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1.0 SUMMARY AND PURPOSE

1.1 Scope and Purpose

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

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

3 IWTS knock out pots filled with coarse fuel particulate,

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

5. Scrap in a scrap basket on the process table.

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.
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1.2  Summary of Results

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

examined may be summarized as follows:

L. 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 25% covered by sludge. Use of a higher
rate law muitiplier or a higher sludge coverage makes a scrap canister
unstable. Stability would be increased for partially filled scrap canisters.

2. For practical purposes, IWTS settlers are at the margin of thermal
stability and are unstable for a time-average basin ambient temperature
of 35°C. This conclusion would change if it could be shown that low
metal fractions are really passed to the settler from the IWTS knock out
pot. The conclusions are insensitive to choice of rate law multipliers.

3. 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.

4, 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 (11 inches), and one
canisters' worth of scrap is always stable.

5. A scrap basket is thermally stable using bounding input parameters,
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2.0 SCRAP CANISTER EVALUATION

2.1 rio an r ification

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.

2.2 Model

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 fills up inter-canister volume. The uncovered portion of
scrap canister wall undergoes convection by a thermosyphon mechanism described in detail in
[FAI, 1994]. 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 T,

may now be derived. The derivation in [FAI, 1994] 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.
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Table 2-1: Key Parameters for Scrap Canister Stability.
Parameter Value References
Decay power 2000 W/m’ | Rounded up Databook bounding value.
2
Area per unit volume 125.6 m" Corresponds to Databook 4.5 m*® scrap
basket.
Canister radius 0.104 m None.
Canister average height 0.6 m None.
Bed thermal conductivity 0.46 w/m/K | For metal in air.
Ritchie relative humidity . . oo
. 75% With various rate law multipliers.
reaction rate

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

Q = (1-9)Qq +A, AHm,, (T,,,) -1
6(1-

Ay = ( ¢) (2-2)

d
where A, = Reactive area per unit volume, m,

¢ = Scrap porosity (void fraction),

Qi = Fuel volumetric decay power, W/ m3,

d = Effective particle size, m,

AH =  Heatof reaction, 3.4 x 10’ J/kgO,, and

m, (T)= Reaction rate, kgO,/ m?/s.

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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‘: ;‘ = - % 0 <z < tL (2-3)
where z = Vertical coordinate measured from the bottom of the canister,

L = Total height of the uranium debris bed,

Kp = Effective bed thermal conductivity, W/m/K, and

£ = 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

2
d T = - —Q—+2 (T,-Tu_) fL < z < L (2-4)
d 22 kb Rc.‘m ’
where R.,, = Radius of the canister, and
H, = Heat transfer coefficient for convection off the side of the canister
divided by the bed thermal conductivity
H, = M (2-5)
kb

The heat-transfer coefficient hy is given by

h, = 0454k, [ﬂ@g—] (2-6)
va
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where g = Acceleration of gravity, 9,81 m/s?‘,
B =  1/Te = Expansion coefficient, K™,
AT = Reference temperature difference, K,
v = Air kinematic viscosity, kg/m- s, and
P = Air thermal diffusivity, m°/s.

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

dT,
-37(0) = H, [T, (0)-T,] (2-7)

at the bottom of the debris bed, and

dT, _ _ )
oL = -H [T, ©)-T.] 2-8)

at the top of the debris bed. The quantity Hy is the "downward heat transfer coefficient" for

conduction into the concrete, namely k., / R, divided by the debris bed thermal

conductivity.

H, = —= 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:

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

033
A
h, = 0.1 [3‘3 T) @-11)
va
h, = 40T, (2-12)
where € = Overall planar emissivity, and

c Stefan-Boltzmann constant, 5.67 x 10°® W/m2/K4.

