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ABSTRACT

The work reported here was prim arily  aimed a t establishing minimum 

requirements fo r and likelihood of large-scale voiding following fu e I-p in ­

fa i lu re  in an unprotected trans ient overpower (TOP) accident In a liqu id -  

metal-cooled fas t breeder reactor (LMFBR). Some attention was also given 

to  voiding following pin fa i lu re  in the low power channels of an LMFBR 

during the loss-of-flow-driven TOP. In i t ia l  work on early fuel motion out 
the pin and into sodium for both types of TOP accidents is also discussed.

I
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I . SUMMARY.

The work plan for the fisca l year (FY76) was completed essentia lly  

as o r ig in a l ly  proposed. Emphasis was, however, shifted somewhat among 

a c t iv i t ie s  as a resu lt  of discussions with DPM personnel during the year.

The primary goal for the year was a determination of the minimum 

requirements fo r and likelihood of large-scale subassembly voiding 

following pin fa i lu re  in the transient overpower (TOP) accident. The 

motivation was to investigate the p o ss ib il i ty  of late-ejected fuel entering 

a voided region and therefore not being easily  fragmented and swept out 

of the coolant channels. The approach taken was two-fold: ( I )  look a t

important physical phenomena (e .g . p re fa iIu re  fuel motion, fuel fragment­
a tion , e tc . )  in an isolated manner when possible, and (2) use the results  

of these phenomena studies to select input for a parametric code which 

models fue I-coo lant-in teractions  (FCl) in subassembly geometries. However, 
some of the work associated with the parametric approach was performed 

re la t iv e ly  early in the contract year to provide additional guidance 

in selection of the important physical phenomena. (These early calculations  

are discussed in less detail than the la te r  work.)

The major conclusions drawn from the work for FY76 are as follows:

• Ejected molten fuel masses in the range of 5 to 10 g/pin are 

s u ff ic ie n t  to produce large-scale voiding under good fragmentation and 

mixing conditions fo r the classical transient overpower (TOP) accident.

• Either hydrodynamic or thermal fragmentation appears to be capable 

of producing the necessary fragmentation and mixing condtions in the TOP 

accident.

• For situations in which large amounts of molten fuel (e .g . ~ 10 g/pin) 
are released into coolant channel sodium, the most important factor  

governing voiding dynamics, is , as antic ipated, fuel p a r t ic le  size.

• For situations in which small amounts of fuel (e .g . < 5 g/pin) are 

involved, the key parameter for maintaining extended voiding is in i t ia l  

cladding temperature.
• For the loss-of-flow-driven-TOP (LOF-D-TOP), a t  least three potential 

mechanisms could give extensive, long-term voiding: FCl, sodium squeeze-out, 

and plenum gas release.
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• Plenum-gas-induced voiding on in i t ia l  fa i lu re  in the classical 

TOP appears milder than expected, especially in terms of plenum pressures 

anticipated for the f i r s t  CRBR core.

• The effects  of two-dimensional (2D) voiding within a subassembly 

resulting from fa i lu re  of only the central pins are manifested primarily  

in terms of available  flow areas and condensing surfaces.

In addition to the specific  technical work indicated above, other 

consulting services were provided a t  DPM's request. These included 

meeting attendance (with t r ip  reports) a t  DPM’ s request, suggested 

responses to in terrogatories, and on-call consultation and discussion.
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2. IMPORTANT FACTORS IN VOIDING DUE TO FCl IN THE CLASSICAL TOP

In order to produce extensive voidtng in an FCl, s ig n if ican t energy 

must be present in the molten fuel ejected from the pins and must be 

transferred to the coolant on a reasonable time scale. The energy in 

ejected molten fuel is a function of both mass and temperature; increas­

ing the energy (referenced to solidus) of a quantity of fuel a t  a 

temperature of 3500 K by 10  ̂ requires e ith e r  a mass increase of 10  ̂ or 

a temperature increase of 100 K. Doubling the energy of that fuel 
would require twice the mass or a temperature increase of over 1000 K. 

in analyzing FCI's, the uncertainty in molten fuel temperatures w il l  be 

much less than 1000 K; however, the masses of fuel involved w ill  be 

uncertain by factors greater than two. Thus the key quantity to look 

a t  in characterizing energy in molten fuel is the mass of fuel involved.

The time scale for heat transfer from fuel to coolant w il l  be controlled  

by the characteris tic  fuel dimensions in regions where the coolant void 

fraction is small. Large p a rt ic le  dimensions w il l  reduce heat transfer  

rates and can proh ib it voiding. Small dimensions produce vigorous voiding, 
assuming s u ff ic ie n t  fuel is availab le . Introduction of the same amount 
of fuel over very long mixing times (e .g . 0.1 s ), even in the form of 

very small p a rt ic le s , w i l l  reduce the strength of the voiding under 

reasonable assumptions fo r  heat transfer in a p a r t ia l ly  voided region.

The overall voiding dynamics are determined by a tradeoff between heat 

tran s fe r  from fuel to sodium and heat transfer from sodium to cladding.
A few simple arguments w il l  demonstrate the factors involved in producing
and maintaining extensive vofding for a long period of time.

2 . I Comparison of Heat Fluxes

Consider a mass of fu e l,  M ,̂ consisting of partic les of radius R.

The number of partic les , N^, is then given by

Mf
^ f  P ,!iTTR3 

T3

where is the fuel density. The to ta l area associated with the



partic les  is

M,4ttR2 3M,
4ttR2n , = — --33. = —y f  p R̂

The heat tran sfer ra te , Q., from fuel to sodium is given by

for the case of fuel-conduction-Iim ited heat transfer, where F is a number 

between 0 and I .  The most appropriate value for F can be argued to l ie  

between 0.2 and 0 .5 .  Other terms are as defined below:

T  ̂ = temperature of fuel 
Tj ĝ = temperature of sodium

= thermal conductivity of fuel 
a = void fraction  in FCl zone.

Consider the fuel to i n i t i a l l y  be mixed with liquid sodium in a length L 

of the coolant channel. The length of the FCl zone a t  la ter times is 

approximately given by L / ( I -  a ) .  Thus the heat transfer rate , Q2 , from 

sodium to cladding is given by

hLP
2 ' Na c ' d  -  a)

where T^ = temperature of cladding

h = sodium-to-cI adding heat transfer coeff ic ien t  

P = wetted perimeter.

Note tha t Q |/p 2  is proportional to ( I -  a )2 . Thus as voiding proceeds, 

the heat addition and loss rates fo r the sodium become more and more

biased toward net loss to the cladding. For example*, for F = .2,
k^/p^ = .0029 W*cm2/g*K, L = 10 cm, R = 100 ym = I0“2 cm, h = 5.674 W/K*cm2, 

P = 2.46 cm, and is in grams, we find

'̂ 1 -  T  I M  /  ~  '''Na ,  , ,  V

^2^  ̂ W N a - ^ c ’ ■

*The choice of values for F and R is discussed in Appendix B.



Thus, for equal temperature differences and 1.0 g of fu e l,  an a of only 

0.434 would be s u ff ic ie n t  fo r the heat fluxes to balance. For 10.0 g of 

fu e l,  the corresponding a for Q|/Q2  “ 1*0 would be 0.821, so the mass of 
fuel involved is c ru c ia l.  For the in i t ia l  zone length of 10 cm considered 

above, the FCl zones would extend over about IB cm and 55 cm for the 

cases of 1.0 and 10.0 g masses of fuel respectively when Q|/Q2  “ I ’ ®*

2.2 Magnitude of Cladding Heat Capacity

The above calculations i l lu s t r a te  the role that cladding can play 

as a heat sink for s ituations involving extensive voiding. This role

is further enhanced by the large heat capacity of the available cladding.

The mass of cladding per centimeter length of a single FFTF-type 

fuel pin is 0.53 g. The heat capacity of that one centimeter length is 

about 0.27 J/K. Thus the heat capacity per pin available in the active  

core of CRBR is about 25 J/K. This should be balanced against (ignoring 

the role of sodium again for the moment) a heat capacity of the order of 

0.548 J/g*K for molten fu e l.  The magnitude of th is  cladding heat sink 

can be simply i l lu s tra te d  by considering 10 g of molten fuel a t 3500 K.
I f  a l l  of the energy required to cool th is  fuel to the solidus were 

uniformly added to the active core cladding of a single pin, the net 

temperature rise would be 225 K. I f  the cladding was in i t i a l l y  a t 1000 K
and was allowed to reach thermal equilibrium with the fu e l,  the final

temperature would be about 1500 K.

2 .3 Energy in FCl Zone Sodium

In Sections 2.1 and 2.2 above, we ignored the role of sodium as an 

energy sink in extensive voiding. This can be argued from consideration 

of the enthalpy of vaporization of enough sodium to completely void 

the active core. Considering a sodium pressure of 20 atmospheres, only 

0.08 g of saturated sodium vapor per pin would completely f i l l  the 

coolant channels in the active core region. The energy required to 

convert .08 g of sodium a t  1000 K to saturated vapor a t 20 atmospheres 

is about 330 J, which is roughly the heat of fusion of one gram of fue l.  

Therefore, i f  we are ta lk ing  about several grams of fuel which is



i n i t i a l l y  several hundred degrees above the liquidus, the energy involved 

in the necessary sodium vaporization would be small compared to the 

to ta l energy content of the fu e l.

I t  is possible to a r t i f i c i a l l y  mitigate the effects  of even several 
grams of fuel per pin by a r b i t r a r i ly  mixing large masses of liquid sodium 

with the fu e l.  However, the amounts of sodium which would be involved 

in a vigorous FCl ( i . e .  early  flow reversal) are f a i r ly  small, perhaps 

I to 2 g. The sensible heat involved in raising one gram of saturated 

liquid sodium a t  1000 K to saturated vapor at 1625 K (vapor pressure 

- 25 atm.) is only 840 J. This is less than the energy loss (~ 1090 J) 
required to convert one gram of molten fuel a t  3500 K to solid fuel at  

2000 K.

Concerning the masses of sodium which are involved per pin, note that  

I g of liquid sodium a t  1000 K would f i l l  6.5 cm of channel length. Thus 

the 1.6 g considered in most cases presented in Section 3 of th is  report 
represents'a channel length of about 10 cm. Having more than th is  mass 

of sodium involved in a vigorous FCl which produces early flow reverse I 

seems un like ly . I f  sodium masses of the order of 1.6 g are considered, 

then for cases which involve several grams of fuel in i t i a l l y  a t a temper­
ature several hundreds of degrees above the liquidus, both the sensible 

heat and energy of vaporization involved in FCl zone sodium w il l  be 

re la t iv e ly  unimportant compared to cladding heat sink e ffec ts .

2.4 Required Pressure History for Extensive Downward Voiding

The normal sodium flow in a CRBR subassembly can be stopped with a

re la t iv e ly  small net downward impulse, e .g. the order of 0.1 atm*s. This

corresponds to an overpressure of 10 atm for 0.01 s or some sim ilar  

combi nation.

For the classical TOP, the sodium driving force from the primary 

pumps is availab le  to oppose downward voiding. The resulting pressure 

a t  the subassembly in le t  w i l l  be the order of 7.6 atm in CRBR. Therefore 

FCl zone pressures of the order of 8 atm must be maintained fo r a 

reasonable time even a f te r  flow reversal has occurred in order to void 

downward.



From the above discussion i t  is c lear that FCl zone pressures need 

not be enormous in order to  in i t ia te  and maintain extensive voiding.

For example, an average FCl zone pressure of 20 atm during the f i r s t  

dozen milliseconds would produce flow reversal and in i t ia te  downward 

voiding, a f te r  which a pressure of the order of iO atm would maintain the 

voi di ng.

The sodium temperature required to produce a vapor pressure of 

10 atm is about 1475 K. The saturation temperature a t 20 atm is about 
1625 K. (The melting point of cladding is 1645 K .) I t  wiI I be easier 

to maintain these temperatures via heat transfer from fuel to sodium 

while the FCl zone is short in length (see Section 2 .1 ) ,  and heat 
tran sfer from the sodium to the cladding is re la t iv e ly  small. However, 

i f  the cladding temperatures were to reach the 1400 K to 1500 K range, 
the cladding could actually  pump up the sodium to maintain voiding.

2.5 Summary of Factors Governing FCi Voiding

From the discussions presented above in th is  section, several 
statements can be made concerning the p o ss ib il i ty  of extensive subassembly 

voiding due to an FCl.

(1) The energy needed to  vaporize s u ff ic ie n t  amounts of sodium 

to void the active core is small and corresponds to the heat of fusion 

of approximately one gram of fuel per pin.

(2) FueI-to-sodiurn heat transfer rates must be s u ff ic ie n t ly  high 

to produce and maintain sodium temperatures in the neighborhood of 

1500 K. These rates are proportional to the mass of fuel interacting  

and inversely proportional to the square of the characteris tic  fuel 

p a rt ic le  dimension.

(3) The sodium-to-cI adding heat losses w il l  become important a t  

large FCl zone void fractions even for small fuel p art ic le  sizes; however, 

i f  the cladding temperature becomes too high, the cladding may actually

be holding up the sodium temperature in some parts of the FCl zone.

The statements made above have been ve r if ie d  during the contract 

year by several series of calculations u t i l iz in g  a modified version of



the UVAFCI code. The code modifications and the caIcu1 ationaI results  

are presented in Section 3.



3. PARAMETRIC CALCULATIONS -  DEFINITION PHASE

In order to Investigate the re la t iv e  importance of various factors  

in the voiding due to an FCl, the UVAFCI code was modified for use in 

parametric calculations of subassembly voiding. The modifications 

are discussed b r ie f ly  below, followed by a^presentation and discussion 
of the caleu I ationaI resu lts .

3 . 1 UVAFCi Modi f lo a t  ions.

I 2As mentioned in our second and th ird  quarterly reports ' two 

major.mod if ica t io n s  were made to the UVAFCi code to model subassembly 

voiding. F irs t ,  improved constraint equations were added to permit 
simulation of CRBR-type flovr geometries. Multiple area changes 

within the flow channels were modeled as suggested in Reference 3, 

including the effects  of o r i f ic in g .  The other major modification was 

the adaptation of the condensation heat transfer module developed by
4

P. M. Haas to subassembly geometry. The module was rewritten to 

accommodate downward as well as upward voiding.and to account for  

reentry of sodium from e ith e r  d irection . In a separate e f fo r t  to ease 

man-hour requirements fo r analyzing cases, a p lotting routine developed 

by P. L. Garner was u t i l iz e d  in the la t te r  part of the contract period.

The v a l id i ty  of the caleu I ationaI results from the modified code 

have been checked by comparison with simple hand calculations. Some 

of the results presented below were generated without u t i l iz in g  the 

complete c a p a b il it ie s  of the modified code, e.g. the studies of Section 3.2 

were made without condensation or m ultiple area changes.

3.2 Voiding Without Condensation on Cladding

The results presented here support the contention of Section 2.3 

that l i t t l e  energy is required to heat up and vaporize su ff ic ie n t  sodium 

to void the active core. Figure 3.1 is a reproduction of Figure 2 from 

our second qu arterly *. (One statement made in that report should be 

corrected. The diameter of the fragmented fuel for the cases presented

was 252 microns rather than 200 microns. Also, the value used for the
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parameter CFW corresponds to a fuel to sodium ra tio  of 1.02 rather than 

unity . These corrections resulted from a reevaluation of fuel properties.)  

The case for which CFW = .134 corresponds to the interaction of approxi­

mately 1.6 g of fuel i n i t i a l l y  a t 3500 K with 1.6 g of sodium i n i t i a l l y  

a t  940 K. Note from the figure that as the fuel mass is reduced to

0.8 g (CFW = 0.67) downward voiding is neg lig ib le , and for 0.33 g of 

fuel (CFW = .0268), the interaction is extremely mild.

