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MIXING REQUIREMENTS FOR THE LIMITING FUEL-COOLANT
~ INTERACTIONS IN LIQUID METAL FAST BREEDER REACTORS

ABSTRACT

‘An estimation of.the mixing requirements for the limiting fuel-
coolant interactions in two specific liquid metal cooled fast reactors,
the Fast Flux Test Facility (FFTF) and the Clinch River Breedér Reactor
(CRBR), has been undertaken. The mixing requirements were represented
in terms of the limiting mixing time constants. These constants were
determined with the Argonne parametric FCI Computer Model for.a range
of core involvements. Specifically, fuel masses used ranged from as Tow
as one-seventh of the core to a full core involvement. In general, con-
servative values for additional FCI input parameters were assumed such
that the results would be conservative. ~ ‘ :

With the results in hand, several mechanisms were investigated to
determine what limiting effects they could have on the.mixing rates of
the fuel and coolant during an FCI. The energy requirements for mixing
were investigated. The results, however, provided no limiting effects.
A solidification limited fragmentation model was also investigated. Al-
though this model provided no absolute limiting effects, it did show
that fuel particle sizes of a certain size could indeed 1imit the fuel-
coolant mixing rates. Additionally, the Timiting effects were found to

"be much less significant for UC fuel. The third mechanism that was in-.

- vestigated concerned the limiting effects of the finite fuel release-

rates as a result of TOP accidents in the FFTF. Equivalent mixing time
constants based on the fuel release rates were shown to be greater than
the 1imiting values. Thus, this mechanism was shown to be limiting for
the particular accident sequence investigated.
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1. INTRODUCTION

During‘the-;buESe of a hypothetical coré'disruptive acéidgnt'(HCDA)
-Fin a quuid'metéirfést-breedér reactor (LMFBR), some‘fraction of.thé,fuel
- will meTt,~mix;-and may interact with the sodium codlént, fhis is known
-as a fuel-coolantAinteractiqﬁ,(FCI)..,Whethef or not thjs.ihteractionHWTTl‘
béAenergétic ehpugh.to céuée sighif%cant damage td thé.brimafy_contain-‘ij-i'
;ment.bouﬁdary wiTT“depend.Ubon how rapidly the fuel's thermal_eneréy.cah
be converted te'mechanica1 work energy. The'Targe numbér of uncertainties
involved makes the prediction of the actual energy transfer.difficult.
‘These uncertainties, however, can be divided into.twp groups (1).

The first. group concerns the iﬁitia] conditions at the time of con-
tact between the hplten fuel and sodium. ‘This includes the amount .of
interacting fuel. and sodium, the physical states of tﬁe fué],and sodium,
and their mode'df»mixing.. The second group involves fhe inherent mgcha-
nisms of heat transfer and intérdiSper;ion of the fuei'and éodiumf ‘The-.
first grohh, inlgénera], will determine what mechanisms are oberative and
| therefbre will affect the possible consequences. Beéause‘of the safety
implications of éuch uncertainties in LMFBR designs, much attention has
been directed thards resolving both-grbupé of uncertaihties. |

- The initia1 conditions of the fuel and sodium following an HCDA have
been addressed, in the last few years, by the emergence of a mechanistic
approach to the analysis of HCDAs (2). This mechanistic approach analyzes

the step-by-step. progression of accident sequences using cause and effect
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re]ationships The first step to this approach is the cho1ce of those
1n1t1at1ng events and/or range of events that are to be ana]yzed A
,postulated failure of the p]ant protection systems (PPS) des1gned to
proteet the plant tromveny'off-norma] conditiemsiis assumed to occur
sfmultaﬁeodsly with the proposed"ihitiating events. The two types of
HCDAs that are currently evaluated for the design assessment of LMFBRs '
| are the Trans1ent Overpower Acc1dent (TOP) and the Loss of Flow Acc1dent
(LOF).

The mechanisms for heat transfer and interdispersion of fuel and
sodium among other materials have been under investigation for a number
of years, in nuclear as well as non-nuclear industries, due to occurrence
of vapor explosions in these industries (see Table 1). A host of models- . N
'have been developed to predict the experimental results of reactor mater-
jals. Such models include fragmentation models (3),.heat transfer models,
- and in recent cases, overa]l models that attempt to dynamically character-
“ize the'overa11 heat transfer and m1x1ng.of the fuel and sodium. At th1s ;
time, however, no single model is capable of predicting'tme entire rahge
of experimental results. Therefore, in the design assessment of LMFBR
containment capabilities,\qualitative arguments mave been used to assess
the possibility of occurrence for a large scale coherent FCI. In the
case of the U0.-Na system, used in the Fast Flux Test Facility (FFTF) and
the Clinch River Breeder Reactor (CRBR), the general opinion is that
energetic FCIs having significant damage potential are not possible (4).

It is believed that mechanisms responsible for thermal interactions of
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TABLE 1. Exampleélof-Vapdr-Exp]osions

Related Aréas ‘,-.' h Hot Fluid | o Cold Fluid

" Nuclear

SPERT-1; SL-1, BORAX=1 - Aluminum =~ later

. Non-Nuclear |
‘Foundry,lndustry o . Steel L Water
-AAluminum,IndUStry - Aluminum B . Water

‘Kraft Paper Industry = Sme1§ (Na2C03 and “Water

LNG Industry . vater o Lne : ;

.Submar1ne Exp]os1on- , . . _
Volcanic (Krakatoa, etc. ) Lava S ,wgter

>
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oxide fuel and sod1um are suff1c1ent]y slow that they are not of concern
in damage evaluation but are still of interest in descr1b1ng acc1dent

- behavxor-(4). How.rap1d these mechan1sms must be is 1mportant in assess-

ing the_energetics of FCIs under different initial eonditions and modes

of mixing. " a ‘

. With this~ih'mind work was undertaken to estab]ish the fragmentation
and | m1x1ng requ1rements for limiting case FCIs..in the small-sized oxide
fueled fast. reactors such as the FFTF and the CRBR Additionally, some
work,haS'been»performed for an advanced;LMFBR fuel, UC, -assumed to. replace
the mixed-oxide fuel in the CRBR; | | |

With these results;_several‘possib]e mechanisms were investigated
regatding their_ability to Timit the actual mixing- rates of an FCI in
_ oxide fueled fast reactors. For instance, in the Transient Overpower
Acc1dent in the FFTF fuel re]ease rates der1ved from the mechanistic
ana]ys1s of the TOP accxdent are shown to limit the energet1cs of a TOP

induced FCI. Other mechen1sms that were,1nve$t1gated are the energy re-
'quifeﬁehts,fot‘Tahge-scale mixing of .UO, fragments-in éedium, and the

.‘so]idification‘Of_the,fue],fo1]owing fuel release into the sodium coolant.



2. OVERALL APPROACH

To describe more completely the method used in determining the mi x-
ing'requirements-fqr'limiting cases of energetic.FCIs, three items need

clarification: the definition and characterizatien pf_a limiting case FCI;

the description of the calcu]ationa]“too] that is-emp]byed including its

. maJor assumpt1ons and how the above two 1tems are comb1ned to y1e1d the

m1x1ng requ1rements for the limiting case

2.1 Limiting Case FCI

" In short, .a limiting case FCI is defined to-be that interaction that

will provide ‘work energies at slug impact that equal the containment capa-

biTity for thefreactor system. Specifically,. the integrity of the reactor -

coo]1ng system shou]d not be breached due to the mechan1ca1 1oad1ngs on

the vesse] structures as a result of .the work potent1a1 at. s]ug impact

from the 11m1t1ng FCI.

To descr1be completely the’ damage potent1a1 of an HCDA in which sub-
stantial vapor pressures are generated a detailed determ1nat1on of the
dynam1c response of the primary system is required. This is a comp]ex

prob]em Ca]cu]atlons must include not on]y the response of the conta1n-

-ment- structures but a1so the propagation of ‘shock waves, interaction of

fluid -and structures, loads imposed on:components and structures adjacent.

to the core, and the damage produced by these loads (5)-,-4
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The actual sequence of events that will determine the deformation
of the reactor vessel and its internal structUres.may be stated as follows.

As the sodium-vapor expands, ft.first deforms the core surrodnding struc-

- tures. As it expands further, it pushes'the'core support structure down-

ward, deforming the core barrel.and the vessel -wall radially-and accelerat-

_inggvin>the ypward direction, the 1iquid sodium slug above the core.

~Once thé.sodiﬁm’s1UgAhas,mbved throhgh_fhe=free VOlumetoflthe.éover'gas,

it impacts upon the reactor cover exerting an.impact force on the cover

. and ‘the upper vesse1 wall. Depending on' the exérted-force the head hold

down bolts and upper vessel wall may subsequent]y be -deformed. p]ast1ca11y

F1na]1y, the~system regains dynamic-equilibrium. As;can be seen, an accu-

rate describtibn of these events and the different damage mechanisms is

quite involved. For current HCDA analyses, the primary containment code,

REXCO-HEP, déveloped ataArgonne National Laboratory,'is:used (5). .Because

of the time and effort involved in using this too], a simpler means of

‘determ1n1ng the damage potential of an FCI resu]t1ng from a hypothet1ca1

" core meltdown is used here.

There are two simple ways to.desaribe‘the energetics of an FCI. The
most  frequently usedamethod uses the expansiohfwork_of the heated coolant
in the mixing zone}calculated for an expansion' down to 1 atm. The other |
methbd‘utiliaes the expansion work calculated for an-expansioh‘up-to tha
time of slug impact. | | |

- 0f the variqus damage meéhanismé‘méntiOned above;vthe sodium slug

impact on the reactor head provides_the most serious.threat to the primary
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containment“and has'the<most influence on containment}deeign (6). For
example, the HCDA analysis using'the»REXCO-HEP4Computer model predicts
that incipient fai1uretof‘certain reacton(sea1s‘may result from slug »
impact (7, 8). Therefore, the secondimethod of deschibingvan FCI is‘used.
Consequent]y, the upper 11m1t to  the vapor -expansion work at- s]ug 1mpact'
was emp]oyed to descr1be the conta1nment capab1lit1es of the FFTF and

the CRBR, The values used in this ana]ys1s were 40 Mw -sec and 70 Mi-sec

for‘the.FFTF_and the CRBR, respeetlvely (9,10).

~-2.2 Calculation of Work Potential

The calcu]atidn"offthe wdrk~potentia1.at slug impact of an FCI is

accomp]ished'with the ANL parametric FCI cdmputer mode] (11-13). This f

nmodel comprehens1ve1y treats many of the var1ous rate 11m1t1ng processes.
: These 1nc]ude the fragmentat1on and m1x1nq of the mo]ten fuel and coolant

in a m1x1ng zone, heat transfer frpm the fuel to the-coolant and‘the.
.expansidn of the heated coolant against the system'constraintst Input |

“variables generally define the two groupstofruncertainties-mentioned

earlier, '

One gnoupvof input variables describes: the initia] conditions of
the fuel and coolant. The second group of variab]es describes the in-
herent meéhanisms of heat transfer and interdispehsion of the fuel and
cooTant. In particular, two input variables, thehtinal‘fuel particle

size and the mixing time constant, are used to describe the extent and
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rate of the fragmentation and mixing of the fuel and coolant.

Given the above input information, the model predicts the transient

| thermodynamic behavior of the fuel and sodium in the interaction zone

and describes the dynamic oropertjes of the coolant slug above the core,
the positionxand velocity of the slug with time. The expahsion work
potent1a1 at - s]ug impact is determ1ned by allowing the sod1um s1ug to
move : through a d1stance equal to the height of the cover gas reg1on At
the. point of impact, the corresponding output. va]ue;of'the expansion work:
is dete;m1ned d1rect1y from code output values

‘The cover gas regions in’ the FFTF and the CRBR are d1fferent sizes:

even;though the. reactor vessels of each have approx1mate1y the same radial

dimension. For the'FFTF; the cover gas region is assumed to be 50. cm high,

“which is.equiva]ent.tO;that used in other models of the FFTF-(12). For

the CRBR, a cover‘gas'height of .70 cm was used. This number was determined
by d1v1d1ng the cover gas. volume in the CRBR vesse] by the cross-sectional

area of the vesse]

2.3 Mixing Requirements

The mixing requihements of the molten fuel and eoolant that produce
Timiting work potential weredetermined by iterative calculations. This.
wos performed by choosing mixing time constants (code input) that produce
expansioh'work'values which equé1 the limiting values for the structural

integrity. If, for instance, the result of an interaction was a value




higher than the ]imitingfva1ue,.a larger mixing time constant would be

chosen:and another case wou1d be calculated.  This would indieate‘that |

the mixing occurred over.a Tonger ‘period of time thus reducing the rate -

of energy trenSfer and the subsequent pressurtzatidn - When tw0'va1ues

for the work potent1a1 are obtained wh1ch bound the work potent1a1

| fgraph1ca1 1nterpo]at1on of the. assumed m1x1ng t1me constants is ‘used to

| 'Tdeterm1ne the time constant assoc1ated with the. 11m1t1ng va]ue for the

work potent1a] | ’ | |
This procedure was emp]oyed for.a range of initial cond1t1ons From

th]S ‘a locus of po1nts is estab11shed that represents the ‘mixing require-

ment5<for the Timiting work potent1a1.as a,functlon of the mass of fuelA

participating in the interaction.
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3. "LIMITING MIXING REQUIREMENTS ~

3.1 Cohservative Model Inputs

To limit the numher of parametric cases that cou]d’have'been'ca1cu-w
1ated certa1n 1nput parameters were chosen such-that they would prov1de
conservat1ve results in calcu1at1ng the: work' potent1als A list of these
conservat1ve input: parameters can: be: fbunds1nfTab1e 2..