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):

T (L) = T,¢L ; St = Sl (2-13)
dz dz
Solving equations (2-3) and (2-4) yields
T (2) = T,,+E?(-—b(-zz+C,z+C2) L 0<z<fL (2-14)
T,@) = T,+-3Re (1+C,e™ +C,e™) 5 fL < zL 2-15)
: ® 2k, H,
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where C;, C,, C3, and C,4 are constants of integration and a fin parameter is defined by

T [E__Ii,_] (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:

HS._ (FLY + Zf:[‘ . Hu,(l +M) e gmib0-0
R H, (m-H,)
€ = (m+H,)({+M) @17
(l _ M) emLI' L Sus N e emL(.'!—l')
m-H,

H m L. C-J (l“ + Hu) el‘ml,

C, = m—;—)e + —ry (2-18)

C, = 2fL+—r?_;—‘s‘"m(C4 et -Cye ) (2-19)

C, = —E{-L— . (2-20)
where M in equation (2-17) is defined as

M = m[fuﬁlﬂ (2-21)
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Test a pure source with no depletion, same initial distribution, expect to derive average addition rate:

-1

.. - N - -
ﬂ.l_h_i- | — +_m‘_'."7_“~q Vdol = 1.35210 9

2-5eey n, 238

Fill over a two year period. Vdol =

Di(t, N3 := (Ndot{300.N, 5.n,0, Vdot) voErklixed NL O, Seev L 250.D1) =083~ 1

M =N Vb oAM= INdol 300N S 0,0, Vdot) Vbep iRy

i:=0., 230 NJ.'i :=vid.+l ‘ ) . 0
= oz =6 S . -6 e =&
Mdot =Vdot-p M Mdot =3.13910 Mzsu_Moy"lzso'lu =3513»(0 dM0—>.139-10

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

N:={N{u .0 ,0.0000L7;
DI(t,N) :=fNdot (300.N. 8, 0.5, Vdot) v =rklined N0 Seey 250D =0 B= 1

D2, = Vay i nd =V ik

ny. !

n4 i '_stn.j«i-l

nl, T Vioe) +1

P TVi0 41

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

11

Ui=fUox(E,300) Us=1241=10 n-Vdol S,
— eNs A
n-Vdol 8, 0 TS vt
bi=B-1 NS i=— 2  b:=0.B3-2 j:=B-b-2 NS, =
Ui, b r
Up)
(8] . 7 . ]
NS£2=2.731‘HO N.\6=3.23(PIU Nh”= |.92|0
6 - 7 - &) .
n3 , =2.73810 n3, = 3.23¢10 n3, = 19210 1:=0.8B-1
110" T T I T

25
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Stringent Test: Propagation of Monodisperse Initial Distribution

- o= 176 = - =() E .=
bi=0.B-1 N_:=10° S =0 N,_ =1 =0 5:=3
DI(t,N) ;=iNdot(300,N.5.n,£.0) voi=rklised( N, O, Seey ,230,01) ji=0.B-1
1:=0..250 l1 =V oV :=submmrix(V.U.ZSU.l.B}l Ndoll =2 (Ndot .‘1(](),v<'> 85,1.45.0;
= 2 : = - = . =-
=0, 249 J.tu : t“+l t Atm : .\t:_w Ndot - it ! Number conserved
U:i=iUoy(E.300) U=t24110 1 o= ™%t o063 '™ _ye4  Particles depleted
U-Seey Secy after 0.639 year
i it ] ] Y- ey ey
|deal area versus time: r =TT a0 - Ut /\lI =4 ' ty =1 Secy
pl =y 0% 2™ 3T s 5= Select distributions
jji=0.4 NR”. =01 RI =y RL =r I{I2 =, Rl i=r . Rlj=r o < Ideal solution
! ] Ideal versus
numerical solution:
_ Vertical line at night
13 is the initial radius
g of alf particles of
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2
2 aryE ] Circles indicate the
E ideal particie radius
at five successive
later times. Five
005 - T distribution curves
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Galcutated values
L at the same times.
tor0 ro” tor * tog”?
arvicle mdius, m
Numerical scolution area versus time. Arx =V Ab
110 ¢ T T T T . )
Reactive area versus time:
{deal vs numerical solution
AL The ideal and calculated
! wo? |- i reaction areas are virtually
: identical.
0 ] ] ]
0 0z G4 ub 13 |
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Example particle size distributions: Volume distribution functions. b=y B=-1
100 micron mean and standard deviation 50 micron mean, 50 micron standard deviation
nl =P L0107* Lo n2 =PL0. 510705007
: 3
AyEdnl= A, =69510] AyEY A =154210
l‘bb ? rb,
0.13 T T I | 0.l T T T T

nlb Ith o1 H —
s

wos 4
ittt H””Hﬂﬂﬂﬂﬂ.ﬂnnn ) ””ﬂﬂnnnm"n,,.___

U5 ~

] |
0 5¢ 1011 150 RN 250 0 0 1t 1] (311 200 250
10% b, l06-rbh
300 micron mean, 200 micron standard deviation 400 micron mean, 200 micron standard deviation
n3:=(3010%, 2010 nd = 40107 20007
: 3 o d . 3 4
Av'= n3b-—-— AV =2.10>10 A Vs n-lh-— AV=I.623-IU
rbb rhh
b