3 .3  Consideration of Sodium Condensation on Zone Cladding

Condensation heat losses to FCl zone cladding can dramatically  

change the voiding h is to ries . This is i l lu s tra te d  in Figure 3 .2 . The 

curve labeled "no heat losses to cladding" in Figure 3.2 is very sim ilar  

to the case with CFW = .134 in Figure 3 .1 . (The major difference is the 

location of the channel in le t  re la t iv e  to the bottom of the lower blanket. 

This is -140 cm fo r  Figure 3.1 and -95 cm fo r  Figure 3 .2 . )  When 

condensation is accounted fo r ,  the reduction in voiding is dramatic.

The in i t i a l  FCl zone location (extending from 80 cm to 90 cm, referenced 

to the bottom of the lower blanket) is covered by the lower sodium slug 

at about 55 milliseconds. The condensation heat transfer coe ff ic ien t  

was taken as 5.674 W/cm^*K; the choice of th is  c o e ff ic ien t is discussed 

in Appendix B.

Results such as those of Figure 3.2 indicated that much larger 
masses of fuel per pin must be involved in the FCl than the I .6 g of 

fuel used in generating the Figure 3 .2  resu lts . Therefore, a value of

3.2 g/pin was selected fo r  use in a series of calculations which looked 

a t  the e ffec ts  of various other parameters on voiding dynamics.

3.4 Second Order Effects in FCl Voiding

A reference case, designated IB fo r  purposes of th is  report, was 

selected in order to look a t  the e ffec ts  of various parameters on the 

predicted FCl voiding. The important parameters* fo r the IB run are 

given below:

Interacting masses 

fuel = 3.2 g 

sodiurn = 1.6 g

*The tables of Appendix C summarize parameter vaIues for the runs discussed 
in Sections 3.4 and 3 .5 .

I I
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In i t ia l  temperatures 

fuel = 3500 K 

sodium = 940 K
Fuel p a r t ic le  diameter = 250 ym

Sod Ium-to-cladding heat transfer coe ff ic ie n t = 5.674 W/cm^*K

Mixing time = 0.0 s (coherent)

The e f fe c t  of variations in sodium masses from the base case is 

shown in Figure 3 .3 . The case labeled 3G had half as much sodium, i .e .
0 .8  g, as IB. Note that the reduction in sodium mass has only a s lig h t
e f fe c t  on the voiding h istory. The e f fe c t  of doubling the sodium mass 

to 3.2 g is shown by case 38. Once again the e ffec t  on voiding history 

is s l ig h t .  I t  is c lear that the mass of sodium involved is a second 

order e f fec t  as suggested in Section 2 .3 .

Case IB and most of the other cases run during the year assumed an 

in i t i a l  FCl zone location beginning a t 80 cm and extending to 90 cm above 

the bottom of the lower blanket. Shifting th is  location upward by 50 cm 

(which placed the in i t ia l  FCl zone p a r t ia l ly  in the upper blanket) served

only to s h i f t  the voiding patterns upward by 50 cm. This is il lu s tra te d

by Figure 3 .4 , where IB results are plotted against a case (8F) for

which the in i t i a l  FCl zone boundaries are 130 and 140 cm.

The presence of non-condensable gasses in the FCl zone can mitigate  

the voiding i f  the gas is assumed to i n i t i a l l y  be a t a low pressure.
This is i l lu s tra te d  by Figure 3 .5 , in which case IB (with no cushion gas)
is compared with case 4E, in which 0.8 cc of gas a t  10 atm pressure is
i n i t i a l l y  present in the zone. Even for such low in i t ia l  pressures, the 

e ffe c t  on voiding history is small. As the in i t ia l  gas pressure, is 

increased, the benefits of the cushion gas disappear.

In work performed th is  past year, the effects  of varying fuei-sodium 
mixing times were small over the range of mixing times of in terest. We

were only interested in the f i r s t  few grams of fuel (certa in ly  less than 10 g)
5

which leave the pin. Both PLUTO and SAS calculations indicated that the 

order of I gram of fuel per pin per millisecond was a reasonable ejection rate  

during the f i r s t  few milliseconds. Thus for the conditions of in terest to us.



2 5 0

3G
3B

200

^  150

1 0 0 ACTIVE CORE

50
I—I

0 20 4 0  6 0
TIME (msec)

80 100

250

5 2 0 0

150

uj 100 8F

ACTIVE CORE
50

0 20 4 0  60
TIME (ms)

80 100

Figure 3.3 Effects of halving (Case 3G) 
and doubling (Case 3B) sodium 
masses from base value (Case 
IB).

Figure 3.4 Demonstration that sh ifts  In 
in i t ia l  zone location serve 
only to correspondingly s h i f t  
voiding pattern.



2 50

U1
ACTIVE CORE

L

4 0  60
TIM E (ms)

Figure 3.5 M itigating e ffe c t  of non-
condensab I e gasses (Case 4E) 
on voiding history without 
qas (Case IB).

100

2 5 0

o 200

i= 150

t-

ACTIVE CORE100

26
50

I—I

20 4 0  6 0  8 0  100
TIME (ms)

Figure 3.6 E ffect of 0.01 s mixing time
(Case 2G) compared to coherent 
mixing (Case iG).



I
I mixing times greater than 10 milliseconds were not considered. Results 

of studies showing only a s h i f t  in timing of the voiding for mixing times 

from zero to 5,0 milliseconds were reported in our second quarterly ; 
however, sodium-to-cI adding heat transfer e ffects  were not included in 

those ca lcu lations. Figure 3 .6  compares case IG (s im ila r  to IB but 
twice the fuel mass, i . e .  6 .4  g) with case 2G in which a linear addition  

of the same amount of fuel over 10 milliseconds was modelled. There is 

a detectable, although not order-of-magnitude, reduction in the extent 
of voiding in both time and space.

Other second order e ffec ts  are produced by variations in in i t ia l  
fuel and sodium temperatures. Comparisons of these effects  using IB 

as a reference are not ava ilab le ; however, la te r  runs which represented 

more closely our current judgement regarding l ik e ly  FCl conditions are 

a va ila b le . Figure 3.7 shows voiding h istories for two runs whose in i t ia l  
parameters d iffered  only in fuel tempe,rature, one (BOL-3) set a t  3750 K 

and the other (BOL-I) a t  3500 K. The difference in voiding histories  

is barely noticeable. For comparisons of cases in which the in i t ia l  
sodium temperature was varied by ICO K, no differences in the voiding 

histories and only s lig h t  differences in peak FCl pressure were detectable,

3 .5 Key Parameters

Parametric studies such as the ones described above in 3.4 led us 

to the expected conclusion tha t the governing parameters in FCl voiding 

in CRBR-type geometry are those which determine the ra tio  of the heat 
t ran sfer rates from fuel to sodium and from sodium to cladding. Those 

parameters are fuel mass, fuel p a rt ic le  s ize, and zone-to-cI adding heat 

transfer c o e ff ic ie n t .  The reference case IB described in Section 3.4  

demonstrated th a t 3 to 4 g of fuel per pin could produce s ig n if ican t  

long-term voiding i f  the p a rt ic le  diameter was 250 microns and the 

sod Ium-to-cladding heat tran s fe r  c o e ff ic ie n t  was 5.674 W/cm^»K.
The uncertainty in e f fe c t ive  p a r t ic le  diameters and in heat transfer  

c o e ff ic ie n ts , especially  fo r the la t te r  in the presence of non- 

condensab I e gases, motivated studies such as those presented 

in Figure 3 .8 .  There, the IB results are compared with a case
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in which the only change from IB was a doubling of p a rt ic le  size (Case 2E). 
The voiding is d is t in c t ly  milder fo r th is  512 micron diameter p a rt ic le  

s ize . Since the fueI-to-sodium heat transfer rates a t low void fractions  

scale inversely to the square of the radius but proportionally to the 

mass of fu e l ,  we note tha t approximately four times the mass of fuel 
would be needed to o ffs e t  the larger p a rt ic le  s ize.

Also in Figure 3.8,we£see the results from a case in which the only 

change from IB input was halving the sodium-to-cI adding heat transfer  

c o e ff ic ie n t (Case 3E). The increase in vigor of voiding for 3E over IB 

is , as we would expect based on the arguments of Section 2 .1 , not as 

dramatic as the decrease in voiding for 2E re la t ive  to IB. To o ffs e t a 

factor of two increase in p a r t ic le  size we would need a factor of four 

decrease in sodium-to-cladding heat transfer co e ff ic ien t or a combination 

of changes such as halving the heat transfer coe ff ic ien t and doubling 

the mass of f u e l .

Once an acceptable range of p a r t ic le  sizes and sodium-to-cI adding 

heat transfer coeff ic ien ts  are selected (see Appendix B), the minimum fuel 

masses required fo r  large-scale voiding can then be determined (consistent 
with modeling of 2D or noncoherence effects  discussed in Section 4 ) .  The 

preceding statement applies to in i t ia t io n  of voiding and the early ,  

rapid growth of the FCI zone. However, another key parameter was iden tif ied  

re la t iv e ly  late in the contract work which appears to be crucial to 

maintaining extensive voiding in our UVAFCI calculations. That factor is 

the in i t ia l  cladding temperature, T ^ . . As indicated in Section 2 .2 , the 

cladding represents a large heat sink. This sink is so large that  

fo r  long-term voiding (e .g . > ■• 30 milliseconds) the sodium temperature 

follows the cladding temperature very closely. This means that differences  

in in i t ia l  cladding temperature produce corresponding differences in two- 
phase sodium temperatures and therefore differences in sodium vapor pressures 

fo r  long-term voiding.

The phenomenon discussed above is i l lu s tra te d  by the voiding and 

pressure h istories  of Figures 3.9 and 3.10. The results presented in 

those figures are from two runs, BOL-8 and BOL-9, for which the input

i 9
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data were identical except for the in i t ia l  cladding temperature. The 

important common input parameters are shown below.

Interacting masses 

fuel = 4.8 g 

sod i urn = 1.6 g 

In i t ia l  temperatures 

fuel = 3900 K 

sod i urn = I 100 K 

Fuel p a r t ic le  diameter = 632 microns

Sodium-to-cI adding heat transfer coe ff ic ie n t = 5.674 W/cm^^K 

Mixing time = 0.005 s 

Cases BOL-8 and BOL-9 had in i t ia l  cladding temperatures of 1100 K and 

1200 K respectively. The increased extent of overall voiding and higher 

zone pressures for BOL-9 fo r  time ^  30 milliseconds are s ig n if ican t.

The zone pressures a t  long times are quite consistent with the 

differences in the in i t i a l  cladding temperatures; the sodium in 

the BOL-9 case is about 100 K higher in temperature than for BOL-8. The 

short table  below presents sodium temperatures and pressure h istories  

confirming th is  statement.

Table 3.1

Zone Temperature and Pressure Histories as a Function of 
In i t ia l  Cladding Temperature, T^.

Time 
(msec)

BOL-

'■'ci = 
Temp 
(K)

■8
100 K)

Press
(atm)

BOL- 
(T  i =Cl

Temp
(K)

-9
200 K)

Press
(atm)

10.1 1920 60.0 1936 63.1
20.1 151 1 1 1.5 1547 13.8
29.5 1253 2.26 1326 3.85
39.5 1207 1.58 1289 2.97
49.5 1 191 1.38 1275 2.68
59.5 1 184 1.29 1268 2.54
69.5 1 180 1.25 1264 2.45
79.5 1 177 1.22 1260 2.40
99.5 1 173 1.17 1256 2.32

1 19.5 1 167 1.12 1251 2.24
150.0 1 162 1.07 1251 2.24
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The e f fe c t  of zone pressures w i l l ,  of course, be even more dramatic 

fo r  values of T^. greater than 1200 K. For case BOL-IO, which was 

Identical In set-up to BOL-8 except T^. = 1300 K, the values of zone

sodium temperature and pressure a t  150 msec were 1342 K and 4.26 atm.

The calculations discussed above assume uniform In i t ia l  cladding 

temperatures, but the cladding temperature Is allowed to vary a x ia l ly
E

and with time during the voiding. (Note th a t published PLUTO calculations' 

which model the voiding assume a constant as well as uniform In i t ia l  

cladding temperature.) I t  appears Important to correctly  model the 

actual cladding temperature a t pin fa i lu re ,  as In SAS .

I t  became c lear that fo r  our parametric calculations there are
four key parameters which w i l l  control the voiding dynamics:

1. mass of fuel Involved
2. size of fuel part ic les

3. PCI zone sodlum-to-cladding heat transfer co e ff ic ien t

4. In i t i a l  cladding temperature

I t  Is the proper selection of a combination of these parameters 
which w i l l  correspond to determination of the minimum requirements for  

large-scale voiding. Before a discussion of that selection process Is 

presented (Section 5 ) ,  we w i l l  address two other Important factors In 

subassembly voiding: 20 and/or non-coherence e ffec ts .
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4. 2D AND/OR NON-COHERENCE EFFECTS

Our in terest In the two-dimensional aspects of subassembly voiding 

were directed not so much toward obtaining exact spatial deta ils  of 
voiding in the radial d irection as in determinations of the e ffe c t  of 

the 2D nature of the voiding on the time-scale and extent of large-scale  

voiding.

Early in the contract period* we concluded that the 2D aspects of 

voiding -  fo r  gas release or FCI -  are probably not important except as 

they re la te  to  non-coherence in pin fa i lu re  and condensation on duct 
wails and in tac t pins during an FCI. Once the voided region has extended 

one or two equivalent subassembly diameters along the subassembly, any 

2D flow patterns are not l ik e ly  to have a s ig n if ican t e f fe c t  on the 

overall voiding dynamics.

The rapid tran s it io n  to a ID analysis can be argued as follows: the
bubble (FCI or gas) may i n i t i a l l y  be concentrated ra d ia lly  in the center 

of the subassembly with liquid sodium ( s t i l l  moving upward but with a 

reduced speed) between the bubble and the duct walls. The bubble may be 

assumed to have a uniform pressure based on the re la t iv e  inertias of 

the bubble and constraining slugs. This re la t iv e ly  uniform pressure

insures that the liquid sodium in the annular region between the bubble 
and the duct walls w i l l  not be rapidly accelerated a x ia l ly  due to pressure 

forces. However, the upper and lower constraining slugs of sodium w il i  

be accelerated by the bubble pressure, producing coiumn separation 

within the annular regions a t  both the top and the bottom of the bubble.

Assuming tha t no separation were to occur before reversal of the 

lower sodium slug, the length of the annular region a t the time of reversal 

would be of the order of a few centimeters fo r large-scale gas releases 

from high-burnup pins and perhaps the order of 10 cm for FCI-induced 

voiding. Further assuming in i t ia i  slug accelerations (both upward and 

downward) of 3 x 10  ̂ m/sec^ (from AP/Lp 'v 40 atm/4 f t  x .8 g/cc =

4 X 10® Pa/1.3 m x 800 Kg/m^) fo r  th is  early , high-pressure stage, the 

bubble length would grow 30 cm in iO msec. This indicates that the 

expanding bubbie would quickly f i l l  the subassembly cross section a t the
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slug Interfaces and tha t the sodium remaining In the fa i lu re  region would 

simply mix into the bub-ble. This wouId be unimportant fo r gas release 

In terms of secondary fa i lu re s .  For an PCI bubble, the amount of 
sodium In th is  annular region could be somewhat larger. This sodium 

woiiild eventually act as a heat sink but would I n i t i a l l y  tend to move 

above the fa i lu re  s ites  and would probably not cause a s ig n if ican t  

change In the axial location of secondary fa i lu re s .