The fuel temperatures were chosen to be c]ose to the bo111ng po1nts
.of the fuels. at-atmospherlc pressures These unusua]]y high values. are
also a. result of accounting for the latent heat of the fuel. In the ANL
parametr1c model, so]1d1f1cat1on was not assumed therefore, the Tatent
“heat of" fus1on was accounted;for by add1ng an equivalent amount of sensible
heat to the fuel. 'ThiS'had the result of raising the fuel temperature by
approximately 560°C (12). - ' - d

The sod1um temperatures for the d1fferent reactor systems reqardless} p
of the fuel type were taken to be the upper 1imit to.the normal operating
»sodium»temperatUres of the particular system, namely 840°K and 808°K for
the FFTF and the CRBR. |

The fue1/sod1um mass rat1os were chosen’ depending upon the fuel type.
For this ana]ysis, it was determined that fuel/sodium mass ratios do not
show an optimum Va]ue for which the highest work potential would be
attained as was noted in an earlier analysis (12). In fact, the larger

the'mass'ratio, the higher the work potential.. This effect was examined,
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TABLE 2.

~ Fuel

'Reactor.System
~ Fuel. Temﬁeratqref(°K)f* .
dedium'Temperatdre'(ék)

- Fug1/Sodium MaS$~RatioV-.“

Final Fuel Pakfic]e Radiusz(um) ~

List of Conservative
Model Input Parameters

~(U,Pu)02  (U,Pu)O;
CFFTE CRBR

2000 4000
80 808
11-131.» 113

64 . 64

uc .
. CRBR-

5000

‘808
15
64
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.showing  that- increasing the mass ratio provided increased work poten-

tials. These résuTts are shown. in Figure 1. Therefore, the fuel mass/
sodium mass ratios in the reactor core were used as the upper»1ihiis. The
uc va]ue'for'the mass ratio was assumed to be higher due to the increased
density of the UC fuel ‘as compared with U0 .

~ The final fuel'pértiéle sizé was primari]y based on a Uoz.pakticTe‘
Size‘distributionuthat-had‘been detérmihed to~be the fiﬁest'particlé size
distributioh_found'jn the U.S.:and Japaneseuexbéfﬁments (14). Figufe 2
shows the diffefént'distributions and the §o1id Tine of the Tog-normal
particle distrjbufibn.that‘was fitted to the data to repfesent the finest
distribution. A surface area-to-volume mean was used to determine a

single fuel particle size to represent this distribution. This is known

as the Sahter mean radius and can be calculated USing the following form:

] . s . (])
2 ¢t ' ‘
1.

1.

<

»Rvs .%-

where yi represents the mass fraction of particles having a diameter

D. . The resulting value for ﬁhe mean is 64 pm. (Appendix C). This number

o1

was used throughout the analysis to represent the smallest particle size
fdr U0 that would be expecféd;

Although sufficient data was not available to make a similar deter-
mination for a lower bound on the UC particle size, results of a. recent
stﬁdy (15) predict smaller particle sizes for UC than for U0 . However,

no adjustment was made for this for the UC cases.
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3.2 Results

The oxide results for the 1imiting mixina requirements for the FFTF
and CRBR are presented in Figures 3 and 4. The different mixing require-
ments obtained for thé CRBR and FFTF reflect two major differences bet-
ween the two systems, the sodium s]pg height and the cover gas region
size. The dashed lines inboth figures represent an extrapolation of the
curves. Cases could not be run at these lower values because the numeri-
cal analysis in the ANL computer model is unstable at the lower values
for the mass of fuel.

The carbide results for the CRBR are presented in Figure 5. For
comparison purposes the oxide results for the CRBR are included in this
figure for the same final particle size. It is clearly seen that the |
carbide mixing requirements are almost an order of magnitude less severe
than the oxide results. This large discrepancy can be understood in
terms of the differenées in the heat transfer rate. The particular heat
transfer model used in the ANL parametric mode] uses the following defi-

nitions for the heat transfer rate:

d
&= -1 A3 (2)

where the heat transfer coefficient is defined as

(3)

o x
-

The main differences between the carbide and oxide fuels that produce

the differing results are the differences in the thermal conductivities




and initial fuel temperatures. The carbide fuel has a thermal conducti-

vity of 0.053 cal/sec-cm°C, ten times that of UO> . This increases the
value of the heat transfer coefficient substantially. In addition the

initial fuel temperature is assumed to be 1000°C higher for UC than UO..
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4, RATE LIMITING MECHANISMS FOR
FUEL-COOLANT MIXING

4.1 Introduction

In Section 3, the limiting mixing time constants were determined for
the work potentials that represent the containment capabilities of the
FFTF and the CRBR. Mechanistically, these values offer no insight into
the mixing rates that are possible in LMFBR systems. However, they pro-
vide a standard for comparison for the mixing rates that can be calculated
from mechanistic models of the mixing.

This section presents several mechanistic mixing models that attempt
to bound the mixing rates of the fuel and coolant during an FCI. These
bounds can then be compared to the results of Section 3 to determine if
they are indeed limiting. The first model is based on a recent calcula-
tion by Cho. It concerns the energy requirements for the mixing of the
fuel and coolant. The second model concerns a solidification limited
fragmentation model. This model is somewhat of an extension of the solid-
shell theories of fragmentation. The third model is more directly asso-
ciated with a particular accident sequence and thus is not a physical
model but rather a model based’upon the results of a mechanistic analysis.
Specifically, the results for the TOP accident in the FFTF are used to

determine approximate values for the fuel release rates.



4.2‘ FCI.Energy Requirements

In the calculational tool used.for the analysis in Section 3, the

- ANL parametric mode],'it is assumed that the mixing zone consists of .

finely fragmented_fue] particles’spread homogeneously through the liquid

coolant. The degree and rate of mixing are governed by the input para-

meters of the fuél particlé size and the,m{xiqg time tqnsténtff These
inpuf parameters, however, do not.presént é mbdel for the mix%hg. Td.
investigate the mixing requirements,lCho (16,17) has.made an order of -
Magnitude estimate of the'energy required to break up and dispefsé the
fuel partﬁc]es in a finite volume representing the mixing zone of fuel
and sodium. |

Cho considered the energy requirements for the surface energy break-
up (molten state), the kinetic energy of the particle movement, and the
energy dissipated during the movement of the fuel particles. The surface:

energy can be determined by
Surface Energy = N(41er2)of N . (8)

where N is the number of particles and can be described as

v
N

f . (5)

4 3
3 TRe

Using this in Eq. (4), we get

3Vf )
Surface Area- = 5— O . ‘ (6)
Re °f :
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" The kinetic energy can be calculated with

e o _4 45_ 3 u,2 p‘u 2 ‘
Kinetic Energy = N,(B mPeRe ) e M oy Wf M ()

2 £z 0

where Up is the mixing velocity. .The frigtiona] dissipation energy
can be calculated by o
. - p‘uz : - .
e . . _ Na™M 02 : : .
_Frictional Dissipation = N{Cy ——/nR°L, . (8)
~ where CD- is the.drag‘coefficient and LM is the characteristic length
of the mixing zone.. Assuming the drag coefficient to be equal fo one,
the result is: ’.} |
Frictional Dissipation .= V (3- | 2 Eﬂ. (9)
| P TR E PNatMT R

This can be further, reduced to an equation in terms of V. and ‘tm ,
the mixing time (Note:'not to be confused with thé mixing time constant

4 rm) if the following substitutions are made for Ly and uy:

Ly = V¢ P : ‘(ioﬁ
o Ve | ‘ (11)
The final result is
Frictional Dissipation = %_ZCZf; 12)
: Y

It was recognized that for cases of practical interest, the mixing energy
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is due primarily to the frictional dissipation as a result of the fuel
particle moVement, therefore eliminating the other two energy terms.
Two cases were investigated for the mixing energy. The first case

is that of a one-step mixing energy,

(E

cf ' :
W one-step - o (13)

The second case assumes progressive bréakup and,intermixihg'of fuel

© particles. .The mixing energy for this case was derived by Cho as

. Aszl 3 sz

' (EM)progressive,min = 1.81 o V¢ ( : 2 ) (] Ty z/a)
: m 0 f

| (14)

‘ where_the above equation represents é minimum for a particular number of
steps, n . | | | | | | | | |

" Inan illustrative calculation (16), Cho assumed.that 1% of fhe fuel's
thermal energy correspoﬁding to -a 3000°C temperature difference was used

to determine the mixing vo]dhe; Aséuming almixing time constant of 1 msec,
the result using Eq. (14) was a 950 cm® mixing vo]ﬁme, small compared to
~ the necessary mixing volumes requfred in a large-scale HCDA. This method
was applied to the results of Section 3 for the FFTF. The limiting mixing
time cbnstants.with their respective fuel massés were used in Eq. (14) to .
determine the mixing energy. This was then compared to the‘tota] thermal

energy in the fuel to assess how likely it was that this energy could be
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3000
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TABLE 3. M1x1nq Energy Requ1rements for L1m1t1ng
M1x1ng Time Constants in the’ FFTF

*Tm o tm ARf- **(EM)

*kkE

_ . . Percent
(105 cm?®) (msec)  (msec)  (um) (cal) (cal) Fkaction
10.51 25 15 - 64 191 x 108 1.9 x 10° 1.0 x 107"
1.0 34 157 66 3B x10° 3.8x10° 0.8 x 107
2.0 47 Zi6 64 527 x10° 7.6x10° 0.7 x 107
3.1

51 . 235 64 925 x 10* 11.5 x 10° 0.8 x 107"

*ty, is the limiting mixing time constant as obtained from Figure 2.

**From Eq.

***ET =

Mfo

(14)

AT

(where C AT is the equivalent energy content per um.t mass from molten
fuel temperatures through solldlflcatlon to the reference sodium temperature)

-Zs_
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" expended for the mixing process. To analyze the energy requirements cor-

' rectly, the mixing time constants, T should be trans]ated to the mixing
time, t_ . This 1S'accomplished by taking tm to be the time at which
’99%_of the fragmentation and mixing hes'taken:place. Using the exponen-
tial form with -the above assumption, the surface,orea ratio is |

-t /T

0

>

The relationship between t_ and T, can then be described by
1 tm/rm = 4.605 . | ’ '(16)

Using the FFfF 1imiting mixing time constants, translations were
made for the specific cases calculated as indicated in Table 3. The-
results in Table -3 -indicate that the mixing energy requirements for the
four'céses investioéted~are Qery small. This conc]usion differs some-
what from Cho's, primarily due to the difference between the mixing
tlmes chosen. In effect, Cho used a n1x1ng time -of 1 msec for 1]1ustra-
tive purposes only. The mixing times used’ in our ana]ys1s were based on
the limiting mixing time constants of Section 3 w1thout spec1fy1ng a

.part1cu1ar mixing mechanism. For our case, if the energy requ1rements
had been substantial, this would effectively move the curves in Figs. 3
and 4 tolthe right. = In essence, larger fuel masses would have to be pos-
tulated to give the same expansion work potentiol because some portion of
the energy in the original fuel mass would be used to mix the fuel and

" coolant rather than to simply heat the sodium coolant.

- e ™M™ Lo . T8
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4.3 Solidiffcation Limited Fragmentation Model

The so]1d1f1cat1on of molten fuel (outs1de the c1add1ng) dur1ng an
HCDA is an 1mportant cons1derat1on for the safety analyses in LMFBRs
It can affect not on]y the acc1dent sequence but the overa]] consequences

of an accident. In a macroscop1c sense, it can affect how rap1d1y

reactor shutdown is accomp11shed fo11ow1ng a release of molten fuel. F r

examp1e fast reactor shutdown is fac111tated during a TOP acc1dent by a-

sWeepoutfof~the fuel'mater1a1vinto the upper-plenum region (18). 1If, on

‘the other hand, molten fuel so]idifies c1ose'to the release area, it is

possible that there w111 be a net positive reactivity 1nsert1on until

some other mechan1sm can shut down the reactor, such as the disassembly
and d1spers1on of the core materials. In a microscopic sense, solidif1-
cat1on is an 1mportant con51derat1on regarding proposed fuel fragmentation
mechanisms (19). The phys1ca1 state of the fue1 surface within the break-

up per1od is ‘important to the ana]ys1s of the fragmentat1on mechan1cs

'Sol1d1f1cat10n, jtself, has been: demonstrated ana]yt1ca11y to be a p1aus-;

ible fragmentation mechanism of fuel (19-21). This mechanism is referred |

to as the solid shell theory of fragmentat1on or the thermal-stress in-

duced fracture mechanism.

So]1d1f1cat1on rates of fue1 are analyzed to determine what possible

Timiting effects they could have on overall fuel fragmentation rates. Of

~ course, the results of this investigation and their app]icabi]ity is con-

tingent upon the assumpt1on that the fuel fragmentation takes place as-a

result of the proposed thermal stress mechanism and the particular model.
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In short, fhis model for the therma1vstress méchanism'requirés that only
the solidified fuel will fragment;_ In essence, mbltgn fuel cannot frag-
“vméht significantly before solidifying. Thergfore, the solidification
rate w111 bound'thegfragmenfation'rate. This model is acceptable for .
the Uo;-Na system or the UC/UN-Na systems‘in which solidification will
begin 1mmédiate1y (< 1 msec) upon contact with the liquid sodium (22). .

" To provide whéf Qou]d beAconsideféd the 1imitih§ vélues f6r-fhé
solidification rates and subsequent fragmenfation rates, a fixed inter-.
face temperature boundary condition is used. Previous anaiyses (23)
have'shown that this boundary conditfbn provides the fastest solidifica;
tion rate when compared with other modes of heat fransfer, A spherical
'geométry was assumed for these calculations.

