, Tex bW) T Z := rkfixed(Y,0,2~10s. 1000,tTdot) 

3. 50% metal particles 

Y:= (To To 0.50 d, h,, T, bW)’ Z:= rffix~Y,0,2~10s.1000,~dot) 

4. 75% metal particles 

Y:= (To To 0.75 d, he, T,, I€,w)T Z:= rkfixed(Y,0,2~10s,1000,~dot) 

FM99-71. Rev. 1 H -  IO 

TI := Z ( I )  - 273 

T2 := Z ( I )  - 273 

T3 := Z ( I )  - 273 

T4 := Z ( I )  - 273 
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