Based on the above discussion, our concerns with the 2D aspects of 

voiding shifted toward simulation of non-coherence In pin fa i lu re .  In 

p art icu la r  we were Interested In the fa i lu re  of only the center 50% of 
the pins within a given subassembly.

The major e f fe c t  of fa l l in g  only half the pins within a given sub- 

assembly would be to e f fe c t iv e ly  Increase both the flow area and 

condensing surfaces availab le  to the expanding FCI zone In our single-  

channel UVAFCI model. This can be simulated within the model simply by 

halving the masses of both fuel and sodium Involved In the FCI. Thus 

the modeled FCI zone Is e f fe c t iv e ly  smeared ra d ia lly  across the subassembly, 
and the additional cold structure surfaces are made availab le  as a heat 
sink.

This simulation technique probably over-emphaslzes the ameliorating 

effec ts  of non-coherence In the In i t i a l  voiding phases, because the 

additional heat loss surfaces are not Instantaneously availab le  a t  

pin fa i lu re .  Moreover, the voiding Induced by the central 50% of the 

pins w i l l  contribute to fa i lu re  of the outer pins by reducing heat 

removal c a p a b il it ie s  while simultaneously contributing positive re ac tiv ity  

to drive power up. When the outer pins f a l l ,  th e ir  contribution of 

molten fuel or f iss ion  gases to the subassembly voiding should be considered. 

This was not done fo r cases discussed below.

Simulation of fa i lu re  of 50% of the pins Is I l lu s tra te d  In Figure 4 .1 ,
2

which Is p a r t ia l ly  a reproduction from our th ird  quarterly . The voiding 

history fo r the reference case IB (described In Section 3.4 of this  

report) Is plotted against 4B, which u t i l iz e d  only half the amounts of 

fuel and sodium In the Interaction zone as did IB. Our comments In 

Section 3.4 on the second order e ffects  of varying sodium mass would
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suggest tha t essentia lly  a l l  the difference in cases IB and 48 was due 

to the halving of fuel mass in going from IB to 4B. To confirm th is  

suggestion, the results of case 2B, which is identical to  IB except for  

a halving of the mass of fuel involved, are also shown in Figure 4 .1 . 

The comparison of the three cases together does show that most of the 

difference in cases IB and 4B was due to differences in fuel mass, but 

the reduction in the amount of sodium available  as a quenching agent 

is detectable and should be Included In any 30% fa i lu re  studies.
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5. PARAMETRIC STUDIES -  MINIMUM REQUIREMENTS FOR EXTENSIVE 
VOIDING IN THE CLASSICAL TOP

The work discussed in Sections 2, 3, and 4 provided a basis for  

studies on the minimum requirements fo r voiding. We indicated in Section 

3.5 th a t four major or key parameters needed to be considered, but we 

s t i l l  needed reasonable values for other pin fa i lu re  conditions. Most 
of our TOP fa i lu re  conditions were obtained from personnel in the 

Fast Reactor Safety Division of Brookhaven Nationai Laboratory. In 

p art icu la r  we received aid and information from P. M. Haas, T. P. Henry,

T. Ginsberg, and J. G. Refling.

Although a wide range of burnup conditions, in i t ia t in g  ramp rates, 

w< and fa i lu re  c r i te r ia  can be considered in characterizing pin fa i lu re
^  conditions, we i n i t i a l l y  chose to sim plify selection of conditions in the

following ways. We looked only a t  ramp rates of the order of 50<f/sec or 

less, with emphasis on ramp rates of the order of \0<t/sec. Rather than 

considering an in f in i te  spectrum of burnup conditions, we considered 

only b eg inn ing -o f- l ife  versus burned pins, where "burned" implies at  

least one cycle of operation. Failure conditions for burned pins were 

generally based on the burst pressure c r ite r io n  as modified by the GE 

cracking model*. For fresh pins, a high melt fraction fa i lu re  c r ite r io n  

was sometimes employed in the data base we examined.

The net resu lt of th is  search fo r  fa i lu re  conditions was the selection  

of two sets of base conditions a t  fa i lu re :  beg inn ing-of-l ife  and burned,

^ with the major differences in the sets of conditions being the mass of

' fiss ion gas present; the molten fu e l ,  sodium, and cladding temperatures;

and the mass of molten fuel availab le  in the pin. The fa i lu re  conditions 

used in determining in i t ia l  FCI parameters for each of the base conditions 

are described in the appropriate section below.

5 . I Beginning-of-Life (SQL) Studies

For BOL pin fa i lu re s ,  we ty p ic a l ly  expect high average temperatures 

in molten fuel and a large molten fuel mass. (The mass of molten fuel 

is an important quantity in tha t we are interested in determining 

whether or not a small fraction of th is  available  molten fuel w i l l
j i

29



I
I produce extensive voiding.) The BNL runs gave us average molten fuel 

temperatures in the range of 3650 to 4100 K, depending on ramp rates and 

fa i lu re  c r i t e r ia .  We took a value of 3900 K for most cases. (Note again 

the second order e f fe c t  of fuel temperature as discussed in Section 3 .4 . )

Molten fuel masses per pin a t  fa i lu re  ranged from about 70 to 100 g. 

Molten fuel masses used in our f in a l BOL calculations were less than
5.0 g; thus only a small fraction  of the molten fuel inventory was used. 

This fac t is important because the driving forces for fuel ejection  

may drop rapidly following pin fa i lu re  i f  small quantities of 
manufacturing or f i l l  gases rather than fuel vapor pressure provide the 

driving force. Based on fuel e jection rates discussed in 3.4 and the 

5 g upper l im it  on to ta l fuel e jec tion , a mixing time of 5 milliseconds 

was used in most BOL calculations.

Sodium temperatures a t  the fa i lu re  s ite  depend on the fa i lu re  

location in addition to other obvious factors. For near-midplane 

f a i Iu r e s , , temperatures ranged from 1000 K to 1200 K; a value of 

MOO K was used in most of our BOL runs. Values as high as 1500 K 

could be ju s t i f ie d  based on fa i lu re  near the top of the active  

core, and such high values should lead to more sustained voiding. 

However, no in i t i a l  sodium temperatures over 1200 K were 

exami ned.

The mass of sodium involved was taken as 1.6 g fo r most BOL and

burned pin cases, based on 10 cm of channel length. The selection of
2

th is  10 cm length was discussed b r ie f ly  in our second quarterly , but 

a strong ju s t i f ic a t io n  is not ava ilab le . However, PLUTO runs made at  

UVA and SAS runs a t  BNL do support th is  mass of sodium as being ty p ic a l.  

Moreover, fo r  long-term voiding, we see a re la t ive  in sens it iv ity  to the 

sodium mass as discussed several times e a r l ie r  in th is  report, including 

Section 3 .4 .

The nominal values for the various parameters ju s t  discussed are 

summarized in the table  below.
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I
Table 5 . I

Nominal Values fo r  Second-Order-Effect Parameters (BOL Runs)

In i t ia l  temperatures

fuel = 3900 K 
sod Ium = 1100 K

Sodiurn mass = 1.6 g

Mixing time = 0.005 s

In i t ia l  interface locations
(re la t iv e  to bottom of lower blanket)
upper = 90 cm 
lower = 80 cm

The next step was to select nominal values for the key parameters.

We looked on minimum fuel mass needed as being a dependent variable

which was determined by the values selected for p a rt ic le  size; sodium-

to-cladding heat transfer c o e ff ic ie n t ,  h; and in i t ia l  cladding temperatures,
T . .  A value of 5.674 W/cm^*K for h was used in a l l  of the la te r  BOL c I
runs. As indicated in Reference 4 and Appendix B, th is  value of h could 

be interpreted as maximizing the benefits of the heat sink, but our 

cladding treatment included a consideration of conduction limited heat 
t ran sfer within the cladding, which reduced the e ffec tive  value of h,

(For the burned pin runs, lower values of h were chosen based on the 

presence of non-condensable gases.)

The nominal fuel p a r t ic le  diameter was taken as 200 microns. This 

is consistent with many reported fuel fragmentation results on mass-mean 

diameters (e .g . Reference 5 ) ,  and indeed a smaller diameter could be 

argued on the basis of Sauter-mean diameters (average volume to 

surface r a t io ) .

The nominal T^. was taken as 1200 K, based on the cladding being 

i n i t i a l l y  hotter than the sodium a t  the fa i lu re  s i te .  In retrospect, 

that should not have been the c r i te r io n ,  since T^. should be represen­
ta t iv e  of a l l  the regions of cladding which w ill  be exposed to 

the FCI zone and not ju s t the cladding at the fa i lu re  location.

However, while cladding low in the core w il l  exh ib it lower
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in i t i a l  temperatures than 1200 K, cladding near the top of the core w ill  
have temperatures upward of 1600 K. Thus the selection of 1200 K may be 

acceptable.

With the nominal values for h, I  and p a rt ic le  diameter as discussed
'  Cl

above, a value of 4 .8 g fo r  the fuel mass is s u ff ic ie n t  to produce 

extensive, long-term voiding in the BOL s itua tio n . The nominal values 

fo r  the key parameters are lis ted  again below.
Table 5.2

Nominal Values fo r  Key Parameters (BOL Runs)

Fuel mass = 4.8 g
P a rt ic le  diameter = 200 microns
Sodium-to-cI adding heat tran s fe r  c o e ff ic ie n t = 5.674 W/cm^»K

In i t ia l  cladding temperature = 1200 K

The combination of nominal values from Tables 5.1 and 5.2 were used 

in a UVAFCI run designated B0L-9H, fo r which voiding and zone pressure 

histories  are presented in Figures 5.1 and 5 .2 . From Figure 5.1 we see 

tha t the voiding is quite extensive in both space and time. The lower 

sodium slug does not s ta r t  returning un til about 60 milliseconds a f te r  

FCI in i t ia t io n .  Moreover another 60 milliseconds la te r  (a t  120 m i l l i ­

seconds), the lower slug was s t i l l  35 cm below its  orig inal location.'

This voiding is s u ff ic ie n t  to set up the scenario of late-ejected fuel 
(a f te r  f i r s t  10 to 20 milliseconds) entering a p a r t ia l ly  voided channel 

and therefore not being susceptible to easy fragmentation and sweepout.

Regarding Figure 5 .2 , the e a r ly ,  large pressure spikes are due to 

the pure in e r t ia l  constraint u t i l iz e d  in the calculation which permits 

reentry into single phase as fuel is added and causes the very large 

in i t ia l  spike. Note, however, th a t the impulse associated with those 

spikes is unimportant to the long-term voiding.

l-f the fa i lu re  of only ha lf of the pins is simulated (B0L-I2H) the 

voiding is s t i l l  extensive. The voiding history from run B0L-I2H is 

shown in Figure 5.3 along with that o f BOL 9H. The input fo r BOL-I2H 

was identical to  that fo r  B0L-9H except that the masses of fuel and 

sodium involved were halved.t Note that the lower sodium slug starts  back

*Table 0 .2  of Appendix C summarizes parameter values fo r  a l l  BOL runs 
discussed here.
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up e a r l ie r  than fo r  B0L-9H (50 msec vs. 60 msec), but is s t i l l  below 

i ts  in i t i a l  location a t  120 msec.

The next two figures give comparisons of the B0L-9H run with other 

runs in which key perameters were varied. Figure 5.4 shows results of 

BOL-9, fo r which the p a rt ic le  diameter was 3.16 times the nominal value 

of 200 microns, i . e .  the p a rt ic le  diameter was 632 microns. Also shown 

is the voiding history fo r  BOL-8, in which the large 632 micron p art ic le  

was assumed along with lower in i t ia l  cladding temperature (1100 K in BOL-8 

vs. 1200 K in B0L-9H and BOL-9). Even with the large partic les used in 

the BOL-9 case, the lower slug does not return to its  in i t ia l  position 

by 120 msec a f te r  FCI in i t ia t io n .  Moreover, the results fo r the BOL-8 

case, which assumed the lower cladding temperature in addition to the 

large p a r t ic le  s ize , showed tha t the lower slug had not regained its  

in i t ia l  position a t 100 msec a f te r  FCI in i t ia t io n .

In Figure 5.5 we see the e f fe c t  of increasing the in i t ia l  cladding 

temperature. Input fo r run BOL-1 OH d iffered from B0L-9H only in the 

value of T^., which was 1300 K fo r  BOL-1 OH vs. 1200 K for B0L-9H. The 

voiding in BOL-1 OH actually  extended down below the pin bundle and into 

the shield region.

I t  would be possible to give many examples of cases for which 

voiding was much more or much less vigorous than for B0L-9H; however, 
i t  is c lear tha t to  eliminate extensive voiding we would have to assume 

values fo r  single key parameters that are fa r  from the nominal values or 

else have two or three of the key parameters varied together in the 

desired d irection . I t  also seems c lear that the parameter values of 

Tables 5.1 and 5.2 w il l  indeed give extensive voiding and that the minimum 

requirements for extensive voiding would be somewhat less than those 

indicated in the tables. Certain ly the required mass of ejected molten 

fuel per fa iled  pin can be argued to be less than 5.0 g for coherent 

fa i lu re  of 50? or more of the pins in a single subassembly, and th is  mass 

w il l  be s ig n if ic a n t ly  less than 10 ? of the molten mass available a t  

pin fa i Iu re .
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5.2  Burned-Fuel Studies

As indicated In Section 5 .1 , the runs mocking up burned-fuel sub- 
assemblies d iffered  in fa i lu re  conditions from the BOL runs in terms of 
mass of fission gas present, temperatures ( fu e l ,  sodium, and cladding), 
and mass of molten fuel ava ilab le . Otherwise the general modeling was 

s im ilar  for burned and BOL pins. We w il l  consider the three principal 
areas of difference between BOL and burned-pin fa i lu re  conditions stated

above Ind iv id ua lly , even though the three areas are rea lly  related. The 
re lationship can be simply stated as follows: the presence of s ign if ican t
quantities of fission gasses tends to produce early fa ilu res  in burned 

pins re la t iv e  to BOL pins, and the e a r l ie r  fa ilu res  translate  to lower 

temperatures and smaller melt fractions a t  fa i lu re .

For mild FCI's following fa i lu re  the fission gas may be a major 

factor in pressurization of the coolant channel; however, the role of the 

f ission gas following pin fa i lu re  is re la t iv e ly  unimportant to d irect  

generation of pressures i f  a vigorous FCI occurs. The important roles 

of the gas in a vigorous FCI are ejectilpn of fuel from the pin and potential 
reduction of heat tran s fe r  from the FCK zone sodium to the cladding and 

structure. In Appendix B the arguments fo r selection of a reduced heat 

t ran sfer c o e ff ic ie n t  due to the gas are presented. The importance of 

th is  c o e ff ic ie n t to calculated voiding results is discussed la te r  in 

th is  section.

The lower temperatures of fu e l,  sodium, and cladding a t  fa i lu re  

tend to reduce the voiding, but these reductions in temperature are 

overpowered by reductions in the sodium-to-cI adding heat transfer  

c o e ff ic ie n t .  Once again we re lie d  mainly on BNL SAS runs fo r  fa i lu re  

conditions. Molten fuel temperatures in the central cavity averaged from 

3325 to 3625 K. We used a value of 3500 K for most burned-pin (usually  

labeled BURN) runs. Masses of molten fuel at fa i lu re  varied from about 

45 to 80 g, depending again on ramp rates, exact burnup, and gas 

release model used. These molten fuel masses were s l ig h t ly  lower than 

fo r  BOL pins, but provided a large inventory of molten fuel availab le  

fo r  secondary e jec tion , even a f te r  ejection of an in i t ia l  5 to 10 g.