To determine the progress of the solidification front within the

molten spherical droplet (see Figure 6), the fourier»heat cOnduction
equation'must be solved. Assuming constant thermophysical properties, .

the form of this -equation in spherical coordinates is

22T(r,t) ga_T_gle =1 iT_z(;%L)_ : (17)
op? Sy T ar Q- .

The spherical fuel dropTet is assumed tolbe initially at its melting

temperature .

T(r,0) = Ty . 4(18)

‘At the solidifying front, there are two conditions that must be met:
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SOLIDIFIED FUEL . - -

._ MOLTEN FUEL

" FIGURE 6. Spherical Representation of
‘ Solidifying Fuel Drop
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T(r t) | . gg_ ‘
K =3r _ oL 3t | (19)
. r=a .
and
T(a,t) = T, . (20)

~ The only other condition that must be satisfied is a fixed surface

';temperature.at'the'originaT-?ue]-sodium interface, =
TRE) = T ENCIE

Unlike the derivation of the temperature distribution in s]ab geometry,
the non- -linearity of Eq. (19) presents ‘a problem in so]v1ng the above:

: formu]at1on exactly. For spherical geometry,.on1y a limited number of
ana]ytio so]utions are available (19). . Of these, the Adam's solution
was used fn this analysfs. This method of solution was developed by

" transforming the part1a1 differential boundary va]ue prob]em into an
1ntegra1 equat1on and so]v1ng by successive approx1mat1ons (19) With

- this method “the. freez1ng rate can be determined by

’ 20C (T -T)
G . 2 ML, (22)

e (1-% )

o8

where
4Rc %
z = T+ [1 A (T - TI) . (23)

The abovevform for da/dt can be integrated directly to give the position

of the so]idificatioh front .with time.

-~
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FIGURE 7. Solidification and Fragmentation
’ of Molten Sphere Drop
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'_ Two general so]idification modes were COnsidered ih these calcuia-
tions; the solidification of a molten sphere assuming'the droplet gebmetry
remains intact and the sofidification of a-molten shhere asshming fuel
particle hreakoff.‘ The second mode is perhaps more realistic in that it
represents a molten ‘droplet that is succescively solidifying with the
- intermittent fragmentat1on and/or shedd1ng of a. frozen she]] of fuel A
graph1ca1 representat1on of the second mode is shown in F1gure 7 This
calculation assumes that once a certa1n solidified shell th1ckness is
achieved (i.e., thick enough to fragment), the initial interface temper-
ature is re—esteblished on the sma]]er‘moiten sphere._ No delay time is
assumed fcr re-establishing the-interface temperature. jThe progressive
solidifying and fragmenting of the molten sphere will phovidetthe fastest
rate at which the entjhe sphere can fragment with the proposed model.
Frcm.these so]idification rates, approximate mixing time cohstents were
established that cculd'be used to relate the solidification or fragmenta- -
:»:t1on rate to the resu]ts for the 11m1t1ng m1x1ng requ1rements as- deve]oped '
| with the ANL parametrlc FCI model.

The mixing time constants were determined by comparing two curves.
The first curve is that of the surface area generated w1th ‘time, A ,
divided by the final surface area, Ap . This surface area pertains to
the surface area that would be exposed as the spherical droplet solidi-
fies and fragmehts. The second curve represents an exponential approxi-

mation-of'the first curve.  The form for the exponential curve is
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whe»re"v'rm is ‘the m1x1ng time constant. This equation is'identicaljto -
_ that used in the parametric model. Therefore, if a mixing time constant
can be chosen suitably to approx1mate the actual curve, T, ¢an be com-
_pared to the results for limiting mixing requirements Figure 8 is- an
;example of the two curves, the expected ratio of the surface area gener-
ated to the final surface area and the exponential-approximation, for
the casevof particle breakoff. | |
. For simp]icity, the mixing time constants were chosen suoh that the
values of the approximation and the actuai,curve.would be equal when A/A,
equals 0.632 . Comparing the two curves on Figure 8, this method appears
to provide an adequate representation for the case of particle breakoff.

Two fuels were investigated in this ana]ysis, uo, and UC. The.soli-
dification rates and: the surface area generation for these fuels were
‘determined for a range of - 1n1t1a1 fuel droplet sizes. Figure 9 represents
Ethe results-for U0z . The different 1nterface temperatures represent
the interface temperatures calculated assuming the fuel to be initially
- at-its‘melting point with the range of normal sodium operating tempera-
tures in the FFTF and the CRBR. The interface temperatures were deter;.
‘mined from the results in'Appendix F. | |

From Figure 9, it can be seen that varying the interface tempera-'
ture does not have a 1arge effect on the resuitant mixing timeiconstants

-as compared to the difference"between the behavior of an intact versus a
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:FIGURE 10. Aoproximate Mixing T1me Constants of U0,
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continuously fragmenting sphere. The solidified shell thickness- in this
figure is assumed to be 128 um (i}e;, equal to -the final fuel particle
diameter assumed for tﬁe“mixing‘requirement:anaiysfs)l The effect of
choosing-even smaller final fuel- particlesizes for the breakoff of: the
solidified layer can be seen. in Figurellog, In this figure,. a layer break-
off thickness of 50 um shows expectedly a faster solidification rate and
‘smaller mixing- time constant. A]thoughﬂthiS?presenfsﬁa;mdre~coﬁsefvatiVe
(faster){solidifibathnwrategfthe&128fumvsiiezsﬁoulﬂﬁﬁeaadéquatézfon~seve-»
ral reasons.. First'of'all, this fuel particle.diameter was:based: upon the:
‘finest experimental’ fuel partic]e‘size%di%tributibnﬁ, Furthermore,. the.
method used in:determining thiS‘equiva]ent*fuel?partic1e size provides a:
smaller value thania simple diameter;volume average:of the fuel particle
‘size dfstribution;f |
In Figure 11, the,miXing'time.constants»farfthéxadvanced.fue], uc,

aré*compared“with‘thoSe of. U0, .‘ Again, the fuel: is.assumed to be-at its-
' me]fihg temperature. The interface temperaturés for the UC?Na:systém*werei
éa]cu]ated“based on the inlet sodium'temperature:id the\CRBR, which pro-
vides the fastest solidification rate and the smallest mixing time con-
stants. v

Whether or’qot these calculations pkovideuuswwith any significant
1iﬁﬁting-mechanism is dependent upon the results of Section 3. For the
case of U0, , the limiting mixing time constants have been compared with
results of this~section. Figure 12 represents the initial fuel particles’
radii that represent the limiting work potential of the FFTF and the CRBR,

considering the particle breakoff mode. This curve was generated by choosing
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thexlimiting,mixing time coeetahts for a giVen fuel mass from Fig. 3 and
then bicking the correeponding initial.fuel particle radius whose approxi-:_e.
mate mixiné time constant was equal to the'1imiting va]uerfrom-Figr 9,
assuming T, = 1070°C with.the partic]e breakoff mode. Particle sizes
above the curve in Figure 124represent initial fuel earticles whfch have

larger approx1mate m1x1ng time constants Having mix1ng time constants

‘ 1arger than the 11m1t1ng va]ues, the expected work potent1als will be- 1ess

than the 40 Mw-sec 1imit. Small initial particles sizes will, therefore,

" provide work potentia1§ greater than the 1imifing criteria. The limiting

effects of the solidification of UC were not investigated further in this
section because its approximate mixing'time constants are much sma]ierithan
the limiting mixing time constants. The limiting mixing requirements for
the UC fuel in the CRBR range from 100 msec to 700 msec (see Figure 5),
whereas the approximate solidification mixing time constant for a 2000 um
diameter -UC fuel particle is only 18 msec. This implies that much larger
initial part1c1es would have to be postu]ated to exist for the UC~ versus
U0, before this solidification 11m1ted fragmentation model could be shown'
to 1imit the work potential to 40 MW-sec.

The results of the U0, solidification and mixing rates are interest-
ing in that they indicdte for the proposed mechanism that initial par-
ticle radii of 3000 um or'greater will ]imit'work potentials to 1ese than
the 40 MW-sec limit for the FFTF. In the same light, U0, fuel particles
initially at values. greater than 4500 pm will 11m1t the work potent1a1 to

values less than the 11m1t1ng value of 70 MiW-sec for the CRBR.




Although'the proposed‘mechanism cannot conclusively show that FCIs

'havingfwork potentia]s greater than the limiting value for the reactor

system areiimpossible, there are a few salient points. First, that if

‘this proposed mode] is applicable to the UOz—Na'system,‘thevresnlts indi-

cate that coarse mixing (R, < 3000 um for the FFTF and ' R;

initial initial <
4500 um for CRBR) of the fuel and coolant must be accomp]ished before the
'7fragmentat1on begins. to prov1de the 11m1t1ng mixing t1me constants by -
‘this proposed model. Secondly, that the resu]ts for - UC indicate that

the initial part1c1e size character1z1ng coarse m1xing does not restrict

the fuel part1c1e sizes to values as smalltas those of U0, for the 11m1t-

ing maximum time constants to be achieved.

4.4 Incoherent ?ue] Release Effects

In Section 4 3, approxwmate mixing time constants were determ1ned

'_for the so]1d1f1cat1on limited fragmentat1on mode]. In effect this model '

assumes that the final .amount of fuel and coolant that w111 mix is ini-
tially present in the fuel-coolant mixing zone. This may be true at some
point in an accident sequence where sodium re-enters a voided core. Such
a situation may be representative of a LOF accident where a fluidized state
of two-phase vapor-liquid fuel and steel may form in the core. On the
other hand, tn a TOP accident in which fuel melting is not expected to

be as extensive as in the LOF accident sequence (7,8), the prime concern,

then, is the initial release of molten fuel into the coolant channels. In
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this cése; fuel release is not instantaneous but is governed by finite -
fuel release rates.

‘~T0'détermine thellimitingAeffeéts<of‘these fuel release. rates, a :
method of determihing mixing time constants representing these release

rates is described. This method is hopefully general enough to be applied

. to any partlcular TOP case. For th1s analy51s, the results of ‘the TOP

'mechan1st1c ana]ys1s for the FFTF were eva]uated (18) The reason for R

this choice is that the fuel channel failure sequences are clearly de-

. fined in the report proViding the necessary framework for this model.

The method that was employed translates the fuel channel failure
ratés as inen in- the Hanford Engineering Development Laboratory (HEDL).
Thrée base cases were investigated by HEDL; Beginning of Life Core,
Beginning of EquiTibrium-Core Cycle, End'of‘Equi1ibriuh Core Cycle. Al-
though there exists no actual "equilibrium" core in the FFTF, core Cycle
4 was considered to be the best representative of future cores. F1gures

13 through 15 show the predicted channe] fallures w1th t1me for the three

'cases.' Assumed in this analysis was a 50¢/sec 1n1t1a1 react1v1ty inser-

“tion rate. A]though a.parametric variation of reactivity insertion rates .

included reactivity insertion rates as high as $3/sec, the 50¢/sec rate

~should be .adequate for several reasons. First, the highest conceivable

_reactivity insertion rate is only a few.cents per second based on the with-

drawal of the highest worth control rod (18). Second, the fuel channel

" failure rates were calculated assuming no fuel squirting which would -ex-

tend .the reactivity transient becéuse‘no credit is taken for the negative
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ty feedback effects of fuel ejection and sweepout.
define the curves in these figures analytically, each channel

case was fitted by an equation of the form:

-t/tm
Channel Failures = Max (] - -e A
 Max . - maximum number of failed channels;
t - time in msec; | |
T - failure constant (msec).

m

The ‘maximum number of éhannélvfai]ures-waS‘chosen by inspection of the

chanhe]

failures

m

(2)

(3)

faj]ure‘curves. Then, the failure constant was- determined by

setting the channel failures at 't = 300 msec to be 95% of ‘Max. This

somewhat arbitrary technique- should conservatively bound the channel

because slug impact is expected between 30 and 70 msec for our

~ cases. The next step, the translation of channel failures to fuel re-

lease, was based on several assumptions: -

. The maXimum_amounf.of mo]ten fuel. released on. the aQerage from
o a failed channel is 10% of the fue]rin the fuel pins. (This
number i§ derived from HEDL's more detailéd.analysis of fuel
squirting from the pins.) |
Maximum fuel release (10%) occurs instantaneosly at the time
of chanﬁe] failure. |
Fragmentation and mixing of the fuel a]sd occurs simultaneously

with channel failure.

With these assumptions, the above channel failure equation is transfprmed



‘into a'molten fuel release equation; MAX‘beCOmeé'the maximum amount of
fuel released equal to 10% of the fuel in the maximum number of failed
channels. Table 4 summarizes the maximum fuel release and failure con-

stants for each of the three cases.

TABLE 4. Fuel Release Constants

BOL  BOEC . EOEC

Maximum Channel Failures . 38 . - 50 70
Maximum Fuel Release (kg) = . 148.5 195.3 273.5

L ' o i 160 100:‘ 130

As before, for the.analysis of the so]idification'limited fragmenté-
tion model, the above approximate failure constants can be used to assess
the Timiting characteristics of the fuel failure rates. In Figure 16, the -
results for the limiting mixing time constants and the fue] fai]uné‘con-;
stants are compared. -As wé can sce, the failure constants are well above
‘A{tne limiting values, ﬁhereby indicating that work potentials are expected 
to be less than‘the 40 MWasec’iimit for the FFTF. 'Furthermore, if a highen
percentage of fuel was to be released (> jO%)Aat channel fai]une, the fuel
fai]ure'rate (i.e., equivalent mixing time constant) is ctili‘expeCted to
prov1de work potent1a1 va]ues less than the 40 MW-sec limit.