6.08 T T T T 0.5 T B B
G.06 — .}nr nnn - 9
) . o b _ -H

an 0.04 7 nJh
i a4
[ANVE N aud n
a0y H
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fLe(mD,N} = m e p NV Function to yield effective
’ conduction length given
A = NAb oxide mass and particle vector
-3
Ao—(l-c) mpm +“10'Po £ =03 R =025
0—10(A) = wich Ax =0.203
heR - Recos(0.3:0) .
L g1l (h,R) Py =3l
fAv (mo,N\ = |m e NV Function to overalt A/ V
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-4
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AL
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A
- e -1 -1
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=TT gk
AP ek AT
Tapespil =1
Tig(A y,mg,m 8 X R = | T e 350
Tigeroot{ IB{A g B XK T = 1T )
Function for power at ignition paint: Note Tp=1 at ignition used to get reaction power.
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Fult simulation 100 micron size mean and s.d over 1 year:
F :=0.001 A

=10 o =0t =03 =3 vi=Sen

Y =fYOF,pg,0.,u,1.8 P o=rktined Y. (L1, 230.D8)
Source rate and fraction filled just be oxide for reference:

Vdot =Y, Vdot = | 176 10° Vdot {1~ £} Seey A = 261310

;
Time, oxide mass, distribution, temperature, reactive area:

<>

v \I ‘- — T e IO -
t, .-‘{ho mo =Y NJ‘I'-LIJI.jﬁ-U Fo=lI8SiE me [NT7 - 273
Select particle size distributions:
o — — -4 ' —
m0 =, s ]nlj = m2 =V re m3 = e

day0 :=lo‘Secd'! dayl :=lm~Sccd'] duy2 :=I,U-Sccd'|

Check full after one year: !:mo FNE2 v A -e ) = 1026

ZSU'DO

Reaction power at peak (about 0.5 year). Qr, :=‘QN-E:‘T. + 273 AT

Temperature and reactive area: Discontinuity in T when height = 2/3 diameter
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jr=00 Bl
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3
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max Qr) =27.374

Days for
curves:
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dayG =0

Particle size distributions for increasing times from lower (solid) to upper (crosses) curves
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Metal mass:  mm :=p N"7-Vb Conduction length: e =1L, mo N7 |
| \ I h
Bulk A/ V: A\.'b,l =AY \I1110,,N<i> External h: hi=6
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Fig. 3-1. Settler ignition condition for £¢=3, 100 micron radius and std dewvation, for various fill conditions.
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Full simulation 50 micron size mean and s.d over 1 year:

F:=0.001 [T =0510" o s 2051077 =03 =3 T = Reey

Y =tYO(Fug,04,1,7.8: Y e=ckiised Y. U, T, 250, 08) Ji=U.B-1 1:=0.250
Source rate and fraction filled just be oxide for reference:
Vdot :=Y,,  Vdot = 444710} Vdot (1-¢) " Seey AV 298911012 Axp = 101310°
Time, oxide mass, distribution, temperature, reactive area:

g, mopEw o N w1 eSS g an NOT 27 Ar :=N™7.Ab
Select particie size distributions:
mﬂj :=LF0.,+6 ml} =Y 10,y 46 mZJ =Y 0,46 ‘“3’, = S 6 m4j 1=4’250.!+6
day0 :=10-Sc¢:d'I day! :=!|U-Scud" duy2 :=l:U-Scud" dJay3 :=lm-Sucd" day4 :=t250'Sec<.‘!’l
Check full after one year: "‘O_vs(.'po-l FNE2 vhiA (=) = 1.044