37



Sodium temperatures a t  the fuel axial midplane varied only a few 

tens of degrees, and a representative value of 1000 K was used for the 

BURN series of runs. Table 5 .3  below summarizes the nominal values of 

the various parameters fo r which credible variations were found to have 

l i t t l e  e f fe c t  on the FCI voiding.

Table 5.3

Nominal Values fo r  Second-Order-Effect Parameters (BURN Runs) 
In i t ia l  temperatures

fuel = 3500 K 
sodium = 1000 K

Sodium mass = I .6 g
Mixing time = 0.010 s
In i t ia l  interface locations

upper = 90 cm 
lower = 80 cm

The longer mixing time (as compared to 0.005 s for BOL runs) is 

based on the idea th a t the driving force for fuel ejection w i l l  be more 

sustained in burned pins than BOL pins i f  gas (f is s io n , f i l l ,  or manu­
facturing) is the driving force in both instances. Continuing with that  

argument, larger masses of ejected fuel could be considered for the 

BURN series of runs. I n i t i a l l y  then we f e l t  i t  would be reasonable to  

consider the order of 9 .6 g/pin from burned pins vs. 4.8 g/pin fo r BOL 

pins. As w il l  be i l lu s tra te d  la te r ,  even BURN runs which used 4.8 g/pin  

showed extensive voiding due to the nominal value of 1.891 W/cm^»K 

selected for the sodlum-to-cladding heat transfer co e ff ic ie n t, h. This 

value of h is only one-third of the nominal value for BOL runs.

As in the BOL nominal case,a p a r t ic le  diameter of 200 microns was 

assumed fo r  the nominal BURN case. The remaining key parameter, in i t ia l  
cladding temperature, T^. was assigned a value of 1100 K (100 K above 

the in i t ia l  sodium temperature) to be consistent with the nominal 

cladding temperature in the BOL cases. The nominal values for a l l  
the key parameters, are shown in Table 5.4 below.
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Table 5.4

Nomina! Values for Key Parameters (BURN Runs)
Fuel mass = 9.6 g

P a rt ic le  diameter = 200 microns

Sodium-to-cI adding heat tran sfer coe ff ic ie n t = 1.891 W/cm^*K
In i t ia l  cladding temperature = MOO K

The BURN run which u t i l iz e d  the values of Tables 5.3 and 5.4 was 

designated BURN-5H. The voiding and pressure h istories fo r BURN-5H are 

shown in Figures 5.6 and 5 .7 . The in i t ia l  voiding is extremely vigorous, 

with downward voiding extending well down into the s h ie ld -o r if ic e  

region. The early  pressures are very high even a f te r  reaching two-phase, 

but u ltim ate ly  (times > 40 msec) the two-phase pressure is controlled by 

heat tran s fe r  to the cladding.

I t  is obvious from Figures 5.6 and 5.7 that BURN-5H u t i l iz e d  much 

more than the minimum requirements fo r  large-scale voiding. Therefore, 

key parameters were varied separately to see how each might reduce the 

voiding to borderline magnitudes. The f i r s t  such variation is depicted 

in Figure 5 .8 ,  which compares voiding histories fo r BURN-5H and BURN-9. 

BURN-9 used input parameters*identical to BURN-5H except for the choice 

of sodium-to-cI adding heat transfer c o e ff ic ie n t ,  h. For BURN-9, a value 

of 5.674 W/cm^*K was used. The voiding for BURN-9 is much milder than 

fo r  BURN-5H a t  intermediate times, a f te r  heat transfer to the 

cladding becomes important but before i t  dominates. However, a t  100 msec 

a f te r  FCI in i t ia t io n ,  the lower interface positions are id en tica l. This 

is prim arily  because the cases used identical in i t ia l  fuel masses and 

cladding temperatures. The FCI zone pressures for BURN-5H and BURN-9 

(no comparison shown) are s im ilar  a t  long times as would be expected, 

even though the BURN-9 pressures are lower for intermediate times.

The e f fe c t  of increasing p a r t ic le  diameter by the factor of /TO 

(reduction in fuel-to-sodium heat transfer coe ff ic ien t by factor of 10) 

is i l lu s tra te d  by Figure 5 .9 . Run BURN-5 assumed 632 micron diameter 

p a rt ic les . Otherwise the input parameters were identical to BURN-5H.

The reduction in voiding extent is only s l ig h t ly  greater than that for

*Table C.3 of Appendix C summarizes parameter values for a l l  runs 
discussed here.
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BURN-9 (see Figure 5 .8 ) ,  with the orig inal PCI zone region not yet reached 

by the returning lower sodium slug even a t  150 msec a f te r  FCI in i t ia t io n .

No cases were run which looked d ire c t ly  at separate variations in 

fuel mass and cladding temperature on the BURN-5H nominal case, but these 

effects  are c le a rly  i l lu s tra te d  with comparisons of other BURN series 

runs. Figure 5.10 compares voiding h istories  fo r BURN-5 and BURN-6.
Referring back to the previous paragraph, note that BURN-5 d iffered from 

BURN-5H only in p a r t ic le  diameter. BURN-6 d iffered from BURN-5 only in 

the in i t i a l  cladding temperature. For BURN-6 th is  was 1200 K rather than 

the nominal MOO K. The increase in extent of voiding at long times 

(> 50 msec) is obvious although not order-of-magnitude. (The results  

are consistent with Figure 5.5 which showed the e ffects  of cladding temp­
erature variations in BOL cases.) i t  is important to note tha t lower interface  

positions fo r  BURN-6 are fu rther down in the core a t very long times 

(> 95 msec) than for the very energetic BURN-5H (see Figure 5 .6 ) .  This 

is again the resu lt  of the higher two-phase sodium temperatures 

atr the long times when sod iumr-to-c I adding heat-transfer completely 

domi nates.

The e f fe c t  of fa i lu re  non-coherence (which is primarily the e ffec t of 
reducing availab le  fuel masses) is i l lu s tra te d  in Figure 5.11. Here BURN-6 

voiding is compared with BURN-8, fo r which the only change from BURN-6 

was a halving of fuel and sodium masses. BURN-r8 considered 4.8 g of 

fuel in teracting with .8 g of sodium. The reduction in voiding for BURN-8 

is as expected; however, the voiding is s t i l l  impressive, with the lower sidg 

requiring approximately 140 msec a f te r  FCI in i t ia t io n  to return to the 

bottom of the in i t i a l  FCI zone. Remember that BURN-8 assumed large 

(632 micron) p a r t ic le  sizes as well as the smaller fuel and sodium masses 

which mock up non-coherence.

In the same vein as comments a t  the end of Section 5 .1 , we certa in ly  

admit to  being able to combine selected values of the key parameters in 

ways to  give much more or much less voiding for burned pins than for the 

nominal case, BURN-5H. However, i t  seems clear from the results i l lu s tra te d  

in Figure 5.11 tha t the required mass of ejected and fragmented molten
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fuel per fa i le d  pin can be argued to be less than 5.0 g for coherent 
fa i lu re  of 50^ or more of the pins in a single subassembly. This mass 

is the order of \0% of the molten fuel mass available a t  pin fa i lu re .

5.3 General Conclusions

The parametric studies have led us to conclude tha t extensive 

subassembly voiding can be achieved following pin fa i lu re  with small 

masses of molten fuel involved per p i n ( < 5 . 0 g ) .  In order to have 

vigorous voiding during the early  period when fuel-to-sodium heat 

tran sfer  c lea rly  dominates over sodium-to-cI adding p a r t ic le  diameters 

in the range of 200 microns must be assumed. For extensive long-term 

voiding ( i . e .  when sodium-to-cladding heat transfer dominates) the key 

parameter in our work was seen to be in i t i a l  cladding temperature.

This e ffe c t  is not properly modeled e ith e r  in PLUTO I or the current 
version of UVAFCI because axial d istr ibutions in in i t ia l  cladding 

temperatures are not considered.

The e f fe c t  of the magnitude of the sodium-to-cladding heat transfer  

c o e ff ic ie n t ,  h, is important, but can act in d if fe re n t  ways. The maximum 

observed downward voiding is decreased s ig n if ic an tly  as h increases; 

however, fo r  long-term voiding in cases with high in i t ia l  cladding 

temperatures, larger h values help to maintain voiding as the cladding 

acts to pump up the FCI zone.
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6. PLENUM FISSION GAS RELEASE

Our orig ina l in terest in plenum fission gas release paralleled that 

of our FCI in teres t, i . e .  potential production of long-term, extensive 

voiding during a classical TOP such th a t fuel ejected from the pin might 
not be eas ily  fragmented and removed from the core region. This interest  

was stimulated by the E7* te s t  in TREAT.

We have also become interested in plenum gas release e ffects  in the 

Loss-of-Flow (LOF) and Loss-Of-Flow-Driven TOP (LOF-D-TOP). In both of 
these la t te r  s ituations, the gas release effects  could be more important 

than in the classical TOP. In the high-power LOF channels, gas release 

may strongly a f fe c t  or e f fe c t  both cladding and fuel motion. In the 

LOF-D-TOP channels, the potential voiding due to plenum gas release is 

much more extensive than fo r the classical TOP because of the lower 

driving pump heads applicable to LOF-D-TOP.

Work done on the study of plenum gas release during GDA's has improved 

our understanding both of the heat transfer processes and of the modeling 

requirements involved. A simulation code for gas release called GASFLO 

has been written  and used for in i t ia l  simulation studies. We expect 

GASFLO to provide further guidance on requirements fo r plenum gas release 

modeling, and on the possible e ffec ts  of that release on the overall 

accident scenario.

6 . I Comparison with Published Results

To te s t  our computational techniques and develop a basis for further  

studies, we have attempted to reproduce the voiding history presented in 

Reference 2, using the isothermal flow model described in that report.

The ANL model fo r  coolant slug motion assumes one-channel flow through 

the o u tle t  module, which overestimates the in e r t ia l  constraint to upward 

voiding of a single subassembly; the use of th is  constraint model and 

the use of a very high in i t ia l  plenum gas pressure both contribute to  

pronounced downward motion of the lower coolant slug. Inclusion of 

both these factors in GASFLO, however, did not give us downward voiding 

rates equivalent to those in the ANL report. The complexity associated
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with modeling flow In the lower subassembly structure leads us to suspect 

tha t the difference lay in the computation of the pressure retarding 

downward voiding. Therefore a GASFLO run was made with 0.1 MPa ( I . 01 atm) 
less retarding pressure than our best estimate for the CRBR design. This 

produced a voiding history s im ilar  to that of the ANL report.

6.2 CRBR Caleu I ations

As indicated in Section 6 .1 , we were able to generally reproduce 

the results of Reference 2. The plenum pressures used in the ANL studies 

(1700 psia or about 12 MPa) correspond to 2a confidence upper lim its  

a t  EGEC as presented in the PSAR. Our own estimates for EGEC were 

considerably less than th is ;  moreover, we have an immediate interest  

in the early  CRBR cores before the true equilibrium cycle has been 

obtained. Therefore, we also looked a t  voiding histories for gas plenum 

pressures of 7 MPa (~ lOGO psia).

Figure 6.1 shows voiding h istories  for coherent fa i lu re  of a l l  the 

pins in a single subassembly during a classical TOP for the two d if fe re n t  

in i t ia l  plenum pressures given above. The fa i lu re  was assumed to occur 

a t  the top of the active core. Gas flow parameters (e .g . blanket-cladding  

gap size) were the same as those in Reference 2. Gur own CRBR hydraulics 

model was u t i l iz e d .  This gives s l ig h t ly  weaker downward voiding in 

the 12 MPa case than the voiding predictions of Reference 2.

For the case with a 7 MPa in i t ia l  plenum pressure, the voiding 

e ffe c t iv e ly  does not extend down into the active core. Conversely,
fo r the 12 MPa case, the active core sees s ig n if ican t voiding and is not
completely covered again until more than 250 msec a f te r  pin fa i lu re .

This 12 MPa case could be s ig n if ica n t in terms of fa i l in g  pins and 

ejecting molten fuel into a voided region. However, fo r the f i r s t  core, 

the 7 MPa case represents an upper l im i t ,  and i f  non-coherence in fa i lu re  

is considered in the 12 MPa case, the voiding history w i l l  be very s im ilar

to ( in  fa c t  probably weaker than) the 7 MPa case.

Based on the results of Figure 6.1 and the comments made above, the 

plenum gas voiding would not seem to be as important in the classical
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TOP as we had o r ig in a l ly  antic ipated -  a t  least for the case where the 

gas release a t  the core-upper-blanket interface corresponds to the 

in i t ia l  fa i lu re .

6.3 Heat Transfer Processes

The analysis of Reference 2 assumes tha t the fission gas behaves 

isothermally throughout the tran s ien t. I t  was not clear to us that th is  

is the case in the plenum. In the gap, or in the coolant channel.

Early calculations showed th a t i f  heat transfer from the cladding were 

ignored, the gas remaining in the plenum would drop s ig n if ic an tly  in 

temperature as i t  depressurized. Also, we began looking at  

possible a lte rnate  behavior^ for the gas flowing in the annul us.

I t  became necessary to make a t  least some rough estimates on heat transfer  

rates a t  each point in the gas flow in order to determine whether or 

not the flow was even close to isothermal.

6.3.1 Gas Remaining In Plenum

The temperature Of gas remaining in the plenum during the expulsion 

process would indeed drop the order of 100 K or more in temperature i f  

no heat transfer from the cladding to gas were considered. For simple 

estimates of the times for heat tran sfer via conduction from the cladding 

walls to stagnant xenon gas within the plenum we looked a t  Fourier 

numbers of unity , i . e .  = 1*0, where a is the thermal d i f fu s iv i ty  of 
the gas, R is the I.D . of the plenum cladding, and t  is time. The 

time constant of in terest fo r  th is  process under in i t ia l  plenum conditions 

of 7 MPa pressure ( -  1000 psia) and 900 K temperature is about 5 seconds. 

Since the rapid gas expulsion process of in terest is over in the 

order of 1.0 sec or less, conduction heat transfer from the cladding 

could be ignored. However, since the gas is not stagnant, a 

convective mode must be considered.

For th is  mode, the time constant of in terest would be ~
(•^) (■jqlj) where Nu is the Nusselt number, k is the gas thermal conductivity, 
and h is the convective heat tran sfer c o e ff ic ien t. The value of Nu w il l  

vary along the plenum during gas expulsion as gas flows down to the

49



blanket. Based on calculations using a developmental code which was a 

precursor of GASFLO, values of Nu a t the bottom of the plenum can be the 

order of 60 with h = .02 W/cm^»K. This reduces the time constant for  

heat tran sfer a t  tha t point to less than 100 milliseconds, and would seem to 

make heat tran sfer  important. However, along the plenum, Nu w il l  vary 

from 60 a t  the bottom down to essentia lly  zero a t  the upper end of the 

plenum. A detailed calculation w i l l  be necessary i f  the ICO K variation  

in plenum gas temperature predicted In preliminary calculations is found 

to be important in terms of explus ion rates.

6 .3 .2  Gas Flowing in the Blanket-Cladding Gap

In the annular region between the upper blanket and surrounding 

cladding, values of h w i l l  be s u ff ic ie n t ly  high to insure tha t the gas 

quickly achieves a local tempera,ture based on some average of the 

blanket and cladding temperatures. Values for Nu and h would be the 

order of 35 and 3.5 W/cm^*K respectively in the gap.

Apparently then the gas temperature w i l l  be controlled by the blanket 

and cladding temperatures; th is ,  however, w ill  not be an isothermal,, 
s itua tio n , since the blanket and cladding temperatures vary a x ia l ly .  
Moreover, a t  the rupture s i te  where the gas enters the coolant channel, 
a rapid deceleration in gas ve loc ity  w i l l  occur with a resulting r ise  in 

temperature.