This. method was emp]oyed in a conservat1ve manner to account for any -
uncertainties 1nvo]ved in translating fuel channel fa1]ure rates into fuel
release rates. A number of items were not accounted for. that wou1d ‘tend

" to extend the fuel release times providing higher actual failure constants.
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For instance, the actual fuel squirting will take a finite amount of time.

Thus, total fuel release does not occur at the point of channel failure.

w111 probab]y requ1re some time, which ¥s also not accounted for.

Much of the conservatism can be removed if the actual fuel:release

. rates can be calculated directly as a result of a TOP acc1dent In the .

HEDL report, these release rates are not generally we]] def1ned HoweVef,

the results of thevHEDL report indicate that the-actual fuel releases at
some'poiht in tfme~are con;iderab1y smaller than>thoseecaTcu1ated by the

conservative method used in this section.

' Additiohally,'the‘complete fragmentation and‘mixfﬁg of the-fuel and sodium

-



NUMBER OF FAILED FUEL CHANNELS

40

3 |

30

25
20
15

10

CONSERVATIVE BOUND

MAX = 38 Channels
Ty = 160 msec

N AGTUAL CHANNEL FAIL

URES - .

3.3

i L , -1
100 200 o : 300
. 3.4 . 3.5 ' 3.6
~ FIGURE 13. Fuel Channel Failure versus Time in the. FFTF for
~ Beginning of Life Cycle Transient Overpower Accident

TIME (msec) -
REAL TIME (sec).

. —€§-




NUMBER OF FAILED FUEL CHANNELS

50

40

30

20

10

-¥5-

I ] | T B . . . A s -‘ 1 izt N - . ,i .o e v ® . ,.._;\‘ . B

B CONSERVATIVE BOUND 7]
A rf.=.100 msec , = /

B MAX = 50 Channels “N\_—" . S ]

- 7 ~ ACTUAL CHANNEL |
_ 'FAILURES ]
— -
r —
Q 100 200 TIME (msec)
2.64 2.7 . 2.8 ‘ 2.9 REAL TIME (sec)

FIGURE 14. Fuel Channel Failure versus Time in the FFTF for
Beginning of Cycle 4 Transient QOverpower Accident




FATLED FUEL CHANNELS

 NUMBER OF

60

55

50

45

40

35

30

25
20
15

10

%)

T ' 1 .
| I CONSERVATIVE BOUND ] ' 3
- MAX = 70 Channels ' N
T¢ = 130 msec
L _
- - ACTUAL CHANNEL FAILURES 7]
N
(%]
'
| 1
1 | | _ | .
0 ' 100 200 S 300 TIME(msec)
2.56 2.6 | 2.7 . 2.8

REAL TIME (sec) -

FIGURE 15. Fuel Channel Failure versus Time ihAthe FFTF
' for End of Cycle 4 Transient'OverpoWerjAccident




'MIXING TIME CONSTANT (MSEC)

160

140
120

100 -

80

60

40

20

-56-.

FIGURE 16.

FUEL MASS (KG)

Mixing Time Constant Requirements for a U0p-Na -
FCI Having a Work Potential at Slug Impact Equal
to the Containment Capability of the FFTF (40 MV-sec

T T
ASSUMPTIONS :
- HEAT TRANSFER CUTOFF AT o
ACOUSTIC UNLOADING TIME
© U0, TEMP = 4000°K
Na TEMP = 840°K -
- | * FINAL FUEL RADIUS = 64 un~ 4 -
B W=11-13 S :
o -
50 MH-sec
= < 40 MW-sec -~
>‘ 40 MW-Sec .- LEGEND
@ BOL TOP ACCIDENT (50¢/sec)]
A BOC4 TOP ACCIDENT(50¢/sec)
, W EOC4 TOP ACCIDENT(50¢/sec)
N ’ l .
0 000 2000 , 3000

)



-57-
5. CONCLUSIONS AND RECOMMENDATIONS

The work that was performed for this report represents a simple esti-
- mate of the m1x1ng requ1rements for -a fue] coolant interaction that will
"prov1de expansion work potentials at slug impact that are expected to be

y 11m1t;ng (1 e., in terms of conta1nment capab111ty) for the partwcular 3
reactor system. The 11m1t1ng m1x1ng t1me constants. were determ1ned for a
‘range .of . fuel masses thus providing ‘a means of evaluating the mixing re-
quirements for a range of acc1dent severities that lead to various core -

" involvements. It also prov1des a means of determ1n1ng whether a part1cu-
lar physical mechanism is limiting in the sense that it will provide work
potentlals less than the limiting containment value.

Three mechanisms were 1nvest1gated in this work to determine if they
-'represented limiting mechanisms. The energy requirement calculation for .
the m1x1ng of fuel and coolant by the stored thermal energy in the fuel
was not found to. be 11m1t1ng The energy required for the m1x1ng of the:
':fuel and coolant based on the limiting mixing time constants was so sma]]
that extreme]y short mixing time constants would-have to. be postulated to
make .this a 11m1t1ng mechanism. The solidiffcation limited fragmentation
ca]culat1ons can be shown to be 11m1t1ng if and only if one can say what
the initial fuel particle sizes will be before the solidification induced
fragmentation takes place. Unfortunately, at this time it is not possible
to do this. One inbortant conclusion, however, from this work is that the

A. initial fuel particle sizes for UC fuel that are limiting are considerably
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larger than that for U0, in either the FFTF or the,CRBR. In other words,
the initial coarse mixing of fuel and coolant accomplished by whatever
means must be far more extensive for UOQ cases to provide approximate
mixtng ttme conetantsfthat will producelwork potentials greater than the
limiting values. _

The third mechanism that was investigated was the fuel release rates
-as determined from the results of tne»mecnanistie'analysfs'of the TOP .
accident_in-the FFTF. This mechanism, unlike the others, was clearly
shown to limit the wonk potential to values less than the iimiting cri-
teria. The result, of course, applies to the particular accident sequence
_that, was used. In that regard, it is recommended that similar analyses
be carried out for additional accident sequences and ranges-of.assumed
initiating conditions to determine the limiting characteristics of this
mechanism for other accidents. | 4

It is also recommended that if. this method of comparison between a
parametr1c eva]uat1on of the 11m1t1ng mixing time constants and the approx1-
mate mixing time constants based on physical mechanisms is to be cont1nued
a more accurate description of the limiting constants snou]d be determined. '
A suggested area of improvement is the use of a more detailed description
of the limiting criteria for a fuel-coolant interaction, perhaps, in terms
of the actual loads: transmitted to the reactor structures. It is be]ieved,
however, that the key assumptions made for this analysis provide conserva-
" tive results for the limiting mixing’time constants.

The basic physical model used of an FCI should provide inherently



conservative results for the viork potential of an FCI. The one-dimen- -

~ sional mode]lof constraint with the rigid reactor vessel assumption is
expected to overestimate the pressure in the interaction zone and there-
fore overestimate the work potential at s]ug impact (Appendix A) The
model aiso assumes no heat transfer to the slug from the FCI zone by
‘-either heat conduction or gas- 11qu1d interface mixing. Recent calcu]a- .
tions indicate that large reductions in “the work energies can be expected
if gas-liquid 1nterface mixing is taken into account (Appendix A,and_ref—
erence 24). Another major model-assumption used for these calculations
was the vapor blanketing/no heat loss to the cold structures option in

_ the ANL model. This provides what is fe]t'to:be a best-estimate of the
actual FCI conditions (Appendix A). For the description of the FCI, a
number of input parameters (ANL model) were assumed for these calculations.
These were mentioned in Section 3.1 and are listed in Table 2. These are
also expected to provide conservative results. However, to determine how
sen51t1ve our results are to these input parameter assumptions, a sensi-
tivity analy51s of the work potential at slug impact was performed for
these parameters. The base case used for this analysis is a full core FCI
in the oxide-fueled CRBR. The base case input parameters are listed in
Table 5. The effect of varying these parameters is shown in Figure 17.
The varied parameters include:- fuel temperature, sodium temperature, fuel/
sodium mass ratio, and the final fuel particle radius; The resu]ts indi-
* cate that varying the fuel temperature. and the final fuel particle radius

most strongly influence the work potential at slug impact and thus affect
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TABLEVS. Base‘Case Input Parameters
for‘the Sensitivity Analysis.

Fuel = o o,

Reactor System ' CRBR
Fuel Mass (kg) S 7000

~ Fuel Temperature (°K) ' 4000
W | | 12
fSod1um Temperature (° K) : ‘808‘
Final Fuel Particle Radius (um) 64
Mixing Time Constant (msec) 80

the limiting. mixing time constant the most as well.

To assess roughly how these variations in thevWOrk potential trans;
late into variations'in the‘mixing time constant, the mixing time constant
was also varied from the base case. :This particular curve on Figure 17

is particularly useful. If, for instance, a 10% increase in the fuel tem-

perature provides approximately a 30% increase in the work potentie] this :

is seen to be. equivalent to approx1mate1y a ]0% decrease 1n the m1x1ng

t1me constant. This type of analysis can be performed for any parametr1c

variation.

As can be seen, the work potential isAihdeed sensitive to the assumed
input parameters. 4Howeyer,-it is felt that conservative values for each
were chosen (dependirg upon the natere of their effect) such that the
Timiting mixing requirement analysis with the conservative model assump-

tions should be, in general, conservative.
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APPENDIX A:-

ANL PARAMETRIC FUEL-COOLANT MODEL

AA.l: Introduction

In the earlier models of molten fuel coo]ant 1nteract1ons a thermo-

,"dynam1c approach was used to est1mate the maximum work potent1a1 ava11ab1e'

from an FCI (1). This approach assumed the instantaneous heat1ng of the

coo1ant and as a resu]t did not prov1de the pressure as a function of

‘time in the 1nteract1on zone, - W1thout these pressure-t1me histories, an

assessment of the structura1 damage could not be made. One of the first
analyses that provrded the necessary pressure-t1me histories was a tran-
sient analysis by Padilla that-accounted for the ratehprocesses (2).
Another "second generation" calculational model was the ANL parametric
FCI model (3). Both of these models prOvided the pressure-time'histories -

required for a. rea11st1c assessment of the consequences of an FCI. In

" general, two compet1ng processes are 1nv01ved in the calculation of- pres-

sure in the interaction zone; the heating of the coolant by the fuel

‘causing pressure and the movement of the surrounding constraints reliev-

ing the pressure. Due to the uncertainties that exist in the complicated

processes of molten fue1fcoo1ant mixing and fragmentation and in the heat

transfer mechanisms, these unknown rate‘]imiting processes are incorpor-
ated into the ANL model as input parameters In this way, parametric

studies ‘can be made for reasonab]e ranges of the input parameters to
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determine what effect the assumed 1nput parameters have on the pressure
Agenerat1on '

The ANL model.was used in the main text of this report‘to-calculate
‘the work potentials from different FCIs. 1In particular, it was used to
relate the limiting work potentials and the mixing time constants To~

: understand how these calculat1ons are performed, the FCI- B version of the

»ANL model is descr1bed in detail along w1th the 1nput parameters used to -

describe initial conditions and the various rate processes.

A.2 Model Formulation

A.2.1] PhysicalAModel and General Formulation

The physical MOdel of an FCl in the FCI-B version of the ANL para-
metric model can be seen in Figure A.1. A volume of molten fuel-coolant
mixture is formed in certa1n zones of the reactor core This~zone is
called the fuel-coolant 1nteract1on Zone or mixing zone. As the coolant
is heated by .the fuel the coolant expands and the pressure 1n the m1x1ng
zone increases. The m1x1ng zone then expands against the constraint of
the sodium slug above the core and the sodium slugs accelerates upward.
Sodium slug impact occurs when the interaction zone has expanded a volume
equal to that of the cover gas region.

Several major assumptions have been made in this model that should

be pointed out. First, the volume ‘change in the mixing zone is due only
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FIGURE A.1 One-Dimensional Model Used in

ANL FCI Parametric Model
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to the velnme change of the sodium. The volume change of the molten fuel
has been neg1ectee. 'The effect of this_assumption was studied by ANL.
It was determined that neglecting the volume change of the fuel wou]d
cause a 10% increase in the pressure levels. Due to the present state

of the art in mode1fng fuél-codlant interactions, correetion of this was

not fe1t to be warranted (3). Second]y, 1t is assumed: that the heated

coolant is 1n a state of uniform thermodynam1c equ111br1um throughout

the mixing zone and ‘the m1x1ng zone does not exchange heat or-mass with
the surroundwngs; Recent scoping calculations 1nd1cate that dur1ng an
HCDA with- sodium present in the_core, the4mechan1ca1.work potential of
an FCI could be significantly-reduced if the heat losses to the cold
fission-gas-plenum cladding were considered :(4). A further study by Chen
and Cho (5) shows this to be true. In their analysis,‘they compared the
work output for the four different possibilities of vapor blanketing the

fuel, thus reducing the heat transfer and/or.the heat losses to fission

 gas p]enqmrc]adding. Their resu]ts‘are presented in Figure A,Z, "The .

lines drawn at‘interaction'zdne fronts of 50 and 70 cm correspond to

'interface positidns at slug impact for the FFTF and CRBR and hence cover

the range of interest for this analysis. For this range, the two cases
of no'vanor blanketing with heat loss and vapor blanketing without heat
loss are quite similar. Because the FCI-B version of the ANL parametric
mode] does not have the option for including heat losses to the surround-
ing structures, vapor b]anketing was assumed to occur. This phenomena

was approximated by using the heat transfer cutoff option in the FCI-B
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4rersioh Comparisons of these different means of reducing:the heat trans;f
fer from the fuel, to coolant show that the results from each are quite
close (6). A further reduction in the work potentlal cou]d be rea11zed
if the heat lossesAfrom the expandlng vapor bubble t04the surround1ng
1iquid are taken into account correctly

- Analysis of the Stanford Research Inst1tute tests support th1s c1a1m
and pred1cts that work reductions - of the order of 3 to 9 are poss1b1e (7)
This result,. however, was_not used in this ana]ySIS and therefore our
results are expected to be very conservat1ve The effect of assum1ng a
thermodynam1c equ111br1um in the interaction zone has not been 1nvest1-
gated. '

With the above set of assumptions, the change in the volume of the
_heated coolant, V , is related, in general, to the changes in the enthalpy
H and pressure P . This is accomplished by using the first law of

thermodynamics:

= -g—%‘t yagﬂ s : ,(A-])

ala
<+|:::.

where the equation of state for the coolant can be expressed as a function

of the pressure and sbecific volume,

H = H(P,V) . : (A-2)

(Note: all quantities refer to a unit mass of the heated coolant and
dq/dt represents.the overall heating rate of the coolant in:the mixing
zone.) The aone equations have two unknowns, P and V , and are indepen-

dent of Eq. (A-1). .An additional relation is required to solve for P



and V. It is nrqvided by the constraint of the surroundings and is

 called the equation-of constraint;
p o= £V dv d2V E | . (A-3)
YA g2 ) R

This represents the constra1n1ng effects of the surround1ngs on the expan-
'sion of the mixing zone In our case, th1s 1nvo]ves only the unheated
coolant above the .core. w1th the above relation and the apprOpr1ate

) expressions for dQ/dt that will describe the processes of fragmenta- .

tion and mixing and subsequent heat transfer, Eqs. (A-1), (A-2), and (A-3)

can be solved to provide the pressure generation, the expansion of the

mixing zone, and the‘acceleration‘of the sodium slug.