Reaction power at peak {about 0.5 year). Qr =RNET ¢ 273 Ar maN Qr) =26.335

Temperature and reactive area: Discontinuity in T when height = 2/3 diameter
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Particle size distributions for increasing times from lower (solid} to upper {(crosses) curves
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Metal mass: mm =p 1]1-N<i> Vb
Bulk A/V: Avb . = fAv ﬂllloi NS

Tig, := lTig(Avb.l,moi,mml.i.l.ci.h; -273
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Fig. 3-2. Settler ignition condition forg=3, 25 micron radius and std devation, for various fill conditions.
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Full simulation 300 micron mean 200 micron s.d 100% metal over 1 year:

Fi=0.001 pg:=3W™ o =200 wo=iv =3 poisSeey
Y ={YOF ug.0g,0.1.5 P or=rktined Y.0,1.,250.08) 1:=0.B=1 1:=0.250
Source rate and fraction filled just be oxide for reference:
Vdoti=Y  Vdot =9 52210° Vaot(1— &) Seey A = 2.11810MAxp = 1013107
Time, oxide mass, distribution, temperature, reactive area:
- v - T TR £ <> . <|>.

LEY o me .-—“I‘I'5 NJ.."'\[‘i.,-g-r; [ =188 5, mo N - 273 Ar :=N""-Ab
Select particle size distributions:
m(}J :=\{’D‘j_i_6 mlj :=Ll'mu‘4_6 |112J =Y W) +6 m3} :=\|’m.)+o mdj :=\[Jm‘]4_6
day0 i=t Secd™' dayl izt Seed”  duy2 =, Seed™! day3 1=t Seed”! dayd :=1,50»Secd"

Check full after one year.  mo F N2 vh Ay (1~ )_I =0.978

=1
200

Reaction power at peak (about 0.5 yeary. er = th.\:_g,'l" +273 A1 max Qr) =39.112

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

25 )
o | 2
%. Wi { : - ‘E 100 |-
=
15 : 0
0 us | 1] 0s 1
Time, year Mime, Year
110" - T
s i | R Days for
Lot = C ST curves;
i ; i
8 | | Pobat
g w0 ‘ ! | : ‘ i | | ! dayd =365.25
] , T BE H day3 =73.05
3 {s10" = | ‘ I
‘E . ; | L 1‘ 1— day2 =29.22
o
rd - (] - ! i : [ = ‘
1%10 1 '! ””r dayl = 1461
5 E ; . . daVO =U
1e1g” = i IR
| ]
ro10* L -
I'!U-3 agl al {

ParticleSize. mm

Particle size distributions for increasing times from lower (solid) to upper (crosses) curves
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Metal mass:  mm =p m‘Nq> Vb
Buk A/V:  Avb,i=fAv,ma N7

Tig, '=Tig{ Avb,.mo,, mm. 5. Le, b = 273
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Ignition Temperature.

Conduction length:

External h:

Q, =1 Avh, .mo,
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Fig. 3-3. Settler ignition condition for ==3, 300 |, radius 200 |, std dewviation, for various fill conditions.
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APPENDIX H

Knock Out Pot Transient Thermal Evaluation

The knock out pot transient thermal evaluation is a refinement of the model presented in
[Plys, Malinovic, and Duncan, 1999]. 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 debris/water 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, 1999] 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 60°C range. Experimental results that consider the effect of overlying water were
obtained by [Rhee, Dhir, and Catton, 1978]. 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.

FAL/99-71, Rev. | 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, 1999] or the attached Mathcad
file):

dT,
C; Fra Qu +Q ~Qx Q. (H-1)a
C; = €0, Cp Vi +U~8)[He,, +(-W)c, [P V; (H-1)b
Qdk = Q\, (- £) Bp'f_ vf (H-De
Tg
Q. = A, ViEk exp|- T AH (H-1)d
£
Qfx = hfx Afx (Tf _Tx) (H'l)e
Qn = hg Ag (T -T,) (H-D)f

And the heat balance on the overlying water is:

dT,
Cw = = wa - wa (H-2)a
dt
Cw = Py Afw How cpw (H-Z)b
Qo = My A (Tu - T) (H-2)e

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

FAI/99-71, Rev. 1 H-2 October 1999
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h, = _k H
b 7 (0.33D) (H-3)

and yields agreement with ignition theory results. The external heat transfer coefficient from the
knock out pot to the external ambient is hex = S W/msz. 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 coefficient of 50 W/mY/K 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
function 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 42°C, 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 50% 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:

Agpy  Area for debris-overlying water heat transfer, mz,

Ag Area for debris-external heat transfer, mz,

Ay Area per unit volume for reaction, 1/m,

Awx Area for overlying water - external ambient heat transfer, mz,
Ct Debris plus interstitial water overall heat capacity, J/K,

¢pm  Uranium metal heat capacity, J/kg/K,

Cpo  Uranium oxide heat capacity, J/kg/K,

FAl/99-71, Rev. 1 H-3 October 1999
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Cpw  Water heat capacity, J/kg/K,

Cw  Overlying water heat capacity, J/K,

D Debris bed diameter, m,

hp Debris internal heat transfer coefficient, W/mzf[(,
hsw  Heat transfer coefficient, debris to overlying water, W/mle,
hex Heat transfer coefficient, debris to external, W/mle,
How  Overlying water height, m,

hwx  Heat transfer coefficient, overlying water to external basin ambient, W/mZ/K,
ke Debris bed effective thermal conductivity, W/m/K,
ke Rate law pre-exponential coefficient, kg02/m2fs,

Qdak  Decay power, W,

Qgw  Debris to overlying water heat transfer, W,

Qs Debris to external heat transfer, W,

Qrx  Reaction power, W,

Qv  Volumetric decay power of fuel, W/ms,

Quwx  Overlying water to external heat transfer, W,

Te Activation energy normalized, K,

T¢ Debris plus interstitial water temperature, K,

Tw  Overlying water temperature, K,

Tx External ambient temperature, K,

Ve Debris volume, m3,

T Debris metal mass fraction,
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3 Porosity,
g Rate law multiplier,

AH  Heat of reaction, J/kgO2,

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

Pm  Fuel metal density, kg/m3, and

Pw Water density, kg/m3.
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SIMPLIFIED THERMAL EVALUATION OF DRY KNOCKOUT POT

Martin G. Plys Fauske & Associates Inc. 16W070 W. 83rd St. Burr Ridge IL 50521 (630) 323-9750

SNF Databook kinetic paramsters £:=13 ky = 1196 Tg = 6945 AH:= 1.67-10°
oxygen-free U-water below 100 C:

Average decay power W/mA3; Qu = 1020
Debris Geometry: 1 ft nominal height, 30% void conservative:

D:= 04064 H;=03 £:203 Vii= %-DZ-Hf Ve =0.039

Areas for external hx & hx to overlying water:
Agy = 5.02 A =0.13 Ag = (n-D-Hp) + %D‘ Ag = 0513

Metal, oxide, water properties:

Pm = 19000 Com = 150 Po = 5000 Cpo := 300 Pw = 1000 Cpw = 2000
Heat transfer resistance internal to bed: Approximate resistance of overlying water:
ky = 2 hy, = % hy, = 14.779 hy = 50
' " 9.333.D b v
-1
Functions for average density foalp) = | £ + (-w fnlp) = foalu)-u
and volume fraction given mass frac: Pm Po Pm

Overall heat capacity as function  1C(1,8) = &Py VirCpu + (1 - €} bocpm + (1 - p)-cp | faln) vy
of metai fraction and porosity:

Example for 50% metal and 30% void:
=05  fpalp) =7917x 10° f(n) =0208  fClp,e) =7.187x 10°
My = epuVe mei= (1 -e)toaln) Ve oprim wepm + (1 -ihen  Queaayi= Quell - )=

m, = 11.675  mp = 215.655 cpr = 225 Quecay = 11.577

Example values for reaction area given 0.2 mm particles:
dp:= 00003 A= 6:(1 ~¢)d,”" A= Ayfilp)V

A, =14x10* A =2917x 10°kgm?s? A
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Temperature Derivative: Vector Y elements are 0 = Fuel Temperature, 1= Overlying Water
temperature, 2 = Metal mass fraction, 3 = particle size, 4 = external hx coefficient,
5= external temperature, § = overlying water height

fTdot(t,Y) :=

FAL99-71, Rev. |

Tee Yy
Tow & Y
HeY,
dp « Y,
hex « Y,
Tex - Ys

How b Yﬁ

PR Ul

dp
C « fClu.e)
fpalp)
Qd « Qg (1 - 8)-p—'Vr

Tr « if(T; > 400,400, Ty)