6 .3 .3  Gas Flow in the Coolant Channel

Rapid variations in volume, flow rates, and densities complicate 

the analysis of gas flow in the coolant channel. S im ila r i t ie s  in 

equivalent diameter, flow area, and mass transfer to those of the fission  

gas plenum on a per pin basis are o ffs e t  by the lower gas density and 

possible density gradients in the gas. I f  no mechanistic treatment is 

developed for the channel flow, the extremes of thermal behavior ( i . e .  

adiabatic  and isothermal flow) w i l l  be modeled to scope the possible 

effects  of heat transfer in th is  region.

6 .4 Gas Release Caleu I atIona I S en s it iv ity

The s e n s it iv ity  of gas release histories to the assumptions made in
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modeling gas flow in the fission gas plenum, gap, and coolant channel, is 

being tested by examining simulations of the extremes of heat transfer  

behavior in each region: adiabatic flow (iso lation  of the gas from

the c lad/bianket) and isothermal (immediate equilib ra tion  of gas and 

c lad ). The degree to which variables of in terest are sensitive to our 

assumptions w i I i  determine the necessary complexity of gas reiease 

mode is fo r  accurate accident analysis.

Such a s e n s it iv ity  study has already been performed for the annular 

blanket-clad gap. We have compared isothermal and Fanno (adiabatic) flow 

in the annular gap for the same driving pressures, and have found l i t t l e  

or no difference in predicted mass fiow rates or in predicted pressure 

drops. The two models predict considerably d if fe re n t  gas temperatures 

on delivery to the coolant channel, and i t  remains to be determined i f  

the accident history w i l l  be s ig n if ic a n t ly  affected by th is  difference; 
the results of the study, however, indicate that the simple isothermal 

model is probably an adequate model of the gap flow.
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7, EARLY FUEL BEHAVIOR IN THE SODIUM CHANNEL IN A 
TRANSIENT OVERPOWER ACCIDENT

7 . 1 Objectives of Current Work

The purpose of the work described here was to understand the phenomena 

Involved in the early  rrration of fuel into the sodium following fuel pin 

fa i lu re  in a TOP accident. Such an understanding is necessary In order 

to assess the v a l id i ty  or adequacy of models currently being used for  

analysis of these phenomena. Controlling processes in early fuel motion 

and weaknesses and uncertainties in the current modeling of these processes 

should be id en tif ie d .

7.2 Processes in Early Fuel Motion

When a fuel pin ruptures in a TOP accident, fuel may be expelled 
%

from the 'p in  by fuel vapor pressures or by gases (resulting from fission  

or manufacturing) which may have been in an in i t ia l  central void or are 

released from the hot fu e l.  We are mostly concerned here with burned 

pins, for which fission gas is the primary fuel e jection force. The 

f i r s t  fuel to emerge may sti11 be sol id. This w i l l  be followed by 

molten fuel which may be mixed with fission gas.

As molten fuel encounters sodium, several competing processes can 

occur. The fuel w i l l  compress the sodium in order to create volume to  

accommodate the emerging fu e l.  The sodium must be analyzed as a compressible 

constraint fo r  the f i r s t  one or tw o  miiiiseconds. (A fter several 
milliseconds the compressed sodium starts  to act in the same manner as 

an incompressible s lug .) The fuel w i l l  tend to f i l l  the space in the 

sodium channel between the adjacent fuel pins a t  the level of the 

rupture. Simultaneously the flowing sodium tends to drag the fuel along 

with i t ,  exerting shear forces along the vertica l fuel surfaces and 

in e r t ia l  forces (from the dynamic pressure of the sodium) against horizontal 

fuel surfaces. The geometry for a s l i t  rupture is i l lu s tra te d  in Figure 

7 .1 . At position (a) in the motion, the principal forces on the fuel 

may be shear forces'. At position (c ) ,  however, the principal forces are 

the in e r t ia l  forces which resu lt  from the dynamic pressure of the flowing 

sod i um.

53



RUPTURED 
P I N ^

V-

t

t|

n
Na (a)

u

r r

Na
(b)

V

t . (c)
No

Na FLOW
CHANNEL PER PIN
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Up to  the time when s ig n if ic a n t  s o lid if ic a t io n  of the fuel takes 

place, the flowing sodium w il l  act to  fragment the liquid fu e l.  This 

hydrodynamic fragmentation can occur i f  the Weber number exceeds a c r i t ic a l  
value, where the Weber number is the ra tio  of an in e rt ia l  or shear force 

(which tends to fragment the fue l)  to a surface tension force (which opposes 

breakup). Even i f  the c r i t ic a l  Weber number is exceeded, however, there  

may be in s u ff ic ie n t  time for hydrodynamic fragmentation to occur prior to  

s o lid if ic a t io n  of the fu e l.

During the early  motion of the fuel the sodium also rapidly cools
the surface of the fuel and t r ie s  to s o lid ify  the outer part of the

fu e l.  Cronenberg has shown that th is  s o lid if ic a t io n  rate is controlled

by the rate of conduction, as opposed to the rate of nucleation of solid
2 3fu e l.  Cronenberg, Chawla, and Fauske and others have also shown that  

thermal stresses in the resulting crust of solid fuel are l ike ly  s u ff ic ie n t  

to  fragment th is  crust. In th is  report we label th is  process thermal 
fragmentation, as opposed to hydrodynamic fragmentation referred to in 

the previous paragraph.

I f  the fuel fragments, s u ff ic ie n t  surface area can be generated to 

produce a local fuel-coolant interaction (FCI). This FCI is of the type 

often referred to as 'Vigorous boiling" because the interface surface 

termperature of the sodium is beiow the spontaneous nucleation temperature
4

of the sodium. Hence what Fauske c a lls  a true "vapor explosion" or even 

"continuous explosive boiling" does not take place even on th is  local 

level. This vigorous-boiling type of FCi is the type modeled by the FCI 
module of SAS and by PLUTO.

7.3 Analysis of Processes During Early Fuel Motion

In order to meet the objectives of th is  study, three analyses were 

made or are under way. F irs t ,  a PLUTO calculation was made which involved 

only hydrodynamic processes; heat transfer from fuel to sodium was 

eliminated, thereby excluding any FCI. These results were compared 

with hand calculations of some of the principal flow processes. Second, 

calculation of hydrodynamic fragmentation of liquid fuel by flowing 

sodium were in i t ia te d .  Third, rates of s o lid if ic a t io n  and buildup of
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thermal stresses have been estimated In order to compare the potential for  

thermal fragmentation with the potential fo r hydrodynamic fragmentation.

7.3.1 PLUTO Run to  Examine Hydrodynamics of Early Fuel Motion

The PLUTO code models the flow of fuel inside the fuel pin toward 

the rupture, the compressible response of the sodium as the fuel emerges, 

and the compressible response of the sodium during a resulting local 

FCI. Resistance to fuel flow a t  the rupture I's assumed to be 

neglig ib le  re la t iv e  to the sodium constraint and to resistance 

to  fuel motion within the pin. (This assumption may be d i f f i c u l t  to  

defend for many fa i lu re  conditions, butcurrently  i t  is generally accepted.) 

I t  is fu rther assumed th a t a l l  of the fuel fragments into partic les  of 

a user-selected size as the fuel emerges from the rupture. The length of 
the rupture must be the length of the axial node where the rupture is 

assumed to occur . The width of the rupture is irre levant since the 

amount of fuel which emerges is completely controlled by the change in 

i.od.ium volume in the sodium channel resulting from sodium motion.

A PLUTO run which modeled fa i lu re  of a burned pin in a 50<t/sec 
transient was made in order to examine hydrodynamic processes during the 

early  expulsion of fu e l .  Heat tran s fe r  was e f fe c t ive ly  eliminated by
5

decreasing the thermal conductivity of the fuel by a factor of 10 and 

by using a fuel p a r t ic le  diameter of 5 mm. Drag forces by the sodium on 

the emerging fuel were low re la t iv e  to gravity since the p a rt ic le  size 

was so large.

In th is  PLUTO ca lcu la tion , liquid fuel emerged from the pin rupture, 

remained e ffe c t iv e ly  unfragmented, and was dragged only a short distance 

during the 20 milliseconds duration of the calculation. The node length 

over which the rupture was assumed to occur was 59.2 mm. The pressures 

in the pin and channel adjusted as the fuel compressed the sodium in the 

channel while fuel flowed inside the pin toward the break.

P rior to  the rupture, the pressure in the fuel pin was 16.2 MPa 

(162 bars). The pressure in the sodium a t the rupture location was

0.6 MPa. Immediately a f te r  the rupture, communication between the fuel
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and the sodium caused the pressure In the pin to drop to 11.5 MPa while 

the pressure in the sodium in the node adjacent to the rupture instanta­
neously rose to v i r tu a l ly  the same value, or 11.2 MPa. This pressure 

then compressed the sodium, making space fo r fuel to emerge.

The pressure a t  the rupture very rapidly dropped to 5 MPa ( in  0.1 

msec) in both the fuel and the sodium, and slowly decreased thereafte r  

to  3 MPa a t  2 ms and I MPa from 5 ms to 20 ms. Pressures a t the rupture, 

together with the mass of fuel ejected from the pin, are listed in Table

7.1 fo r  various times a f te r  fa i lu re .

Table 7.1

Pressure a t  Rupture Location and Fuel Ejected from One Pin as 
Calculated by PLUTO, with No Heat Transfer to the Sodium

Pressures a t  Rupture 

Time Fuel Sodium Fuel Ejected
(ms) (MPa) (MPa) (g)

0 16.2 0 .6 0

0+ 1 1.5 1 1.2 0.03
0.1 5.2 5.2 0.14

1 5.0 4.7 0.76

2 3.1 3.0 1.57

5 0.9 0 .8 5.12

10 1.0 1.0 9.56

20 1.2 0.7 15.2

In studying potentia l heat tran sfer p rio r to thermal fragmentation 

and hydrodynamic fragmentation processes, i t  is of In terest to examine 

the geometry of the fuel in the channel. In p a rt ic u la r , i t  is of in terest  

to  know what fraction  of the sodium fiow area in the channel is occupied 

by the fu e l.  The PLUTO run provides us with tha t information. At 2 ms, 

1.51 of the 1.56 g of fuel in the channel is s t i l l  in the node containing 

the rupture. For the 59.2 mm long node, a sodium flow area per fuel pin 

of 20 mm̂ , and a fuel density of 8.1 g/cm^, the calculated fraction of 

the channel occupied by fuel a t  2 ms was 0.16. At 20 ms, the 15.2 g of 
fuel was d istributed f a i r ly  evenly over four nodes. Hence a t  th is  time
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the fuel occupied about A0% of the flow area. For smaller size partic les  

than the assumed 5 mm diameter, fuel would be dragged somewhat faster  

from the rupture so th a t I t  would occupy smaller fractions of the flow 

area.

7 .3 .2  Approximate Hydrodynamic Model for Early Fuel Motion

As Indicated above, a f te r  fa i lu re  of the cladding, fuel moves through 

the rupture and compresses the sodium In the channel. Fuel flows In terna lly  

In the pin to the fa i lu re  location. PLUTO accounts fo r the compression 

of the sodium and Ignores any resistance a t the cladding rupture.

In order to make sure th a t we understood and agreed with the PLUTO 

resu lts , a simple calculation was made to reproduce the PLUTO prediction  

of fuel expulsion Into the channel during the f i r s t  millisecond as follows.

f u e T Na

IS
p

1*

Figure 7.2 Geometry fo r  early  fuel motion and compression 
of the sodium.

The volume change generated by a pressure In one-dlmenslonaI geometry Is 

given by the compressible constraint equation:

dt
( I )

where V = volume displaced
c = ve loc ity  of sound In sodium (2 .7  x 10  ̂ m/s)

= sodium density (0.78 g/cm^)

S = flow area (20 mm̂ )

P = pressure In the expanding zone 

P  ̂ = In i t i a l  pressure In the zone.
Twice the area S Is u t i l iz e d  since the sodium Is compressed In both 

dlrections.
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The volumetric flow ra te , Q, of fuel through the rupture is equal 
to  The mass of fuel which enters the channei in time t  is p^Qdt'
where is the fuel density (8.1 g/cm^).

In the PLUTO run described in Section 7 .3 .1 ,  the pressure was •• 5 MPa 

from 0.1 ms to I ms. Assuming a constant P of 5 MPa (and neglecting P^) 
gives for the mass of fuel ejected in I ms

2PSp t
m, = p .Pt = -----------

♦ f  '=Na=

= 0.77 g

which is in approximate agreement with the PLUTO result listed in Table 7.1. 

A fter about two milliseconds, the PLUTO results diverge s ig n if ic an tly  from 

th i s s i mpIe mode I .

In the PLUTO ca lcu la tion , the pressure in the fuel and the channel 

a t  the node where the rupture occurs immediately equalizes because 

resistance to flow a t  the break is neglected. I f  the rupture were not a 

long rip  but was instead a hole or a break of small height, th is  resistance 

might become appreciable.

I f  the break is considered as an o r i f ic e ,  with ejection f r ic t io n  

c o e ff ic ie n t  c^, the pressure loss between fuel a t pressure P̂  and the 

sodium channel a t  pressure P can be written as

p - p . i ^f  2c 2

where u is the ve locity  a t  the o r i f ic e .  In terms of the volumetric flow o
rate of fu e l,  Q = u A , where A is the o r i f ic e  area,o o o

Pf -  P 2 2 
d o

Combining th is  with Equation ( I ) ,  ignoring P , and recognizing that
dV °Q = ■^, gives a quadratic equation fo r Q:

2 .2  2 . 2-
Pkt C j A c  2 C j A _ P^Na d o^  = 0 .  (2) 

^  P fS  ^ P :̂
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When the flow resistance a t  the rupture is low, the term is fa r  

smaller than the other two, becomes equal to P, and Equation (2) 

reduces to Equation ( I ) .

7 .3 .3  Hydrodynamic Fragmentation

I f  the molten fuel which emerges from the rupture f i l l s  most of 

the sodium channel as in Figure 7.1 (c ) ,  the in e rt ia l  force of the 

sodium ( i . e .  the dynamic pressure) w i l l  tend to fragment the fu e l.  I f  

the fuel emerges from a long s l i t  in the cladding and f i l l s  only part of 
the sodium channel as in Figure 7.1 (a ) ,  the fuel w ill  appear as a long 

th in  slab with sodium flowing along the surfaces of the slab. In th is  

case the shear force or drag exerted by the sodium w il l  tend to fragment 

the fu e l .  In e ith e r  case surface tension w i l l  be the force which resists  

fragmentation.

When an in e r t ia l  force tends to  fragment liquid fuel f i l l i n g  the 

channel, the appropriate Weber number fo r evaluating fragmentation is

Pm i^^M D
We = 2 i2 _ N 2 _

“ f
pNa^^Na ir

which is proportional to the in e r t ia l  force ----- ^ d i v i d e d  by

the surface tension force, ira^D. The appropriate D here is defined by 

Figure 7 .3 .

2 4AREA-

Figure 7 .3  Geometry for in e r t ia l  force in Weber Number (S is 
defined as the sodium flow area per pin, ha lf of 
which is shown here).

Liquids are fragmented by in e r t ia l  forces when a c r i t ic a l  Weber 

jr ,  We ,̂ is reached.

(fo r  example. Reference 5)

number. We , is reached. The value of We is of the order of 10 to 20 c c
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When shear forces are responsible for breakup, the shear force

exerted by the sodium on the fuel slab of surface A Is Ay., 4^)^ , ,’ Na dy Surface’
where Is the ve loc ity  gradient In the sodium perpendicular to the 

fuel slab. The geometry Is shown In Figure 7 .4 .

|U Na

T
L 

1 
b K -

Flgure 7.4 Geometry fo r shear forces on fuel slab.