A.2.2 Equat1on of ‘State for Coolant Mixing Zone

The exact form of Eq. (A- 1) used-in the ANL parametr1c model depends
upon the ava11ab1e empirical corre]at1ons for the equat1on of state. For
- a pure 11qu1d or vapor phase, P- V-T rather than P- V H re]at1onsh1ps are -

used. Usmng the thermodynamic relation,

dH = C_dT + [v -7 (ﬂ) ]dP , (A-8)
p T o
. p . .
Eq. (A-T) can be rewritten as
ar _ 4 ® (A
Cp at It + TVap It . (A 5)

~ where ap .is the thermal'expansion coefficient:

SRR T ERAT TR AR SR A I T AT L S INTRI BRI Va3 ¥
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"~ and

and Eq. (A-2) ds replaced with

v o= v(P,T) L (A7)

<~Differéntiating thiS'équation,With respect to time gives

dv _ 8V QE. _é!_ an~.;:"l; : '. e
dt P (dt) toa (dt ) e - (A-8)

| Using the following form for the isothermal compressibi]ity, B »

w7 (), x-9) -

and the definition for % in Eq. (A-6), Eq. (A-8) reduces to

dav _ a

dar -
- e va o (A-10)

Cl.p'aT

For a two;phase mixture, Eq. (A-1) can be used as it is. For the
equation'of state, the following forms of embirica] correiatibns are

used:
P =P(T) - (A-11)

Ho= xH, + (- x)H, , : (A-12)

where HQ is a function of temperature only and represents the enthalpy
of saturated vapor. Hl is also a function of temperature oh]y and repre-
sents the enthalpy of satqrated liquid. Differentiating Eq. (A-12) with

respect to time yie]ds"



dH.. dH

2 ©odx

®or@ 0o o q (A-13)
where AHgv is the latent heat of vaporizatibn:
: Aﬂl? = Hv - Hz . ; ‘1 ' ‘ (A-14)
Furthermore, - - 4 . , |
o xv}v + (1=, o (A-15)-
and | . o
o dv dv - ‘
v _ v ) 2 dx

where V is'the'spécific volume of saturated- vapor and Vo is the

specific volume of saturated liquid. 'AViv is defined as

AVov - Vy - 'Vz . _ (A'”_)

“A11-forms for the equation of state for the sodium coolant are taken from

Reference (8).

A.2.3 Heat Transfer Approximations

Two different approximations wefe used in the.original version of the
FCI barametric model.  For these approxfmations, a mixing zone was consi-
dered with a uniform dispersion of fuel particles in the coolant as a. re-
sult ofifragmentation of the molten fuel. Tﬁe fue] particle size was used
as a characteristic measure of both the ffagmentation and mixing. The

first approximation was ¢a11ed-the‘quasi-steady state Heat Transfer Model.
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This method utilized a single heat transfer coefficient based upon the
thermal conductivity of fuel (i.e., heat transfer limited only by the
thermal conduction re51stance of the fuel) and the size of fuel partic]e
-Th1§ approximatien.accounted‘somewhat for a finite rate of fragmentation
and mixing of the molten fuel and coolant. It implied that by the.time
the fragmentation of the fuel was completed, a. temperature gradientlhadf
rbeeh established. in the fuel particle.‘ The other-approximatibn was ca_ueds
the. Tran51ent Conduction method ThiS'approrimation also, assumed a uni-
form dispersion of fuel partic]es to form in, the coo]ant by -an instantan-
eous, fragmentation«of the molten fuel. However, this method solved for
the transient heat conduction -equation with an 1ntegra1 method, giving
the fuel temperature as a function of the radius as well as of time. A
Tinear temperature profile was assumed in. the fuel. The FCI-B version of
the Fcl parametric mode1 wasudeveJOped with a third formulation for the
heat transfer.‘ This- particular fdrmulationfis,usedvin the mixing require-
'ynent analysis and is described in detail o

The new formu]ation was deveioped in order that the fragmentation
and mixing time would be independent of . the'fuel particle size. This new
~approximation is called the flnltg_rate of fragmentation model. In essence,
the instantaneous formation of a uniform dispersion of fue1 particles in
the mixing zone is no longer assumed. It is assumed to occur over some
finite amount of time. The heating rate dQ/dt of the sodium in the

fuel coo]ant mixing zone is defined by
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9Q . pact. - ]
at hA(Tf TNa) . (A-18)
The heat transfer coefficient is assumed te be
P k .
/naft :

This heat transfer coeff1c1ent is a concatenat1on of two coeff1c1ents
At small tlmes the f1rst term dom1nates the heat transfer coeff1c1ent
‘It represents a coefficient based.upon the temperature profile for the .
fuel‘(assumed to be‘a semi-infinite s1ab)IWith a fixed snrface tempera-
ture. At large times, thetfirst.term goes-to zero and the second term
_ dominates. The second term'is the heat transfer coefficient used in the
quasi-steady state heat transfer approrimation and represents a heat
transfer coeffjcient.hased upon‘a Tinear temperature profile across the
entire fuel. partieIe radius.’

The heat transfer area ava1]ab1e per gram of heated sod1um, A, is

AA[1 . ‘(_-‘5 )]' R <Aézd>,

‘represented by

m

where Ao is the final ‘value for: the heat transfer area when the frag-
‘mentat1on and m1x1ngarecomp1ete The term A, equals '
= . -2
I » | (R-21)
The variable t_ 1is the characteristic neasure of the rate of fragmenta-

tion and mixing and is called the fragmentation and mixing time constant
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It is often referred to as. simply the mixing time constant. Using the
above forms for the heat transfer coefficient h and heat transfer area

-

A-, Eq. (A-18). becomes

m

'3—2? (ha)o [ (/A (/ETE) +1][‘ - e (-%)]‘T Tva)  (A-22)

(hA)o = +— 3 (A-23)

and
R2 ~ ot}
t = - g . ) (A-24)

It should be noted that Eq. (A-22) does not describe any particuTan mecha-
nisms of fragmentation and mixing. However, it does. present a connenient
way'of<examining.the effects of the fuel particle size or the rate of the
fragmentation and mixing time constant.. The-phySiea1 meaning, in particu-

lar, of the fragmentat1on and mixing time constant w111 d1ffer depend1ng

on the part1cu1ar accident sequence ‘in.question (6)

A.2.4 One-Dimensional Model of Constraint '

Figure A.1 represents a one-dimensional problem in which the mixing

zone has been assumed to extend across the entire diameter of the reactor

vessel. This, in effect, provides a 11ne pressure source that un1form1y

accelerates the sodium slug upwards. A rigid boundary condition has been

- assumed for the constraint of the sodium below the core. Additionally,



7

[

-

the vessel wall is assumed to be rigid. Calculations performed by the

.REXCO—HEP'cbmputef code have demonstrated that this ong-diménsienal model

" of constraint overestimates the sodium slug energy at'impact by'30-40%

(9). This conclusion was made by comparing the slug energy at impact to -

the expansion wonk-of the interaction zone at slug impact in the REXCO

: ca1cu1at1ons This provided the percent overestimatibn because the 'ANL .

parametr1c mode] assumes a1l ‘the expansion work energy’ goes into acceler-

ating the sod1um s]ug

Two formulat1ons were cons1dered for the constra1n1ng effects of the

‘coolant s]ug -above the core.’

(1) Acoustic Constraint of Infinite Extent .
Th1s formu]at1on assumes that the coolant 1s of 1nf1n1te extent and |

compressible, and does. not exchange heat or mass,w1th the mixing zone.

The acoustic approximation is

O I R )

where P(t) is the pressure in the mixing zone, and P, , po and Co

are the initial pressure,‘density, and sonic velocity of the unheated ‘i
sodium slug. Z(t) isAthe»position of the mixing zone/sodium slug. The
above acoustic constraint is va]id'fon tfmes less than the'acoustic relief
time; 2L/c, , where L'.is the height of the sodium slug (i.e., distance
to the nearest free reflecting surface) The flow ve1ocity dz/dt is

related to the change in the total m1x1ng vo]ume VTOT by
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- - g, - (n-26)
where S 1is the flow area per gram of heated coolant. Assuming no volume
change for the fuel, this becomes -

dv

dv-, ;
TOT _ dv
® Twtw M

f where V is ‘the specifié volume of the coolant and - Vg is théivoluﬁeﬂv
of any non-condénsib]e‘gas present pef gram of heated coolant. In the
Timiting mixing requirgment analysis, Vg is assumed to be zero. There-

~fore, Eq. (A-27) becomes

v _ o dZ
No-sFE | - (A-28)

Using this result in Eq. (A-25) gives

%%. = '—%f;-'[P(t)'f Po] . '.(A-ZQ?

(2) Inertial Constraiht '
' The second formulation of the coolant constrainf assumes the coolant
slug to be incompressible. Again, no mass or heat is assumed to be ex-
changed'from the.mfxing zone to the coolant slug.

A macroscopic momentum balance provides the equation of motion fof
fhe coolant slug:

® " 9t el (A-30)



where U is the velocity of the coolant slug and P_ s the pressure
of the cover gas region (assumed to be 1 atm 1n’ouraana1ysis). Again,
L is the he1ght of “the . coolant slug The slug velocity can be related
- to the change in VTOT by

dV : - o
A_]?-L=S*U_;..,- o (a-3)
Again, neglecting-the volumeschange‘in,theffuei,'ue get for the change
in the coolant volume, . | .

%*% s«U . (a-32)
The computer code prov1des three opt1ons for using these formulations:
acoustic constraint for a]] t1mes, inertial constra1nt for all t1mes,
or.anlacoustlc/inert1a1 constraint where. the acoustic constraint is used
up to:the“acoustic‘unloading’time and'beyond that the inertial constraint
isiused' The: third option ‘was - used 1n the present analysis ‘ '

A summary of the above pert1nent equat1ons is found in Tab]e A. 1

A.3 ANL Parametric Modellfnput'.

.A.3.1 Introduction -

The majdrtinpUt‘parameters and particular input options are listed in
‘Table A.2. The first two columns represent the FFTF and the CRBR fueled
with UO2 (represent1ng the m1xed-ox1de fuel) The third column represents

the input parameters for the CRBR fueled with UC - Operating conditions
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" TABLE A.1. Summary of Pertinent Equations

%5
o o5
Heat P 8
Transfer o &
£8
u"_'u.
" Liquid
Energy Phase
Conservation
for Coolant Two-
Phase.
Liquid
Phase 
-Equation
State
"Two-
Phase
Acpustic
Constraint
Inertial

gt - MATe - Tya)
wfth: ,
X
e () o) em )
0 T t . ' p Tm
and- - -
CW 2
f R
(hA)O = and t = e
dr _ d dp
ot a * Ve &
dH _ d dp.
@& -~ a *Va
&V o gy dr
RVt e
P = P(T) (vapor pressure equation)
CodH 0 dH, ]
di [, v Mol dr 4y
@& - |*a * X g Ja ? (H-H))
[ dv v, ]|
d d
S R AL
v _ .S i
dt ~ poeCo ( Pw)
v _ .
T - Sy
P-P
du _ o
af - -9 + poL
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of the CRBR, for this case, were assumee tn equal tnat'of a mixed oxtde
fueled CRBR. | -

For a more comp]ete gu1de to the computer program 1nc1ud1ng a de-
B tailed input gu1de and a 11st of the various options, a user's guide can
be found in Referencelo In Tab1e A.2, sereral input parameters are
marked "var1ab1e," the reason is that they will vary. depend1ng on the
'part1cu1ar case being run. Descr1pt1ons of how. these parameters are

determined follow.

A.3.2 Case Dependent Input Parameters

A.3.2.1 FCI Mixing Zone Height

In an earlier study, it‘was shown that increasing mixing zone height
would provide greater work potential (6). However, per gram of sodium,
the smaller the mtxing zone the grenter the work potential (6). There-
fore,: to prnvide conservative results, the minimum mixing zone heights
are used forfeachfease. This is acchpIished;by asSuming'a11:availéb1ei'l
sodium in a cross-sectional slice of the core is. used. (The actual defi-
nitien for the mixing zone height, Ly » assumes all the sodium in the
mixing zone to interact with the molten fuel.) The important core geo-.
metry parameters were taken from References1l and 12.