=T
@« Av-vra-ko-exp(T—f]-AH

e (b + by )
Qfx « hfx-Ag(T¢ - Ty)

fw = (1, + 1Y)
Qfw « hfw Ag, Ty - Ty
Qd + Qr - Qfx ~ Qfw

o (P

Tdotf «

hwx « (h,,,,._l + h,,‘l)
Awx « n:-D-H,,, + Ag,

Qwx ¢ hwx-wa-(TW - T“)
Cw « ApyHow pwCpw

Tdotw « (Qfw - wa)-C\\.'—l
(Tdotf Tdotw 0 0 0 0 0)

fQY) :=

Tre Y,

Tow < Y

HeYs

dy < Y3

hex < Yy

Tex — Y5

How + Y

6-(1-¢)
dp

C fC(p.e)

A, « ﬁ'l(l-l)

Q- Qu (1 -e)- 228y,

Pm

Tr « if{T; > 400,400, T;)

)
Qr ¢ A Ve kyexp| — | oH

r

= (hy '+ he )
Qfx « hfx-Ag Ty - Tey)

htw e (g + by

Qfw = hfw-Ag, {T¢ - To)

Qd + Qr - Qfx - Qfw
fC{p.€)

hwx & (Inw'l + h,,f')-l

Awx « ®-D-H,,, + Agy

Qwx « h\\rx-A\a.rx-(Tow - Tex)

Tdotf «

Cw « Apy Hoy pwCpw
Tdotw « (Qfw - Qwx)-Cw ™|
(Tdotf Tdotw Qd Qr Qfx Qfw Qwx)
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Test of function:

hew'= 5 How'= 2000254 dyi= 00005  pi= 01 Tei= 35+ 273
i:=0.60 Tz 293 +i YO (T To g ody b Te How)' 2 =mly © )
TC=Ti-273  Qri=Z;; Qfxg:=24, Qfwji=1Zs; Qnet; = Zg fC(u &)

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 mm particles, expected stable. Result shows stability and steady state
temperature of about 42 C.

200

150

sof

POWER, WATTS

~50

20 30 40 50 60 70 30
FUEL TEMPERATURE, C

—= Reaction

"""" To Basin Air

=== To Overlying Water

=+=** Net power
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Tast of function:;

hext =5 Houi= 2000254  dy:= 00005 =05  T.o= 35+ 273
i:=0.60 T,=293+i YO (T T B dp hew Tee How)' 29 =roly @)
TC;:=T;-273  Qu:=2Z;; Qfi=Zs; Qfwj=2;,  Quet:=Zy fC{u,e)

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, 50 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.

POWER, WATTS

FUEL TEMPERATURE, C

== Reaction

"""" To Basin Air

===" To Overlying Water
=*=** Net power
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Compare Transient Histories: Take care to use same timestep size for each comparisont
-1 -1 -1
1 1 | ! l 1
Rer = § hg = + - hep = — + — hywi=| — + —
™ " (hexl hb) ‘ [hw hbJ - [hw hextJ
hg = 3.736 he = £1.407 By = 4.545
Basin temperature 35 C: Tey:= 308

Water height 33-12=21 inches, use 20 Hyy = 20-0.0254 Hgy = 0.508
Particle size 0.5 mm: dj = 0.0005

Initital fuel temperature 20 C: T, := 293

1. 10% metal particles - expect barely stable

Yie (T, To 000 dy hey Ter How) Z:= rkfixed(Y,0,2:10%, 1000, fTdot) Ti=2® -1

2. 15% metal particles - expect just barely unstable,
Yi= (T, To 020 dy hey Teo How)' Z:= rkfixed(Y,0,2.10%, 1000, Tdot) T2=z% -m

3. 50% metal particles
Yi=(Ty T, 0.50 dp hey Tex How)' Z:= rkfixed(Y, 0,2-10°, 1000, fTdot) 3=z _m

4. 75% metal particles

Yi= (T, T, 075 dj he Tex How)T Z:= rifixed(Y,0,2:10°,1000, fTdot) Ta:=2z " —273
(o

= & i:= 0. 1000
3600
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