The gradient would be represented In a Weber number by the 

sodium velocity  Uj^^dlvlded by the small distance, d. In the sodium flow 

channel between the fuel and an adjacent fuel pin. The area A Is Lb. 

The surface tension force resisting fragmentation would be ab. The 

appropriate Weber number fo r fragmentation by the shear force would be:

'■Na“Na'-We = ad

Information on breakup d ire c t ly  by shear forces was not found In the 

l i te ra tu re ;  however, values of th is  We anticipated for CRBR conditions 

would seem too small fo r  fragmentation by shear forces.

For = 1.79 X lO'^^Pa^s, Uĵ  ̂ = 6 m/s, a  ̂ = .5 N/m, L = 50 mm, and 

d = 2 .5  mm, the appropriate We Is 0.043. By comparison, Weber numbers 

fo r  the In e r t ia l  forces Involved when fuel f i l l s  the en tire  sodium 

channel can be calculated. For I" = 10 mm̂  = j  D^, D = 3.6 x 10“  ̂ m, again 

assume û ^̂  = 6 m/s, and a^ = 0.5 N/m. Then for = 780 kg/m^, we have

We = 200. This high value of We Indicates that the fuel would be
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p
fragmented by hydrodynamic forces I f  i t  remains molten long enough or  

i f  the frozen surface is s u f f ic ie n t ly  th in  and weak.

There appears to  be a competition between thermal and hydro-^-'ii' 
dynamic fragmentation. I t  is therefore of in terest to examine how long 

i t  might take for hydrodynamic fragmentation to occur and to compare 

th is  time with the time required fo r  freezing and thermal fragmentation 

of the fu e l .

The time required fo r  hydrodynamic fragmentation due to in terfac ia l  
in s ta b i l i ty  has been correlated by means of another dimensionless group®, 

the Bond number;

P^gD^
Bo =

where g is the acceleration of the liquid globule exerted by the f lu id  

flowing past i t ,  and and are properties of the liquid globule 

For Bo > 40, surface in s ta b i l i t ie s  resu lt  from gas flowing over 

liquid globules. For Bo > 10^, these in s ta b i l i t ie s  lead to 

■fragmentation in a time, t ,  correlated as:

- 46 Bo'^ (3)
Pf  D

In Reference 6, Bo and a dimensionless time, t * ,  are defined in 

terms of radius instead of diameter. Hence a co e ffic ien t of 65 appears 

in Reference 6 instead of 46.

For 40 < Bo < 10**̂ , fragmentation w il l  tend to occur slowly from a 

steady d istortion  by in e r t ia l  forces instead of from surface in s ta b i l i t ie s .

In order to estimate Bo under the flow conditions described above 

for which We = 200, i t  is necessary, to evaluate g. To do th is ,  
le t  us assume that the liquid globule is a sphere of diameter D = 3.6 mm. 

The drag force exerted on a sphere of fuel by sodium flowing around i t

is related through a drag c o e ff ic ie n t ,  Cp,
2

P _  SpNâ Na £ ^̂2 
-  2 4 ^
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This force accelerates the sphere according to the re lation

I

F = M . 9 =sphere^

Hence,

_ -  ^Na 3
3 ■ D 4 D

The drag c o e ff ic ie n t  Is related to the Reynolds number. For the large Re 

numbers associated with sodium flow through the channel and the spherical 

diameter of 3.6 mm, -  3. This gives a value of g of the order of 
2200 m/s^. The Bond number, therefore. Is of the order of Bo -  500.

This value Is below the range of data In Reference 6 and Is in the 

range where hydrodynamic fragmentation may occur from steady d istortion  

rather than surface In s ta b i l i t ie s .  However, I f  the fragmentation did 

occur from surface In s ta b i l i t ie s  according to Equation (3 ) ,  then the 

time required for hydrodynamic fragmentation would be -  60 milliseconds.

7 .3 .4  Thermal Fragmentation

The fragmentation of molten fuel following contact with liquid sodium 

has been observed experimentally fo r  both In- and out-of p i le  tes ts . The 

one mechanism th a t can be consistently argued to operate In a l l  of these 

tests  Is tha t of thermal fragmentation associated with s o lid if ic a t io n  

of the fu e l .  Cronenberg and Grolmes have provided a review of fragment­

ation theories and have presented arguments fo r the thermal stresses 

developed followed UOg-Na contact as being the "most Immediate cause for  

fragmentation." The work of Knapp? genera I ly  supported the conclusions 

of Cronenberg and Grolmes although he d iffered somewhat In de ta ils  of 

calculatlonal results and requirements fo r fragmentation.

The work of Cronenberg e t  a l .  of Reference 2 predicts peak to ta l  
stress values (a combination of thermal and pressurlzatlon stresses) to  

occur a t  contact times consistent with experimentally observed delay 

times fo r fragmentation. The stress calculations are summarized In 

Reference I .  For a spherical UO2  p a r t ic le  In i t i a l l y  a t  I ts  melting
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point and sodium a t  200® C, the to ta l surface tangential stress peaks 

a t  about 50 msec a f te r  contact, while referenced experiments were said 

to  give delay times of 30 to 80 msec.

The molten UO2  droplets considered in References 2 and 3 were large 

(0.72 cm in diameter) compared to possible characteris tic  dimensions 

of molten UO2  w ithin prototypic coolant channels. As pointed out in an 

e a r l ie r  section, dimensions of 0.36 cm would represent an upper l im it ,  

while fo r completely spherical UO2  droplets, diameters more of the order 

of 0.25 cm would be more appropriate. The major e f fe c t  of size scaling 

in stress calculations such as those of Reference 2 is to give a d if fe re n t  

time scale fo r the s o l id if ic a t io n  and stressing processes.

I f  the contro lling  resistance to heat flow is in the UO2  rather than 

a t  the U0 2 -Na in terface, the parameter which w i l l  describe time scaling 

for various droplet sizes is , of course, the Fourier modulus, at/R^, where 

a is the UO2  thermal d i f fu s iv i ty ,  R is the p a r t ic le  radius, and t  is the 

time since contact of the UO2  and sodium. This parameter provides us 

with a convenient means of estimating fragmentation times for smaller 

droplets from the results of Reference 2 plus supporting experimental 
resu lts . A reduction of droplet radius by a factor of two ( i . e .  from

0.36 cm to 0.18 cm) changes time scales by a factor of four and suggests 

times for fragmentation of the order of ten milliseconds. Considering 

droplets with a 0.12 cm radius brings the time scale down to 5 to 6 .msec.

These short times estimated fo r  thermal fragmentation indicate that  

thermal fragmentation would dominate hydrodynamic fragmentation, which 

we estimated e a r l ie r  to have time scales of the order of 50 msec based 

on surface in s ta b i I i t ie s .

Reference 1 also suggests tha t the p a rt ic le  size d istr ibution  

resulting from thermal fragmentation is a normal Gaussian d istr ibution  in 

the log of the p a rt ic le  s ize. This suggestion is based on an examination 

of availab le  fragmentation experimental results. The most probable mass- 

mean p a r t ic le  size fo r the "fines'* would be approximately 200 ym, 

consistent with values u t i l iz e d  in our parameter studies.
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7.4 Application to Overall Voiding Analyses

From the arguments of th is  section, we reached two primary conclusions;
(1) For a large-area fa i lu re  having no resistance to flow a t the 

rrupture s i te ,  5 to 10 grams of molten fuel can be ejected
from the pin and into the coolant channel during the f i r s t  few m i l l i ­

seconds following pin fa i lu re .

(2) The molten fuel w i l l  probably be fragmented within 3 to 10 

milliseconds a f te r  contacting liquid sodium. The fragmentation
w il l  probably re su lt  from s o lid if ic a t io n  phenomena, although hydrodynamic 

fragmentation is possible over an extended period.
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APPENDIX A*

SODIUM VOIDING IN LOSS-OF-FLOW-DRIVEN TRANSIENT 
OVERPOWER (LOF-D-TOP) ANALYSIS

A.I Introduction

The p o ss ib il i ty  of rapid sodium voiding occurring in previously 

unvoided channels during advanced stages of the loss-of-flow (LOF) accident 

is one which is crucial to  determination of the nature of the termination 

mode for the f i r s t  prompt c r i t ic a l  burst. DPM personnel have previously 

addressed the question of the role which a fuel-coo I ant interaction (FCI) 
might play in vigorous voiding*. Even when the positive reac tiv ity  

e ffec ts  of early  fuel motion are ignored for an a x ia l ly  centered break, 

the positive re a c t iv i ty  e ffec ts  due to sodium voiding may make a s ign if icant  

contribution to the overall ramp ra te . Choice of FCI controlling parameters 

is a c r i t ic a l  process in such calculations. The uncertainties involved 

may make such calculations susceptible to critic ism s from both the applicant 
and interveners.

In an investigation of a lternate  scenarios following pin fa i lu re ,  

we have looked a t  the potential voiding due to cavity and froth gasses 

which are present in the low power channel pins a t  fa i lu re .  This work 

was o r ig in a l ly  motivated by suggestions from J. Meyer of DPM th a t, for the 

long cladding rips and very weak cladding predicted in the LOF-D-TOP channels, 
a "squeeze-out" of sodium resulting from fuel gas pressurlzatlon might 

precede any s ig n if ic a n t FCI voiding and associated fuel motions. Modeling 

of these phenomena by simple hand calculation, the UVAFCI code, and SAS3A 

has indeed indicated tha t vigorous voiding is a p o s s ib il i ty .

A th ird  potential voiding mechanism for the LOF-D-TOP channels which 

has been given l i t t l e  a ttention to th is  point is the large scale release 

of gas from the fission-gas plenum. Cladding temperature histories  

calculated in SAS suggest th a t such releases would probably occur before 

fa i lu re  times considered fo r FCI calculations in some DPM analyses. We

*This Appendix was submitted to NRC in July 1976 and has not been 
s ig n if ic a n t ly  revised since. Recent work has modified some of the 
concerns and conclusions expressed here.
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I

feel tha t such releases could resu lt In voiding rates comparable to  

those calculated from FCI or fuel gas considerations. Certainly th is  

p o s s ib il i ty  should be examined.

We have mentioned in th is  introduction three potential mechanisms 

fo r  vigorous voiding in LOF-D-TOP channels. The degree of op erab ility  of 

each of these mechanisms has not been c learly  established. To discard 

these mechanisms without further investigation cannot be ju s t i f ie d  a t  

th is  point. In the remainder of th is  appendix we wi11 be concerned 

prim arily  with a more detailed discussion of the second of the three 

mechanisms: sodium squeeze-out induced by gas pressures within the fuel

a t  pin fa i Iu re .

A.2 Pressurlzatlon of Failure Region

The exact process involved here is not crucial to la te r  arguments on 

voiding rates; th is  is fortunate, because the dynamics surrounding pin 

fa i lu re  in the LOF-D-TOP channels are not we 11 understood. Based on recom- 
mendations of other DPM consultants and personnel , we have been considering 

long cladding rips or "regions of severely weakened" cladding.

One could v isua lize  the sodium pressurlzatlon resulting from phenomena 

such as fuel/gas attempting to enter the coolant channel through the 

cladding rip  or from a ballooning of the extremely weak cladding. I f  the 

la t te r  scenario is accepted, fuel motion can be neglected, although a 

positive re a c t iv i ty  e f fe c t  could be expected from some net fuel motion 

toward the center of the pin. (This last comment and the next paragraph 

address one of the questions raised by ANL personnel and listed in Section 

A.6 of th is  appendix.)

I f  fuel is assumed to extrude out into the coolant channel, there 

would be some axial motion, but probably not within an order of magnitude 

of the a r t i f i c i a l  motion predicted by SAS/FCI. Thus, i f  one uses SAS/FCi 

to mock up th is  pressurlzatlon, i t  seems reasonable to ignore fuel 

re a c t iv i ty  e ffec ts . (Note tha t we ignore a small positive fuel motion 

e ffe c t  for the ballooning scenario and a small negative e f fe c t  for the 

extrusion scenario. This is reminiscent of Appendix D arguments in the 

orig inal CRBR PSAR version.)
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h
Whichever scenario is accepted, the driving force for sodium voiding 

is the fission gas in the molten fuel cavity a t  pin fa i lu re .  This 

includes both central cavity gas and froth gas. Simple hand calculations  

can be made of the resuiting voiding. These are discussed in Section A.3.
In addition, we used the UVAFCI^ code fo r  s im ilar calculations (Section A.4) 

which brought in the e f fe c t  of f r ic t io n a l losses and backpressures in
re s tr ic t in g  voiding, in cooperation with L. Lois and J. Meyer of DPM we

then selected appropriate input parameters to model the voiding using 

SAS3A. (See Section A .5 .)

A.3 Simple Hand Calculation of LOF-D-TOP Voiding Rates due to Fuel Gasses

Simple calculations such as those presented here can be used to 

conservatively scope the maximum voiding rates you could expect for cavity-  

and-froth-gas expansion following a iong-rip fa i lu re  during the LOF-D-TOP.

The calculations make several simplifying assumptions:

1. the in e r t ia l  constraint consists of two equal-length 
incompressible slugs,

2. slug motion is f r ic t io n le s s  and with neglig ib le  backpressure 
from the in le t  and o u tle t  plenum regions,

3. the fission gas expands isentrop ically , and

4. to  sim plify the equations, an "average" gas pressure is used
over a given to ta l expansion time.

O rig ina lly  we looked a t  the acoustic part of the expansion; however, 

th is  appears unnecessary in l ig h t  of the short times involved in the 

acoustic expansion re la t iv e  to the overall expansion times.

The equations used in the hand calculations are as follows: 

p _ du _ Lp d^V ( I ,
dt^

where P = gas pressure
L = length of sodium constraint

p = sodium density

u = slug veIocity
A = flow area for expansion = twice the normal channel area

V = to ta l gas volume
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For an isentropic expansion 

PV  ̂ = constant, C j.

Note tha t I f  you insert th is  expression for P into Equation ( I ) ,  the 

resulting equation is not obviously solvable an a ly t ic a lly  fo r V. Therefore, 

we calculated an "average" P to use for expansion to a given f in a l volume,

I . e . ,

dV dV ^̂ 2 ■ '̂ l

This P is then used in Equation ( I ) to calculate V ( t ) .

= _ Lp d2y 

 ̂ ^ dt2

Pt = Lp ^  + C A dt ^ ^2

I f  we assume the slug ve loc it ies  are zero a t t  = 0, we have

dV .  ^^  = 0 = C2 , so

Pt = L£ ^  (2)
A dt

Integrating again.

Elf. = Lp V + C2 A  ̂ ^3

we get from the value of V a t  time zero, i . e . ,  V(0) = V j. Then

Elf. = l£ . (V -  V )2 A  ̂ r
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I Then match the V in the above equation with the ^2 expression for
P:

p+2 C ,(V ,'"Y  -  V ‘ ’ ^ )t2  ,
—T . = —!— ?------------- !_______ = Ji£. (Y -  V ) (3)

2 (V^ -  V | ) ( l  -  y)2 A

Note tha t equation (3) can be used to determine a voiding history in a 

backward manner. I . e .  insert a value for and solve for t :

(V^ -  V ,)2 ( |  -  y ) ^  0.5
+ =  I--------------------------------------------------------------------- (4)

P|V|''(Vj'"^ -  V| ■ 'y

Note also from equation (2) tha t the voiding rates (and therefore the 

associated re a c t iv i ty  ramp rates) are proportional to t /L ,  while equation 

(4) above says that t  is proportional to / l . Therefore, as a general 

re su lt ,  the voiding rates w i l l  be inversely proportional to / l .