Figure A.3 represents a cross-sectional slice of the fuel channels in
the FFTF and the CRBR. From the channe1.¢1mens1ons, Table A.3 was con-

structed to provide the flow areas for sodium in-the channel and the entire




- _g82-

TABLE A.2. Major Input Parameters to-the
- ANL FCI Parametric Model.

'~ Parameter o FETF CRBR  CRBR (UC)"
‘Cover Gas Region (cm) 50 70 - 70
Sodium Slug Height (cm) . 520 643 643

FCI Zone Height (cm) Var.* Var. "~ Var.

"Flow Area (cm?/gm Na). . o Var. Var. ~  Var.
W-Fuel/Sodium Mass Ratio © Var. ' Var. Var.
Fuel Particle Radius (um) | 64 64 - 64
Mixing Time Constant “ var.  Var. Var.
Mass of Sodium | Var. . Var. Var.
Heated Sodium Temperature (°K) gaQ°.’  .808° . 808°
FCI Zone Pressure (atm) - 1.40 1.51 1.51
Heated Sodium. Specific Volume 1.20 1.21 1.21

(cm®/gm) 4 .

Fuel Temperature (°K) 4000° 4000° 5000°
Specific Heat of Fuel (cal/gm°C) 0.12 0.12 0.08
Thermal ConductiVity of Fuel 0.005 0.005 0.053

(cal/cm-sec°C)

Fuel Density (gm/em®) . 9.8 - 9.8  12.4

OTHER ASSUMPTIONS :

. Acoustic constraint up to acoustic unloading t1me and inertial con-
straint for longer times.

Heat transfer cutoff at acoustic unloading time.

Rigid vessel wall.

Sodium slug properties are the same as those of the heated sodium.

Vér. = Variable
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TABLE A.3 Core Fiow Areas.

1. Channel Area (including SS can)
(in3/in) :

2. SS Can Area (in%/in)

1“3.: Fuel Rod Area* per Channel (in®/in)

4. Resultant Sodium Flow Area** perA
~Channel (in?%/in) :

5. Number of Subassemblies
(Channels)

6. Total Sodium Flow Area for Core
(in3/1in)

7. Total Sodium Flow Area for Core
(em®/cm)

o * 217 Fuel Pins (Diameter = 0.23")

% n
Neglects Wire Wrap

FETF

- 18.13

1.86

. 95°?'=x
7.25

73
529

3413

* CRBR

18.13

1.86

o902, -

7.25
198
1436

9264
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" cores of the FFTF énd CRBR. In this table, thé spacer area i§ neglected
which woﬁld'reduce‘thé sodium.flow area inside tﬁe~chénne1. ~Thf§lomission
is offset,‘hdwever, by thg omission of the coolant flow between the_ 2
channels. . B ' | ‘A

With the values iﬁ Table A.3, the minimum mi*ing zone 1en§th can be
detefmined. Given a certain mass of intéracting sodiﬁm, and]cprreSpbnd;f

ing volume, the mixing zone length can be determined by the following

equation:
‘ SR o
ly = Fowares (A-33)
where
YNa = Mna/Pna (A-34)

For the FFTF,

PNa "0.833 gm/em®  (at T = 840°K)

and from Table A.3,
Flow Area = 3413 cm3/cm
Using Eq. (A-33),.and the above values, the mixing zone height for the

FFTF cases can be calculated using

L, = 3.52x107* M

M (A-35)

Na

For the CRBR,

= 0.826 gm/cm® (at T = 808°K) |,
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and from Table A.3,  .
.Flow Area = 9264 cm®/cm
For the CRBR cases, the équivalent,expression for Eq. (A-35) is

L, = 1.30 x 10°* M

Na'
AA.3.2.2 Vessel Flow Area

Thé Vesse]-flow'areé, SS, is not to be confused with the previbu§
flow area cé]cuiafed by inépecfing the core geometry. This flow area
is calculated_By simpiy dividing the vessel cross-sectional area by the . .
amount Qf sodium in the mixing zone for the particular'FCI..

Assuming the vessel to be 617 cm in diameter'for both FFTF and CRBR,

the vessel flow area, SS, is calculated by
s = JVessel area . . _ (A-37)
. Mia ‘ : e

' wheré_‘

Vessel area m(617)2/4 - 4‘-

2.99 x 10° cm?

Using this in Eq. (A-37), we get
SS = 299.2 x ]03/MNa . ' (A-38)

Because the vessel diameters are the same for both‘the FFTF and CRBR,

this equation holds for both reactor systems.
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A.3.2.3 Fuel/Sodium Mass Ratios
_ In the éar]ier'computer runs, it was assumed that‘for a given amount

of fuel, an optimum fue]/sodium mass ratio existed that would provide the
maximum workdpotential; ThisAoriginé1 assumption was based upon the pre-
" vious results (6) that indicated that optimum fuel/sodium mass ratio
depended upon the final pféssure of ‘the vapor exbansion, Fpr instance;

. d‘erl/sddium rafio ofAlo waé'thought to be the optimum for an‘expansioh
"‘ddownlto one atmosphere. On the»othef4hand, édrafid of 13 would'be.the
optimum for an expansion ddwn to'approximatéjy 30,athospheres; With
these numbers in'ﬁand, guésses'were-mdde'as to the final pressure at slug
impact and appropriate fuel/sodium'mass ratios were chdsen.' In general,-
the inifia] choices were close enough to avoid additional runs. However,
it was determined by a parametric variation of the fue]/éodium rafios for -
a fixed amount of fuel that an optfmum does not really exist at a point
between the ratios of 10 dnd 13. - In fact, the relation is approximately
linear (Figure‘A.4). -This.fidure presents the-wdrk potential as a fuhc-
tion of fuel/sodium mass ratios for a fixedifuel mass in‘ the FFTF. This,.
.of course, affects the results obtained earlier.

- 'The qvera]] effect of this oversight is not large. By reviewing -
Appendix G, most runs used mass ratios between 11-and 12. If mass ratio
of 13 had been used, anAincrease of from approximate]y 6‘to 14 percent

Awou1d be realized. Nevertheless, a correction is not felt to be warranted
at thds point because the overall change:in the mixing time4constants'
would not be significant due to the uncertainties that exist in the FCI

heat transfer and mixing mechanisms.
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FIGURE A.4

Work Potential at Slug Impact for
the FFTF Varying the Sodium Mass



Furthermore, a-fuel-to-sodium mass ratjo ot approximately 10.5 region
exists in the core under norma] operat1ng procedures. If the fuel were to
meet and interact w1th the sod1um, th1s ratio wou]d probably decrease to
less than 10.5 due to the fact that the amount of ‘fuel that would inter-

act with the~ooo]antwwou1d,on1y be a fraction of the initial molten fuel.

‘ Furthermore, equal volumes of mass and fuel prov1de approx1mate1y a

13 to 1 mass rat1o

A.3.2.4 Mixing Time Constants '

‘The mixing‘time~constants were chosen such that the work potential
at slug impact wouid'bound the 1imiting work potential of the particular
reactor system. .This iteratiVe soheme usually.involved only two runs tf
juditious choices were used. Fortunate]y,'in most cases,,this is all
that was necessary. Determ1n1ng the mixing time constant that represents -
‘the limiting work potential was done by a linear 1nterpo]at1on or extra-

polation of the-m1x1ng time constants and the resultant work potentials.

A.4 Code Output

The major. output of the code includes ten FCI parameters. These
are printed out for each time step including the initial conditions at

time = 0.0 . A list of these parameters follows:
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(1) Fuel Temperature (°K)

(2) ;Sodiuh Temperature (heated)- (°K)

{3) :Préssure in the Mixing Zone (atm) |

(4) The velocity of the unhéated.sodium»slug (cm/sec)
(5) The expansion work J[P dv (atm-cc/g) .

(6) The impulse /PP dt (atm-sec)
(7 Position of'mixing'zone/Sjug interface (cm)

(8) Sodium specific volume (cc/g) |

(9) 'Maés fraction of sodium vapor

(10) Sodium vapor-vo]dme (cc/q)

Inc]uded wifh these barameters are estimates of the error involved. The
code will stop executing when the error magnitﬁdes equal that of the para-4
meter values.
For this ana]ysis, the expansion work value was used Qhen the move-

~ment of the interface value was equal to the cover gas region height.

This wou]diimplyislug impact. To provide’the corFect*Valué for the expan%
" sion work iﬁ terms of MW-sec, the code output was-mUItip]ied by a conver-
sion factor of (0.1013 MW-sec/atm-cc/g) and then by the mass of interacting’

sodium for the particular case.

A.5 Code Listing

- A complete listing of the FCI-B version of the. ANL parametric model

is not available with all the subroutines. Therefore, a complete listing

is in this appendix; \\\g\\



MAINOOO1

o PROGRAM FCIB ‘ , ,
C PARAMETRIC MODEL OF FUEL-=COOLANT INTERACTIONS MAINOOO2
C ACOUSTIC OR INERTIAL CONSTRAINT o MAINOOO3
c THE HEATED SODIUM IS IN A UNIPORH STATE THROUGHOUT THE MIXING ZONE MAINOOOY
INPLICIT REAL*8 (A-H,0-Z) MAINOOOS
REAL*8 LM,KF,KB,MASS, MGMAX,NEWERR MAINOOQOG6
DIMENSION 2(20) DY(20) 5(20),3(20) YE(20),YU(20), YP(ZO),NBWERR(ZO) MAINOOO7
1,ERR (20) MAINOOOSB
comnou /R1/ RG, KB, DTF, NOFNS, NNS /R2/ VLO,TLO /R3/AI, HT CFW, AO. MAINOOOS
1 DEFORM,P0,PINF,SCD,RPC, VGO, TH TCUT,SS, SCL, MGMAX, NNP (6) "MAINOO10
DATA HMIN/O 1D-16/,HMAX/O lD ou/,HO/o 1D 06/,EPS/0 1D-05/, : _ MAINOO1Y
1BB/12767.8/,DD/0.61344/, NY KKK, JBL,KK, NEWERR, ERR, HP/2%0, ,2%1,41%0,/ MAINOO12
2,JM,N,E/12,10,.20408D 07/,PCONST/1 01325D 06/ AA EHAX/15 3838,0.1/ MAINOO13
3,P1/3.1416/ : "MAINOO14
NIN=5 MAINOO1S
NOUT=6 MAINOO16
NZ=0 MAINOO17 .
TCUT=1.D2 MAINOO18  ©
DEFORM=0. ‘MAINOO19
NNS=0 MAINOO020
NOFNS=0 - ) MAINOOQ21
CHxxkxkkk%xx READ INPUT PARAMETERS AND INITIAL CONDITIONS **%kkkxkikkkkks MAINOO22
READ (NIN,1001) (NNP(I),I=1,6),KD, NPUNCH,XI,XF  MAINOO23
READ (NIN,1002) W,RR,D,DELT,VGO,TH, SCL,LHN, ﬂcuax MASS, ss - MAINOO24
. READ (NIN,1002) (Y(I),I=1,N), VLO TLo PMAX,TMAX MAINOO25
5 IF (TLO.GT.1.) NNS=1 : MAINOO26
10 IF (NNP(6) .EQ.0) GO TO 30 . MAINOOQ27
.20 READ (NIN,1002) TO,PO, PINF SCD MAINOO28
GO TO 40 . MAINOO29
3¢ TO=Y (1) MAINOO30
‘PO=Y (2) . MAINOO31
PINF=1. MAINOO32
SCD=1./Y (3) MAINOO33
C MAINOO 34
C SONIC VELOCITY OF SODIUM MAINOO3S5 .
¢ ;

MAINOO36



C

C

C********* PRINT OUT INITIAL CONDITIONS, PARAHETaRS AND OPTIONS * kK

40 TFF=T0*1.8-U60.
VSONIC=2.525268D 05-29. 10907*(TFF 210. )

x¥xx J02 AND BLANKET GAS PROPERTIES *******READ’IN INPUTS ******

READ (NIN, 1002) CF,KF hHOF KB,RG
PC=1.67

RPC=0.6

HT= CF*RHOF*RR%*%2/ (3. *KF)
AO=3.*W/ (RHOF*RR)
AL= SLD*VSONIC/(SS*PCONST)
CFW=CF*H

IF (NNP (1) .EQ.O) TCUT 2.*SCL/VSONIC

IF (NNP(4) .EQ.0) GO TO 50
DEFORM=LM*PI*D**3/ (4. *E*DELT*MASS)

50 WRITE
WRITE
WRITE
WRITE
WRITE
WRITE

IF (VGO.NE.0O.) WRITE (NOUT, 1008) VGO

(NOUT, 1003) .
(NOUT, 1004)

(NOUT, 1005) N,XI, XF, EPS ,HO

(NOUT,1006) (Y (1),

(NOUT,1007) W,RR,SS,LM,MASS,D,DELT, SCL PO PINF, SCD pC

1=1,10)

(NOUT, 1009) AI CFW ,HT,AQ

IF (NNP(1).EQ.0) WRITE
IF (NNP(1).EQ.1) ~ WRITE
IF (NNP(1) .EQ.2) WRITE
IF (NNP(2) «NE.1) WRITE
IF (NNP(2) .EQ.1)  WRITE
IF (NNP(3) .NE.O) WRITE

WRITE
WRITE
WRITE

(NOUT, 1017)
(NOUT,1018) CF,KF,
(NOUT,1019) KB,

" IF (NNP(4).NE.O) WRITE
DO 60 I=1,N

(NOUT, 1010)
(NOUT, 1011)
(NOUT,1012)

(NOUT, 1013)
(NOUT, 1014)

(NOUT, 1015)

"VSONIC

RHOF
RG
(NOUT, 1020)

Cx%x*kkxkx**x CALCULATED PARAMETERS PN r T T T T TR S TR T T

TCUT

TH

MGMAX

DEFORM

MAINOO37

“MAINOO38

MAINOO39
MAINOOWO
MAINOO41
MAINOOG42

MAINOOU3

MAINOOUY
MAINOO4S

‘MAINOOUSG

MAINOOU?

MAINOOUS:
‘MAINOO49

MAINOOS0

MAINOOS1

MAINO0S52
MAINOOS3
MAINOOSU
MAINOOSS
MAI'NOOS6
MALINOOS57
MAINOOS8

MAINOOS9

MAINOOG6O
MAINOOG61

MAINOO62 -

MAINQOOG63
MAINOOGUY

. MAINOO65

MAINOOGS

_ MAINOO67

- =¢b-

MAINOO68

MAINOO69

MAINOO70

MAINOO71

MAINOO72




60

WRITE (NOUT,1003) MAINOO74
NNFNS=NOFNS MAINOO7S
X=X1I MAINOO76
- Xp=X "MAINOO77
TTL=XF-XI _ MAINOO78
80 IF (X.GE.XP) GO TO 81 MAINOO79
GO TO 84 MAINOOBO
81 WRITE (NOUT,1021) X,HP,NNFHNS, (Y (I) ,NEWERR(I),I=1, 10) MAINOOBY .
IFP(Y (6) .GT.70.0) GO TO 279 MAINOOB2.
XP=XP+0. 1D-04*DFLOAT (KD) ‘ - MAINOOS83 -
C*x%kxkx*k* DERFORM A STEP IN SOLUTION OF DIPFERENTIAL EQUATIONS *kk ok kkok MAINOOSBUY
84 IF((XF-X)/TTL.LE.O) GOTO 79 o MAINOOS8S
IF(DABS(HO) .LT.HMIN) HO=DSIGN (HMIN,HO) : : ~ MAINOOBG6
IF (DABS (HO) .GT.HMAX) HO=DSIGN (HMAX, HO) . - ' "MAINOO87
IF((XF-X-H0) /TTL.LT.0) HO=XF-X _ ' ' ' . ’ ~ BAINOOSS
IF (X.GE.XP) GO TO 86 ' MAINOOSY .
IF ({(XP-X-H0).LT.0.) HO=XP-X HAINOO090 o
86 IF. (X.EQ.0.) GO TO 85 MAINOO91 ¢
IF (NNP(3) .EQ.0) GO TO 85 MAINOO92
CALL DIFFUN (X,Y,DY) MAINOO93
DTPF=DY (4) /DY (1) MAINOO9Y4
GO TO 88 MAINOO9S
85 DTF=1. MAINOO96
88 XT=X MAINOO97
JMAX=JM+Y MAINOO98
DO 87 I=1,N MAINOO99.
YP (I)=Y (1) MAINO 100
87 YE(I)=Y (I) +ERR(I) MAINO101
HS=HO MAINO102
- CALL DIFI (N,X,Y,DY,HO,HNIN,EPS,JM,S,R,KK,YU,Jp, Jqu JBL PC) MAINO103
CALL .DFBND (¥, X, ¥, DY, HO EPS ERR,JN, HHIN JP,YE,0) MAINO 104
DO 89 I=1,N MAINO10S
89 NEWERR(I)=ERR(I) . -MAINO106
PSAT=DEXP (A&~ BB/Y(!))/Y(1)**DD MAINO107

S(I)= DABS(X(i))

IP (NNP(1).NE.O) GO TO 201

MAINOOT3

MAINO 108




c

CHkkkkkkrxkk CHECK

C
201

C

C ®xdkkdsokkkk

c
21

Chk*xx%x+%x TRIAL AND ERROR METHOD ****##*t***#t*t###t*#t***t*ttt***t#t*

200

202

203

IP (X.GE.TCUT) NY=NY+1
IF (NY.EQ.1) Y(2)=PSAT *

IF (NNS.GT.0) GO TO 203
PDIF=PSAT-Y (2)
IF (Y (2).LE.O.) GO TO 200

IF (PDIF.GE.C..AND.PDIF.LT.0.01) GO TO 211

IF (PDIF.LT.0.) GO TO 203
GO TOo 200 -

NNS=1

VLO=Y (3)

TLO=Y (1) '

WRITE (NOUT,1023) X,PSAT Y(3) Y(1)
WRITE (NOUT,1024) PHAX,TMAX

GO TO 84

DO 202 I=1,N

Y (I)=YP(I)

CONTINUE

X=XT

IP (HS.EQ.HMIN) GO TO 211

-H0=0.1%HS

IF (HO.LT.HMIN) HO=HMIN
GO T0 84 ‘
NNFNS=NCFNS
HP=X-XT
PMAX=DMAX1 (Y (2) , PMAX)
IF (PMAX.EQ.Y(2)) TMAX=X
I7 (X.GE.TCUT) NZ=NZ+1
IP (NZ.EQ.1) Y(5)=PCONST*Y (8)/(SCD*SCL)
IF (Y(6)LT.SCL)GO TO 204

SATURATION CONDITION ##%# i sk asahh sk ahis

SATURATION CONbITION 2 R ok Kk K kR

MAINO.109.
MAINO110

MAINO111
MAINO112
MAINO113
MAINO114
MAINO115
MAINO116
MAINO117
MAINO118
MAINO119

MAINO 120 -

MAINO121

MAINO122

MAINO123
MAINO124
MAINO125
MAINO126
MAINO127
MAINO128
MAINO 129

MAINO130

MAINO 131
MAINO132
HAINO133

-VG-

MAINO134 -
MAINO135
MAINO136

MAINO137

MAINO 138

‘MAINO139
MAINOT40 .

MAINO 141
MAINO142
MAINO143
MAINO144

s




C

C

C

204

120

127

127

79

WRITE (NOUT,1025) SCL .
Go TO 79 ‘
IF (KK.GE.0) GO TO 80~

Cwssksessx ERROR ROUTINES AND DIAGNOSTIC PRINTOUTS ®k&ssskiksikiimkyrrs

KKK=KKK+1
KK=+1

"EA=0

DO 121 I=1,N o

IF(EA.GT.R(I)/S(1)) GOTO 121

EA=R (I)/S (I)

NA=I '

CONTINUE . ‘ : : :
WRITE (NOUT,1021) x,HP,NOFNs,(Y(Iy,BRR(I),I=1,10)
WRITE (NOUT,1026) X,HP,EA,NA

<IF(EHAX.GE.EA) GoTo 127

WRITE (NOUT,1027)
Go TO 79 '

EPS=EA

HO=HP - ,
WRITE (NOUT,1028) EPS
GO TO 80

¢ *#xxxxkexx END OF CASE ***tt*********#t**********ttt*tttt**#ty****t

STOP

279 WRITE (NOUT, 1024) PMAX, THAX

WRITE (NOUT,1031)

IF (NPUNCH.EQ.0) GO TO 280

NNP (6) =1 ' '

X1=X - . A

PUNCH 1001, (NNP(I),I=1,6),KD,NPUNCH,NOCUT,XI,XP
PUNCH 1002,'H,RR,D,DELT;VGO,TM,SCL,LM,HGHAX,HASS,SS
PUNCH 1002, (Y(I),I=1,N),VLO,TLO,PBAX,THAX

pPYNCH 1002, TO,PO,PINF,SCD

PUNCH 1002, CF,KF,RHOF,KB,RG

MAINO 145
MAINO146
MAINO 47

‘MAINO 148
MAINO149
MAINO150

MAINO151
MAINO152

" MAINO153

MAINO 154

MAINO155
. MAINO156
MAINO 157
MAINO158 .
"-MAINQ 159

MAINO160
MAINO 161
MAINO 162
MAINO163
MAINO 164
MAINO165
MAINO 166

-'96-

MAINO167 -

MAINO168
MAINO 169
HMAINO170
MAINO171
MAINO172

'~ MAINO173

MAINO 174

MAINO17S5 -

MAINO176
MAINO177

MAINO178
MAINO179
MAINO180



C
C
C

280 STOP

skwkekxkx FORMAT STATEMENTS

1001 FORMAT
1002 FORMAT
1003 FORMAT
1004 FORMAT
1005 FORMAT

(815, /,2D30.5)

(6D 124 5)
(1H1)
/'

2SIZE HO=',E12.5) -

1006 FORMAT
1* T
2' P
3 v
v TF
5v U |
6' DS
7¢ WORK
g' PDT
9* QUAL
*' VG
1007 PORHMAT
1v W
2 RR
3* SS
4v LM
. 5¢  MASS
6' D
-7*  DELT
g'* SCL
5 ¢ PO
6' PINF
7% sSCD
gy PC
1008 FORMAT

(/74"

PARAMETRIC
(1HO0,9X, ' SOLVE §=',I2,°
1=1,E12.5, ' WITH" ,/8X,

/

=SODI UM TEMPERATURE

= PRESSURE

=SODI UM SPECIFIC VOL

(ATH)

= FUEL TEMPERATURE

=sODI UM COLUMN VE

=BOUNDARY POSITION

=pDV WORK

= SoDIUM VAPOR VOLUME

(/74!

* ok ok kK Rk

' RELATIVE ERROR EPS

INITIAL CONDITIONS s

/e
(K)
UME (CC/G)
(K)

(CH)

(ATH-CC/G)
—-sgm OF PDT, IMPULSE (ATM-SEC)
= MASS FHACTION OF SODIUM VAPOR

LOCITY (CM/SEC)

(CC/6)
BASIC PARAMETERS :'/,

(FUEL/SODIUM MASS RATIC) (G6/G)

(FLOW ARER)

" (INITIAL HI

(TOTAL
(EQUIVALENT
(CONTAINER
(LENGTH OF

PRESSURE

(FUEL PARTICLE_RAﬂIUS)
(50 CM/G)
XING. ZONB LENGTH)
SODIUM MASS)

(cn)

(G)

(cn)

DI AMETER OF CONTAINER)

WALL THICKNESS)
UNHEATEC SODIUM COLUMN CH)
IN THE UNDISTURBED SODIUM

PLENUM PRESSURE (ATH)

DENSITY OF UNHEATED SODIUM

POLYTROPIC EXPONENT
& CUSHION GAS EFFECT

(CH)

(G/CC)

VGO='D12.5,'(CC

MODEL OF FUEL-COOLANT IN
£QUATIONS FROM XI
=vE12.5,"

t******#******##t*****#f‘**#**##

*D12.5,10%,
*D12.5,/4
'D12.5,10X,
*D12.5,7+

'D12.5,10X%, .

'D12.5,/,
*'D12.5,10X,
'D12.5,/

. 'D12.5,10%, "

'*D12.5)

*D12.5,10%,

D12.5,//
*D12.5, 10X,
'D12.5,//
*D12.5,10%,

'D12.5,/,72X" (CH) '/

*D12.5,10X,
*D12.5,//+
*D12.5, 10X,

'D1205,/,20x" (ATH) ‘/l

'D12.5,10X,
'pD12.5,//)

TERACTIONS?')
=v,E12.5,' TO KF
AND INITIAL STEP

/6 NR)'//)

. MAINO181

MAINO182
MAINO 183
MAINO184
MAINO 185
MAINO186
MAINO187
MAINO 188
MAINO189

MAINO 190

MAINO 191

MAINO192.

MAINO193
MAINO194
MAINO195
MAINO196
MAINO 197
MAINO198

MAINO 199

MAINO200
MAINO201
MAINO202
MAINO203

" MAINO20U4

MAINO 205
MAINO206

. MAINO 207
. MAINO208

MAINO 209
MAINO210
NAINO211

AAINO212
MAINO213
MAINO214
- MAINO215

MAINO216

- -96-



1009 FORMAT.(//,' CALCULATED PARAMETERS :'/,

ACOUSTIC IMPEDANCE (SEC-ATM-G/CC) 'D12.5,10X,

1¢ Al
2' CFwu CF*W (CAL/G-K) - 'D12.5,//
3* HT CHARACTERISTIC HEAT TRANSPER TIME °*D12.5,10X,
4* Ao FINAL PUEL SURPACE AREA (SQ CHM/G) *D12.5,/,20%X,* (SEC)*'//
5) . _ : ‘
1010 FPORMAT (' CONSTRAINT MODEL: ACOUSTIC - INERTIAL CONSTRAINT TCU

| 1T='D12.5,//) , _

1011 FORMAT (' CONSTRAINT MODEL: ACOUSTIC CONSTRAINT FOR ALL TIMES'/)
1012 FORMAT (' CONSTRAINT MODEL: INERTIAL CONSTRAINT FORB ALL TIMES'/)
1013 FORMAT (' HEAT TRANSFER MODEL: HEAT TRANSFER WITH A FINITE RATE

10P PRAGMENTATION ,

'//,20X," THM= 'D12.5,//)

1014 FORMAT (' HEAT TRANSF ER- MODEL:QUASI-STEADY STATE HEAT TRANSFER'//)
1015 FORMAT (* EFFECT OF GAS/VAPOR BLANKETING OF FUEL PARTICLES,'/,10X,