For the calculations discussed below, we used pin fa i lu re  conditions 

from a SAS run obtained from DPM personnel. In i t ia l  slug ve loc it ies  were 

assumed zero consistent with the above development. Selecting an e ffec t ive  

slug length, L, which is a very c r i t ic a l  parameter as indicated in the 

preceeding paragraph, was d i f f i c u l t  because of the. characteris tic  pre fa ilure  

boiling in the SAS channels of in terest (channels 7 and 8 ) .  A choice 

of slug lengths a t  various times following fa i lu re  based on SAS results  

could range from essentia lly  zero to about 200 cm. For the current 

calculations we u t i l iz e d  two slug lengths: 50 cm and 150 cm. However,
the convenient scaling of voiding rates as I / / L  fo r short times (e .g . a 

few tens of milliseconds) following pin fa i lu re ,  allows easy extrapolation  

to other values of L. I t  is the po ten tia lly  small e f fec t ive  value of L 

fo r  the f i r s t  few milliseconds a f te r  pin fa i lu re  which leads to such 

large voiding rates in LOF-D-TOP channels, whether the driving force is 

an FCI or a squeeze-out by fuel gas pressurlzatlon.

The f i r s t  accompanying figure shows to ta l slug motion histories for  

four cases. Each of the two channels was analyzed for the two d iffe ren t  

slug lengths indicated above. Equation (4) was used for the calculations, 

with parameter values indicated below:
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10 20 30 40 50 
TIM E SINCE FAILURE (msec)

Figure A .1 Motion h istories  of constraining slugs for two differeni  
fa i lu re  conditions, each analyzed v/lth two d if fe re n t  
constrain I nr slur lennths.
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I
A = 0 .4 cm̂

p = 0 .7  g/cc

Y = I .67
V. = 0.1429 cc fo r  channel 7

0.0772 cc fo r channel 8

P.V.^ = 9.348 atnrcc**^^ for channel 7
1 67

10.694 atni’ cc * fo r channel 8

Channel 7 fa i le d  f i r s t ,  so the implications of the results for  

channel 7 presented in Figure A .I w i l l  be discussed in some d e ta i l .  The 

rate a t which void length is produced during the f i r s t  10 msec following 

fa i lu re  fo r the case with L = 50 is about 26 cm/.01 sec = 2600 cm/sec.
The void worth per un it length in channel 7 is 1.8 <̂ /cm near the center 

of the pin. This translates to a ramp rate of about 45 $/sec; the to ta l  
re a c t iv i ty  added in the f i r s t  5 milliseconds is about 224. Looking at  

the channel 7 case with L = 150, the corresponding numbers a t 5 m i l l i ­
seconds a f te r  fa i lu re  are reduced by approximately / l 50/50 = /3 ,  i .e .

26 $/sec and 134. Assuming L = 200 cm (excessively long) would s t i l l  

have resulted in 22 $/sec and 114 over the f i r s t  5 milliseconds, while 

L = 25 cm would give 64 $/sec and 324.

This vigorous voiding in channel 7 in not the resu lt of releasing 

a large fraction  of the intragranular gas from the fuel during the transient.  

Only 16.1 milligrams of gas were involved, 7.3 milligrams of which were 

in the orig inal central void. (There should probably be much more than 

th is  .0073 g in the central void as discussed in Section A.6, item I . )

A single axial node in SAS near the center of the pin contained the 

order of 20 milligrams of gas a t  steady s ta te . Therefore, 16 milligrams 

is not a massive, un rea lis t ic  to ta l release. The question of release 

rates is addressed in Section A.6, item 3.

The next step in our investigation of the voiding p o s s ib il i t ie s  was 

to  u t i l i z e  the UVAFCI code in order to  better model constraint geometry 

and look a t the effects  of f r ic t io n a l forces and opposing back pressures 

on slug motion. Note that i t  would be easy to simulate an average 

backpressure in the simple hand calculations outlined e a r l ie r .  I f  the 

average backpressure is equation (4) would be changed to:
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( P  _  p ^ )  Z  I

/p  v7(V -  V \ "^0.5
2Lp _ n 3  J  1  -  p  - '  (V -  V )
A I (I -  y)(V2 -  V|) ^bj ^̂ 2

but th is  would only be useful In the above form for P ^ P| .̂

A.4 UVAFCI Calculations of Fuel Gas Voiding

The hand calculations described In Section A .3 use adequate constraint 

models In characterizing In i t i a l  voiding rates, but do not consider 

f r ic t io n a l e ffec ts . Moreover, the driving pressure Is only approximate 

because of the use of a volume-history-averaged gas pressure. We decided 

to  check the voiding rates by u t i l iz in g  the UVAFCI code with fuel-to-sodlum  

heat tran s fe r  surpressed. This also enabled us to use channel qeometrles 

and conditions (area changes, upper and lower slugs of d if fe re n t  

lengths. In le t  and o u tle t  pressures of d if fe re n t  magnitudes, e tc . )  more 

prototypic of CRBR.

Four cases were run to para lle l the four cases of Section A.3.
Figure A.2 compares the results of the channel 7, L = 50 cm case from 

Figure A.I with the UVAFCI results fo r the same SAS channel and an upper 
slug length of 50 cm. For times less than 10 milliseconds a f te r  fa i lu re ,  

the hand calculations and UVAFCI give essentia lly  Identical re s u lts .*  

Figures A.3 and A.4 provide more detailed Information on the UVAFCI run 

fo r  which the net constraining slug motion Is shown In Figure A.2. The 

In terface positions referred to In Figure A .3 are the locations of the 

bottom of the upper slug and the top of the lower slug which are I n i t i a l l y  

located a t  the top and bottom of the fa i lu re  region a t  the time of pin 

fa i lu re .  The void formed would be located predominantly a t the fa i lu re  

location and would not be spread uniformly over the distance between

*Wlthln the f i r s t  2 to 3 milliseconds a f te r  fa i lu re ,  slug motion Is 
s lig h t ly  greater fo r the UVAFCI run, but th is  f ine  detail Is not c lear  
from Figure 2. The greater slug motion does resu lt  in s l ig h t ly  higher 
peak ramp rates for the UVAFCI run as noted In the te x t.
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Ch 7
L= 50 cm60 HAND — V 

CALCULATION

50

UVAFCI
O40

=> 30

0 10 20 30 40
T IM E  (msec)

50

Figure A.2 Comparison of slug motion histories from approximate 
analytical method an'd from UVAFCI calculations.
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I
I  in terface locations. A 20 cm long fa i lu re  region centered about the

axial midplane was considered in a l l  the UVAFCI cases reported here.

We actua lly  feel that the fa i le d  region could be much longer 

than th is ,  perhaps as long as 50 cm; however, in both UVAFCI and SAS/FCI, 

any sodium considered to be in the rip  zone is not included in the 

in e r t ia l  constraint. Therefore we selected a fa i lu re  length which, when 

used in SAS, would provide a compromise between the desired long rip  

and reduction in e f fec t iv e  constraint.

Figure A.4 can be used to estimate voiding re a c tiv ity  ramp rates a t  

various times a f te r  fa i lu re  by subtracting the ve loc ities  and multiplying  

by 1.8 <?/cm. A peak value of 60 $/sec occurs about 2 milliseconds a f te r  

fa i lu r e ,  but a f te r  6 milliseconds the ramp rate has dropped to 45 $/sec 

with a to ta l addition of 30<f. The ramp rate would actually  become 

negative i f  the analysis is extended to 23 milliseconds a f te r  fa i lu re .

This is due to the assumption made in the calculation that the backpressures 

opposing slug motion, both upward and downward, were constant and equal 

to  4.25 atm. When longer upper slugs are modeled, the ramp rates are 

lower, but the backpressures are less important. This is i l lu s tra te d  

in Figures A .5 and A.6, where the results fo r channel 7 with a 150 cm 

long upper slug are shown.

From Figures A.5 and A.6 we see tha t the peak ramp rates for the 

150 cm slug are smaller (<v 40 $/sec vs. 60 $/sec) and occur la te r  ('v̂  3 vs.

2 milliseconds), but the ramp rates continue positive much longer. At 

6 milliseconds, 'v 30 $/sec and p 'v 20 <f, compared to 45 $/sec and 304 

fo r  a 50 cm upper slug.

For the channel 8 cases, voiding rates were higher than for channel 7; 

however, centerline  sodium worths are smaller by about a factor of three.

The resu lt  was peak ramp rates of about 30 $/sec and 20 $/sec for the 

50 cm and 150 cm upper slugs, respectively.

I t  becomes c lear from the calculations we have discussed and presented 

here th a t the gas voiding can be extremely vigorous and that the length 

of the upper slug is the contro lling  factor in in i t ia l  voiding rates. I f  

®  LOF-TOP were calculated in channels where the voiding patterns were
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considerably d i f fe re n t  a t  the time of fa i lu re  than those used here, the 

resulting voiding h istories  (and re a c t iv i ty  h istories) would also be 

quite d if fe re n t .

We suggested to DPM personnel th a t they attempt to model th is  

fuel-gas-induced sodium voiding using SAS/FCI. That e f fo r t  is discussed 

b r ie f ly  in the next section.

A .5 SAS Modeling of Fuel Gas Pressurization

A fter doing the calculations discussed in Section A.3 and A.4, we 

f e l t  th a t there were advantages to performing s im ilar calculations using 

SAS. F irs t  of a l l ,  the upper slug length would be handled in a dynamic 

fashion i . e .  i f  some voids were collapsed with resulting formation of 
longer slugs during the expulsion process, SAS would account for the change 
automatically. Also the backpressures which oppose the voiding would be 

treated in the appropriate time-dependent manner. A th ird  advantage is 

tha t the re a c t iv i ty  feedback due to the voiding and the e f fe c t  of th is  

feedback on the overall accident sequence is calculated in SAS.

Three major input modifications for the SAS/FCI module are needed 

to  model th is  voiding due to pin "ballooning" or the large scale extrusion 

of fuel into the channel. F irs t  of a l l ,  fu e l- to -  sodium heat transfer  

must be suppressed (e .g . by using very large p a r t ic le  rad ii i f  the 

conduction model is used). Then, easy, rapid communication must be 

established between the pin internals and the coolant channel in order to  

assure essentia lly  no pressure difference between the pin and the channel. 
This is done by using a large r ip  area (2 cm )̂ and decreasing the in ertia l  
length for fuel e jection ( I cm).

With those input changes, DPM personnel were, indeed, able to produce 

the rapid voiding and associated large re ac t iv ity  ramp rates we saw in 

the calculations of Sections A .3 and A.4. Some caveats concerning the 

general v a l id i ty  of the calculations of these three sections (A .3, A.4, 

and A .5) w i l l  be made in our closing Section A .7. Next we w ill  address 

some specific  questions which ANL personnel raised concerning the 

calculations.
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A.6 Discussions of Specific Uncertainties

In a working meeting with DPM personnel in early July 1976, ANL 

personnel raised several crit ic ism s concerning analyses of the type 

presented in the preceeding sections. Some of these are discussed below. 

Note tha t items I ,  2 and 3 are closely re lated.

U The cracking model was not used in SAS calculations.

I f  a comprehensive fuel cracking model were used throughout the SAS 

calculations, i . e .  fo r  steady-state as well as transient analysis, the 

resulting gas voiding would l ik e ly  be even more vigorous than that calcu­

lated above. This is because much of the residual gap volume predicted 

by SAS a t  steady-state would re a l ly  be part of the central void as a 

resu lt  of repeated cracking, fuel creep, and associated gap closure which 

take place in normal operation. Moreover, for the low power channels 

important to the LOF-D-TOP, the SSFUEL module of SAS underestimates central 

void volumesin an additional way: restructuring is calculated based on

end-of-cycle pin powers. (The improper gap modeling may actually  compen­

sate in part for th is  last e f fe c t . )

In the real fuel pin then, the large amounts of central void gas 

would have more potential voiding capab ility  (or fuel e jection capab ility )  

a t  fa i lu re  than the gas in the pins modeled in the previous sections.
Thus, we have probably underestimated rather than overestimated gas effects .

2. A 50^ melt fraction  fa i lu re  c r i te r io n  was used rather than the burst 

pressure fa i lu re  c r i te r io n .
There are several factors which make the use of the 50? melt fraction  

c r ite r io n  a reasonable one. F irs t  of a l l ,  high fuel temperatures and 

large melt fractions are needed to obtain s ig n if ican t gas release even
4

with Gruber's gas release model. Presumably, then, even the burst 

fa i lu re  c r i te r io n  (with fuel cracking) would require a f a i r ly  high melt 
fraction fo r fa i lu re  in a non-voided section of the channel. (Recall 

tha t SAS/FCI requires a non-voided channel adjacent to the fa i lu re  area .)

Perhaps the most important reason not to rely on the burst pressure 

c r ite r io n  is tha t the cladding behavior characteristics which are needed
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to  apply the burst pressure c r ite r io n  are not re a lly  known for the high 

ramp rates predicted. At the same time, the boiling model In SAS may be 

predicting too high a cladding temperature a t locations which the burst 

pressure c r ite r io n  would se lect. With these uncertainties in use of the 

burst pressure c r ite r io n  (not including for the moment uncertainties in 

gas release rates which are discussed below), i t  seems a t  least as 

reasonable to specify melt fraction fo r  fa i lu re  as to use the burst 
pressure.

3. The gas release timing in SLUMPY and SAS/FCI are fundamentally 

di f f e r e n t .

At f i r s t  glance the gas release timing in LOF channels seems overly 

conservative re la t iv e  to the LOF-D-TOP channels, but th is  is not re a lly  so. 

On in i t ia t io n  of slumping calculations, SLUMPY e ffe c t iv e ly  smears the 

fuel/gas froth across availab le  area regardless of gas release timing 

assumptions. This smearing implies the same general radial fuel motion 

tha t we are modeling in the LOF-D-TOP channels, and which was seen in the 

FI test^ .

I t  is possible th a t fission gas may contribute heavily to early fuel 
dispersal in LOF channels; however, th is  has not yet been demonstrated 

by experimental evidence such as tha t of the FI te s t ,  which did not show 

s ig n if ic a n t gas driven dispersal. Modeling of FI-type behavior could be 

achieved with in f in i te  s l ip  of gas past the fu e l.  I t  could also be 

achieved by the assumption th a t only small amounts of gas are available  

on In i t ia t io n  of slumping as was done in the DPM runs. Conversely the 

argument can be made tha t the gas which can be quickly released in LOF 

channels (including central void gas) is released before fuel slumping 

and th a t th is  gas can easily  escape from the fuel region because of the 

lack of cladding re s tra in t .

The s ituation  in the LOF-D-TOP channels Is quite d if fe re n t .  The 

fuel/gas mixture, including gas which can be released rapidly and gas 

present in the orig inal central void, are restrained in place by the 

cladding un til the time of cladding fa i lu re .  Moreover, what we are 

trradeling immediately a f te r  fa i lu re  during the c r i t ic a l  sodium voiding
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period. Is radial fuel motion as Indicated above. The amount of gas 

needed to produce th is  motion Is small. As pointed out near the end of 
Section A .3, less than 20 milligrams of gas Is needed, essentia lly  a l l  

of which can be In the In i t i a l  central void. Again we suggest tha t for  

a LOF channel, th is  gas might well have escaped from the unclad fuel 
before slumping.

We have not s p e c if ic a lly  addressed the question of the v a l id i ty  of 
Gruber's model and Its  predictions for gas release for the LOF-D-TOP channels, 

but I t  Is worthwhile to note a couple of points In th is  respect. F irs t  

of a l l ,  the Gruber model has, as yet, been given re la t iv e ly  limited  

v e r i f ic a t io n .  Secondly, the Gruber model applies only to unrestructured 

fu e l .  R e a l is t ic a l ly  there could be several milligrams of gas In the 

restructured fu e l .  I f  only due to gradients necessary a t steady state for  

gas migration to the central void plus the rapidly decreasing temperature 

gradient near the central vold^. Moreover, as Indicated In the response 

to  I .  above, the central void gas alone Is probably capable of producing 

d ire c t voiding or fuel e jection for FCI voiding.

Thus the a v a i la b i l i t y  of the order of 20 milligrams of gas a t  pin 

fa i lu re  seems r e a l is t ic  fo r the LOF-D-TOP channels, while th is  a v a i la b i l i ty  

may be harder to argue fo r  LOF channels a t  In i t ia t io n  of slumping.

4. We have Ignored axial fuel motion In the channels.

This c r it ic is m  has been d ire c t ly  answered In Section A.2 on 

Pressurization of Fuel Region.

A.7 Closing Comments and Recommendations

What we have t r ie d  to demonstrate here Is the p o ss ib il i ty  for rapid 

voiding in LOF-D-TOP channels due to fuel gas pressurization even without 

the occurrence of an FCI. This "squeeze-out" behavior, FCI, and the 

release of plenum gases are three potential driving forces fo r sodium 

voiding. The timing of the operation of any of these forces re la t iv e  

to  re a c t iv i ty  events occurring in other SAS channels. Is , of course, 

crucial to the behavior of the reactor during the In i t ia l  prompt c r i t ic a l  

burst.
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I t  is d i f f i c u l t  to  ru le  out any of these three potential voiding 

mechanisms, or even to  establish th e ir  re la t iv e  timing. However, i t  

does seem lik e ly  that one of these mechanisms would become operable 

during the power spike induced by re a c t iv i ty  events in the other SAS 

channels. Previous FCI voiding calculations* or the fuel gas pressuri- 

zation calculations discussed here may well be conservative because of 

the assumed intrasubassembly coherence or other parameter choices; that  

remains to be demonstrated. The potential for voiding from plenum gas 

release has not been investigated with regard to timing and time scale 

of releases in the LOF-D-TOP channels.

We suggest tha t a l l  three mechanisms receive further a tten tion ,  

p a rt ic u la r ly  the role of the plenum fission gas for high burnup channels.
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k APPENDIX B

SELECTION OF VALUES FOR HEAT TRANSFER PARAMETERS

In Section 2, three parameters were introduced which were referred  

to  throughout the report as being controlling parameters for the 

important heat transfer processes modeled in our parametric studies. For 

the case of fuel-conduction-1imi ted heat transfer, heat transfer rates 

from fuel to sodium were argued to be proportional to (FR^)“ ^, where R 

is the radius of fuel p a rt ic le s , and F is a factor between 0 and I .  F 

represents the fraction of the p a r t ic le  radius which is appropriate in 

characterizing the resistance to heat flow within the fuel p a r t ic le .

The th ird  parameter, designated h, is the FCI zone-to-cI adding heat 

tran s fe r  c o e ff ic ie n t .  A discussion of choices for each of these parameters 

is given below.

B .1 Fuel P a rt ic le  Radius, R

As discussed in Section 7 .3 .3 ,  the experimentally observed p a rt ic le  

distr ibutions  fo r  fragmentation show a mass-mean p a rt ic le  size for the 

"fines" of approximately 200 ym. This provides a solid basis fo r our 

selection of 200 ym p artic les  as a base value for most of our studies.

The use of a Sauter mean diameter could be Justif ied  and would
2

resu lt  in more vigorous interactions a t  short times, as would the use of 

a complete normal Gaussian d is tr ib u tio n  in p a rt ic le  s ize . However, the 

differences from use of the mass-mean diameter rather than the Sauter 

mean or the fu l l  fuel d is tr ib u tio n  were not considered s ig n if ican t for  

th is  small a diameter.

B.2 Conduction Factor, F

In the conduction-1imi ted model, the e ffec t ive  heat transfer  

c o e ff ic ie n t  from fuel to sodium is equal to k/FR, where k is the thermal 

conductivity of the fuel and F and R are as defined above. I f  F is taken 

as 1.0, the resulting heat tran sfer co e ff ic ien t is 2.55 W/cm^*K, or about 

4500 B tu /h r« ft^ .°F . Reynolds e t  a l .^  have shown tha t use of th is  

c o e ff ic ie n t s ig n if ic a n t ly  underestimates resulting sodium temperatures in 

the f i r s t  2 to 3 milliseconds following fuel-sodium mixing. Selection
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k of an F value of 0 .5 gives results s im ila r  to the exact series solution 

with an actual surface heat transfer c o e ff ic ie n t, h, of 10,000 Btu/hr*ft^*®F.

We selected a value of 0.20 fo r  F based on two considerations. F irs t ,  

the in i t i a l  transfer to the sodium would correspond to extremely high 

e ffe c t iv e  surface heat tran sfer  co e ff ic ien ts . In Reference 3, a series 

solution with h = 50,000 Btu/hr*ft^*®F showed behavior which seemed to  

give a good compromise between the h = 10,000 B tu /hr*ft^*°F  case and a 

case with h e f fe c t iv e iy  equal to in f in i ty .  When using the conduction- 
limited model, an F value of about 0 .2  was needed to reproduce the early  

heat transfer rates.

Secondly, a value of 0.2 fo r F can be argued on the basis tha t,  
fo r  a spherical p a r t ic le  of radius R and uniform density, half of the 

mass of fuel l ies  within the spherical shell of inner radius 0.794 R and 

outer radius R. This means tha t the average distance traveled by a unit 

of heat in being conducted from the p a r t ic le  as the temperature is uniformly 

lowered is 0.206 R = 0.2 R. Using an F of 0 .2 gives an e ffec tive  vaiue 

of h which is undoubtedly too large a t  long times ( i . e .  large values of 

the p a r t ic le  Fourier modulus) but is s t i l l  low a t short contact times.

I t  is also noted in Reference 3 th a t the use of F = 0.2 s t i l l  gives lower
4

heat tran sfer than the old ANL-FCI heat transfer expression with very 

smalI mixing times.

i f  one wishes to look a t the e f fe c t  of larger values of F, we suggest 

consideration of the parametric studies in Section 5 which talked about cases 

with p a r t ic le  diameters of 632 ym. These studies could also be interpreted  

as equivalent to  any s ituation  in which the term FR̂  is increased by a 

factor of ten. For example, we could consider th is  to be an F of 1.0 and 

an R of • (ICO ym) = I4i ym, or an F of 0.5 and an R of 200 ym.

In future studies on other e ffec ts , we w i l l  probably use an F of

0 .5  and an R of 100 ym. This w i l l  reduce heat transfer rates a t very 

short times a f te r  contact but give higher rates a t times larger than 

about 1.5 msec than fo r  the case with F = 0.2 and R = 100 ym. The 

difference caused by the increased F value has already been investigated 

and found to be neg lig ib le .
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B.3 Zone-to-CI adding Heat Transfer C oeffic ient, h

This c o e ff ic ie n t  should model a l l  types of heat transfer occurring 

between the FCI zone and surrounding cladding (and structure). We have 

always assumed tha t no d irec t heat transfer occurs from fuel to cladding. 

Only sodium-to-cI adding heat tran sfer is modeled. Also, the early zone- 

to-cladding heat tran sfer w i l l  probably involve mostly liquid sodium; 

la te r  in the ca lcu la tion , the volume fraction of sodium vapor in the 

FCI zone can approach unity. A th ird  complicating factor is tha t the 

zone sodium may, in the la te r  stage of the voiding, become cooler than the 

surrounding cladding and structure. Thus, the direction of heat transfer
5

may be reversed. This p o s s ib il i ty  has been considered by others.

6Haas has argued tha t sodium-conduction-limited heat transfer in pin 

bundle geometry would give upper l im it  h values less than 8.83 W/cm^*K 

(15,600 B tu /h r * f t^ * °F ) . This is the same order of magnitude as the 

nominal forced convection coeffic ien ts  in CRBR. Haas also referred to  

steady state  sodium vapor condensation coeffic ients  of 5.674 W/cm^*K 

(10,000 B tu /h r*ft^ *® F). An in i t ia l  condensation coe ff ic ie n t as high as 

41 W/cm^*K (73,700 B tu /h r*ft^ *°F ) fo r  a voided region with conduction 

through a sodium f i lm  could be argued i f  the e ffe c t  of any noncondensable 

gasses present (e .g . fission or f i l l  or manufacturing) is ignored.

Sim ilar high numbers could be argued for vaporization of the sodium film  

o ff  the heated w a ll .  (Note th a t noncondensabIe gasses would have a 

retarding e f fe c t  on condensation but not on evaporation.) In Reference 5, 

an upper l im it  of 27.6 W/cm^*°C was used by Cronenberg for both condensation 

and evaporation, and he noted that th is  value seemed too high fo r the 

condensation process.

A fter  considering a l l  of the factors noted above plus the lim itation  

of one c o e ff ic ie n t  representing a l l  of the processes ( i . e .

Iiquid-sodium-to-cI adding heat tran s fe r , sodium vapor condensation, and 

sodium evaporation o f f  the cladding), a value of 5.674 W/cm^*K (10,000 

B tu /h r*ft^ *°F ) was selected fo r  use in fresh pin simulations. This value 

probably underestimates condensation rates a t certain periods but also 

almost ce rta in ly  underestimates re-evaporation rates.
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The presence of fission gas was allowed for in most of the burned 

pin caiculations by a reduction of the heat transfer coe ff ic ie n t by a 

factor of three to a value of 1.891 W/cm^*K. The factor of three was 

obtained from Reference 7 with an equivalent gas f ilm  thickness of 
6.5 X 10”  ̂ cm. The 6.5 x 10“  ̂ cm corresponds to I x 10”^̂ g of gas spread 

over 250 cm̂  of area a t  a pressure of 4.6 atm and a temperature of MOO 

K. Certa in ly  th is  thickness could be argued to be much larger, since the 

order of I x 10  ̂ g of non-condensable gas per g of molten fuel is like ly  

and the 250 cm̂  surface area requires voiding more than 100 cm of the 

channel. Thus we could have ju s t i f ie d  values for h fo r condensation in 

the range of 0 .4 W/cm^*K and lower.

We would like  to suggest that in future work i t  would probably 

be beneficial to  modify coding so that separate condensation 

and evaporation coeffic ien ts  would be u t i l iz e d .  This would be especially  

important fo r burned fuel analysis in which the almost certain presence 

of non-condensabIe gasses could make condensation coeffic ients  an order 

of magnitude smaller than evaporation co e ff ic ien ts . There modeling 

changes should also be accompanied by a treatment of axial variation in 

in i t i a l  temperatures of condensing surfaces.
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VO

Case
Name

Sodium

h
(W/cm^K)

( n i t i a t  
C la d d in g  
Tempera­
tu r e  (K )

P i ss i on 
Gas Mass 
• 0  Zone 

(mg)
Mass

(9)

I n i t i a l  
Tempera­
tu re  (K )

P a r t ic le
D ia m ete r
(m ic ro n s )

M ix in g
Time

( s )
Mass

(g )

in i t i a  1 
Tempera­
tu r e  (K )

L o c a tio n  (cm above  
bottom  o f low er b la n k e t )

V e lo c 11 i es 
(c m /s )

Upper Lower

IB 3 .2 3500 250 0 .0 1 .6 940 5 ,6 7 4 1000 90 80 700 0 .0

28 1 .6 3500 250 0 ,0 1 .6 940 5 .6 7 4 1000 90 80 700 0 .0

36 3 .2 3500 250 0 .0 3 .2 940 5 .6 7 4 1000 95 75 700 0 .0

48 1 .6 3500 250 0 .0 O.S 940 5 .6 7 4 1000 90 80 700 0 .0

2E 3 .2 3500 500 0 .0 1 .6 940 5 .6 7 4 1000 90 30 700 0 .0

3E 3 .2 3500 250 0 .0 1 .6 940 2 .8 3 7 1000 90 80 700 0 .0

4E 3 .2 3500 250 0 .0 1 .6 940 5 .6 7 4 1000 90 80 700 5 .5

Qf 3 .2 3500 250 0 .0 1 .6 940 5 .6 7 4 1000 140 130 700 0 .0

IG 6 .4 3500 250 0 .0 1 .6 940 5 .5 7 4 1000 90 80 700 0 .0

20 6 .4 3500 250 0.01 1 .6 940 5 .6 7 4 1000 90 80 700 0 .0

30 3 .2 3500 250 ■ 0 .0 0 .8 940 5 .6 7 4 (000 90 60 700 0 .0

Table C,I Input parameters fo r preliminary studies.



o

C ase
Name

Sod I urn

h
(W /c m ^ -K )

I n i t i a l  
C la d d in g  
Tem pera ­
tu r e  (K )

Mass
( g )

I n i t i a l
Tem pera ­
t u r e

P a r t i c l e
D ia m e te r
(m ic r o n s )

M ix in g
Tim e

( s )
Mass

( g )

i n i t i a l  
Tem pera ­
t u r e  (K )

L o c a t io n  (cm a b o ve  
b o tto m  o f  lo w e r  b la n k e t V e l o c i t i e s

(c m /s )U p p e r Low er

B O L-I 4 .8 5 5 0 0 6 3 2 .0 0 5 t . 6 1000 5 .6 7 4 1 100 9 0 80 700

BO L-3 4 .8 3 5 0 0 6 3 2 .0 0 5 1 .6 1000 5 .6 7 4 1 100 90 8 0 700

BOL-8 4 .8 3 9 0 0 6 3 2 .0 0 5 ( . 6 1 100 5 ,6 7 4 1 too 9 0 8 0 700

BO L-9 4 , 8 3 9 0 0 6 3 2 .0 0 5 1 .6 1 too 5 .6 7 4 1200 90 80 7 00

0O L-9H 4 . 8 3 9 0 0 2 00 .0 0 5 1 .6 1 100 5 .6 7 4 1200 9 0 80 700

BOL-IOH 4 . 8 3 9 0 0 2 00 .0 0 5 1 .6 1100 ■ 5 .6 7 4 1300 9 0 80 . 700

B 0 L - I2 H 2 .4 3 90 0 2 00 .0 0 5 0 .8 1 too 5 .6 7 4 1200 9 0 80 700

Table C.2 Input parameters for fresh fuel (b eg lnn lng -o f- lIfe )  runs.



o

C ase
Name

Sodium

h
(W /c m 2 .K )

I n i t i a l  
C la d d in g  
Tem pera­
t u r e  (K )

I n i t i a l  1 n f p r f a c e P a ra m e te rs

Mass
( g )

I n i t i a l  
T em pera ­
t u r e  (K )

P a r t i c l e
D ia m e te r
< m lc ro n s )

Mi X 1ng 
Tim e  

( s )
Mass

(g )

I n i t i a l  
Te m p era ­
t u r e  (K )

L o c a t io n  (cm ab o ve  
b o tto m  o f  o w e r b la n k e t )

V e lo c I  M e s  
( c n . s )

U p p e r Low er

BURN-5 9 .6 350 0 6 32 .01 1 .6 1000 1 .8 9 1 1 100 9 0 80 700

BURN-5H 9 .6 3 5 0 0 200 ,01 1 .6 1000 1 .8 9 1 1 100 9 0 8 0 700

BURN-6 9 .6 3 5 0 0 6 32 .01 1 .6 1000 1 .89 1 1200 9 0 80 700

BURN- 8 4 . 8 3 5 0 0 6 3 2 .01 0 . 8 1000 1 .8 9 1 1200 9 0 80 700

BURN-9 9 .6 3 5 0 0 2 00 .01 t . 6 1000 5 .6 7 4 I I 00 9 0 30 700

Table C.3 input parameters fo r burned fuel tuns.
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