1

T

17 TOTAL MASS OF BLANKET GAS, MGMAX= *D12.5)

1017 FORMAT (' SONIC VELOCITY OF SODIUM : _VSONIC= 'D12.5) ,

1018 FORMAT (' UO2 PROPERTIES: CP='D12.5,' KF='D12.5,' AND RHOF='D12.5)

1019 FORMAT (' BLANKET GAS PROEERTIES : KB='D12.5," AND RG='D12.5)

1020 FORMAT (* EFFECT OF ELASTIC WALL DEFORMATION *%#** DEFORM=' D12.5)

1021 FORMAT {//,' TIME X='D16.5,% (SEC.)'5X,* HO0='D12.5,"' NOFNS='I17,//,

‘ = v2p12.5,30%,' B = '2D12.5,/,' V ~ = '2D12.5,30K,' TF =
202012.5,/," U .= '2D12.5,30X,*.DS = '2D12.5,/,"' WORK= ‘2D12.5,
330%, "

1022 PORMAT (' MASS FRACTION OF SODIUM VAPOR QUAL='D15.6,/, ' SODIUM VA
1POR VOLUME VG='D15.6) :

1023 FORMAT {//,228 SATURATION CONDITION //, 20X,9H X(SEC)= D12.5,//,
1* PSAT='D12.5,10X,'VL0O='D12.5,10X,* TLO='D12.5,//) S

1024 FORMAT (' MAXIMUM PRESSURE *D12.5, ' (ATM) OCCURS. AT TIME='

- 1D12.5, ' (SEC) *) o 4 -

1025 PORMAT (1HO,7X,' END OF CASR *#*¥* Y (6).GT.L='D12.5,°'CH')

1026 FORMAT (1HO,7X,*NO CONVEHGENCE IN ABOVE STEP TO X=',E12.5,' WITH H
10=Y,E12.5,'.%,/8X, ' THE LIMITING RELATIVE ERROR IS *,E12.5,' IN BQU
2ATION

1027 FORMAT (1HO,7X,'CASE ABANDONED, OUTSIDE LIMITS OF HMIN AND EMAX.?)

1028 FORMAT (1H0,7X,'CASE CONTINUES WITH EPS=',E12.5) :

1030 FORMAT (* TF'I2,'= '2D12.5,30%,* TF'I2,'= '2D12.5)

PDT = %2012.5,/,' GUAL= *2D12.5,30X%,' VG = *'2D12.5)

' ,I12,%.Y)

MAINO217

MAINO218

MAIN0219
MAIN0220
MAINO221
MAINO222
MAINO223

MAINO224-

MAIN0225
MAINO226
MAINOQ227
MAINO228
MAIN0229

"MAINO230

MAINO231
MAINO232
MAINO233
MAINO234
MAINO235
MAINO236
MAINO237
MAINO238
MAINO 239
MAINO240
MAINO241
MAINO242

-L6-

MAINO243

- MAINO244

MAINO245

MAINO246. -

MAINO247
MAINO24S8
MAINO 249
MAINO250
MAINO251
MAINO252



sakseixkkx END OF COMPUTER TINE ®¥sassknky t) o MAINO0253
. : - , : A - _ MAINO254

1031 FORMAT (/,°
END '
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8

10

. 20

SUBROUTINE DIFPUN (X,Y,DY)

IMPLICIT REAL*8 (A-H,0-%Z)

‘REAL*8 KB, MG,MGMAX

DIMENSION Y (20) ,DY (20)

COMMON /R1/

RG,KB,DTF,NOPNS,NNS

/R2/ VLO,TLO /R3/AI,HT,CFW,A0,

1 DEFORH,PO,PINF,SCD,RPC,VGO,TH,TCUT,SS,SCL,ﬂGMAX,NNP(6)

DATA

AO/O.21968D-03/,A1/0.81226D-07/,A2/
10-15/,80/0.69651D-05/,B1/0.267“1D-07/,BZ/~0.1“8910-

0.97135D-11/,A3/0.68998
10/,B3/0.82082D

2—1&/,C0/0.389352/,C1/-0;1990780403/,C2/0.1105“20-06/,HG0/

30.186050D 04/,HG1/-0.14691D 01/,862/0.10381D-
4,HL0/-0.92130D03/,HL1/0.19434D 0t/,HL2/~0.10510D-02/,HL3/0.22418D-
0.u29170-02/,z22/-0.289960-05/,zzs/0.ssuzun-
67.8/,CC/41.29/,DD/0.61344/,GC/980.665/,

506/,220/-0.97258/,221/
609/,AA/15.3838/,BB/127

7PCONST/1.01325D 06/
FORMAT

(// o K¥xAEEXAKR RE-
9 FORMAT(' EQUATION GF STATE IS INCORRECT NE

1HGL IS LESS THAN 0.'/,'
2D12.5,' AND HL = 'D12.5)

QCR=-0.0001
NOUT=6 | '
DUDT=0.
DDDT=0.
DQUAL=0.
DVVG=0.
GVP=0.

- vG6=0.

MG=0.

NX=0

CPG=0.

DO 5 I=1%1,20
DY (I)=0.

IF (NNP(1) .EQ.0) GO TO

GO TO 20
IF (X.GT.TCUT) NX=1
IF (NNP(1).EQ.2)
T=Y (1)

NX=1-

10

ENTRY INTO LICUID PHASE *#%kiksst)

THE TEMPERATURE =

AR THE CRITICAL POINT.
'D12.5,' DEG.. HG = '

02/, 863 /-0.23238D-06/

DIFPF0001
DIFF0002

DIFF0003

DIFFO004

.DIFFP0005

DIFF0006
DIFF0007

DIFF0008

DIFF0009

DIFPFO010 -

DIFFO0011
DIPFPO012

‘DIFF0013

DIFPFOO14

DIFF0015 -

DIFF0016
DIFF0017
DIFF0018
DIFF0019
DIFF0020
DIFF0021
DIFF0022
DIFF0023
DIFF0024

-66-

DIFF0025

DIFF0026
. DIFF0027

DIFF0028
DIFF0029
DIFF0030
DIFF0031

DIFF0032.
DIFF0033

DIFFP0034
DIFF0035
DIFF0036



C

C

21

101

103

P=Y (2)
V=Y (3)
TF=Y (4)
U=Y (5).
QUAL=Y (9)

IF (P.GT.0.) GVP=90**RBC*VCO*RPC/9**(1.4apcy

T2=T*T

T3=T2*T

T4=T3*T :
AP=AQ+AT=T+A2%T2+A3%T3

z= zzo+zz1*T*z22*T2+zzs*T3
TB=T

PSAT=DEXP (AA- BB/T)/T**DD

Cx*%skk*x*x HEAT TRANSFER CALCULATIONS KR AR AR KKK R RO RO K

DQDT=0. ‘

IF (NNP(5).EQ.0) GO TO 21

IF (X.GT.TCUT) GO TO 110

IF (X.EQ.0.) GO TO 110

FRAGM=1. -

IF (NNP(2).EQ.1) GO TO 101

IF (TM.NE.O.) FRAGM=1.-DEXP(-X/TM)
HA=CPW* (G. 9772%DSQRT (HT/X) +1.) *FRAGM/HT
GO TO 103 .

HA=CPW®/HT

GAS/VAPOR BLANKET CONDITION

IF (NNP(3).EQ.0) GO TO 104

IF (MGMAX.EQ.0..AND.QUAL.LE.0.) GO TO 104
MG=MGMAX*FRAGHM . .
AREA=AO*FRAGHM

" CPG=0.6

TB= (T+TF) /2.
VG=RG*TB/P

DIFF0037

DIFF0038

DIFF0039

"DIFPOO40

DIFFO041

DIFFOO42
DIFFOO43

DIFFOOU4Y
DIFFO045 .

DIPFOOU6
DIPF0047
DIFFPOOU4S
DIFFO049

DIFF0050

DIFFO0S5 1
DIFF0052
DIFF0053
DIFF0054
DIFF0055
DIFF0056

-00L-

DIFPF00S7
DIFP0058

DIFF0059
DIFF0060
DIFF0061
DIFF0062

DIFF006 3.

DIPFOO6UY
DIFF0065
DIFF0066

DIFPF0067

DIFF0068
DIFF0069
DIFF0070
DIFF0071

DIFF0072



c
Cx%*xxxkdkx SINGLE PHASE CALCULATI

C

104
110

30
40

109

314

C

c

123

113 HG=HGO+HG1*T+HG2*T2+HG3*T3

VV=QUAL®3.565%Z%TB/P

HG= KB*ARLA*ARLA/(VG*MG+VV)
HA=HA*HG/ (HA+HG) :
DODT=HA* (TF-T)

IF (NX.EQ.1) GO TO 30
DVIDT= (P-P0) /Al

GO TO 40
DVTDT=SS*U

IF (QUAL.GE.1.) GO TO 31u

IF7 (QUAL.LE.QCR.AND.P.LE.PSAT) GO TO 114

IF (NNS.GT.O0)

Y (9)=0.
Y (10)=0.

BS-BO+B1*T¢BZ*T2+B3*T3
CP=CO+C1*T+4+C2%T2

BT=BS+T* VEAD**2/ (CC*CP).
Go TO 111

AP=1./T
BT=1./P

Y (9)=1.
cp=0.6

GO TO 113

ONS tt*##***********#t**t***t#***t*#i

Z1= BT*V*MGHAX*VG/P*GVP+DEFORH

22=T*V*ap/CC

723=AP*V+HGMAX*RG/ (2. *P) - Z1*CP/ZZ
ZU=RG*MGMAX/ (2.%P*CFW)-21/22

DTDT= (24*DQDT+DVTDT) /23"
DPDT= (CP*DTDT~DQDT) /22 .
DVDT =V* (-BT*DPDT +AP*DTDT)
GO TO 121 .

CHwkkkkrs® THO-PHASE CALCULATIONS I TP TS P DL L L

DIPF0073

 DIFFQO0T74

DIFF0075
DIFF0076

“DIPF0077

DIFF0078 -

DIFF0079

DIFF0080
DIFF0081
DIPF0082
DIFF0083
DIFF0084
DIFF0085
DIFF0086
DIFF0087
DIFF0088
DIFF0089
DIFF0090
DIFPF0091
DIFPF0092

-DIFPF0093

-0t

DIFFOO94

DIPF0095
DIFF0096
DIFF0097

DIPF0098 -

DIFF0099

DIFF0100

"DIFF0101
. DIFF0102
" DIFF0103

DIFPFO104
DIFPF0105
DIFPFO106
DIFF0107

DIFF0108



HL=HLO +HL1%*T+HL2%T2+HL3* T3

-HGL=HG-HL

IF (HGL.LE.O0.) GO TO 215 |

HGL=HGL+CPG* (TB-T) |

VV=3.565%2%TB/P : ' ‘ .
APINT=A0* (T-TLO) +A 1% (T2- TLO*%2) /2.4 A2*% (T3~TLO**3) /3, +A3* (T4~

1TLO**4) /4.

VL=VLO*DEXP (APINT)

VGL=VV-VL

DHG=HG 142, *HG2*T+3, *HG3*T2-CPG* (0. 5~ DTP)
DHL=HL142.%HL2%*T+3.*HL 3% T2

DP=PSAT* (BB/T2-DD/T)

DZ=2Z2142 . %ZZ2%T+3,%ZZ3%T2

DVG=3.565/P* (DZ*TB+ (1. fDTF)*Z/Z.-Z*TB*DP/P)

. DVL=AP*®VL

121
126

127

FDH= QUAL*DHG+(1 0~-QUAL) *CHL
FDV=QUAL*DVG+ (1.0~ "QUAL) *DVL
HV=HGL/VGL
G1=MGMAX*VG/P+GVP+DEFORMN
GU=MGMAX*RG/(2.%P) ‘
G2=FDH-HV* (FDV+GU4) +DP* (HV*G1-V/CC)
G3=~HV*G4/CFW

DTDT=({1.+G3) *DQDT-HV*DVTDT) /G2
DVDT=DVTDT + (G 1*DP-G 4) * DT DT+G4 *DQDT/CF¥
DPDT=DP*DTDT

DQUAL= (DVDT- FDV*DTDT)/VGL

DVVG= DQUAL*VV*QUAL*DVG*DTDT
DTFDT=-DQDT/CFW

IF (NX.EQ.0) GO TO 127

DUDT ==GC+PCONST*(P-PINF) /(SCD*SCL)
DDDT=U :
NOPNS=NOFNS+1

DY (1) =DTDT

DY (2) =bPDT

. DY (3)=DVDT

DY (4) =DTFDT

‘DIFF0109

DIFF0110

"DIFFO111

DIFF0112
DIFFO113
DIFFO11y4
DIFFO 115
DIFFO116
DIFFO0117
DIFF0118
DIFFO119
DIFF0120
DIPFO121
DIFF0122
DIFF0123

DIPFO0124

DIFFO125

‘DIFF0 126

DIFF0127
DIFF0128

DIFF0129

DIFF0130
DIFF0131
DIFF0132
DIPF0133

-201-

DIFFO134 .

DIFF0135 =~ -

DIFFO0136 -

DIPF0137
DIFF0138
DIFF0139
DIFFPO140
DIFF0141
DIFF0142
DIFF0143
DIFFO 144



DY(5)=DUDT"

DIFFO 145
~ DY (6)=DDDT : ' o o i ‘DIFFO146
DY (7) =P*DVET , L ‘ DIFPO 147

DY (8) =P : ' - e * DIPFO148

DY (9) =DQUAL ‘ IR . DIFFO 149

DY (10)=DVVG ™ L a . : DIFF0150
RETURN - : ‘ s DIFF0151

215 WRITE (NOUT,9) T,HG,HL - ‘ ' o DIFF0152
'STOP o T : - ~ _ DIFF0153
114 IF (NNS.EQ.0) GO TO 214 ‘ , i ' : DIFFO 154
WRITE (NOUT,8) . o o DIFF0155

214 NNS=0 - : ‘ < - : , "DIFF0156
- GO TO 109 , S o . ' .. DIFF0157

END S ‘ - , o DIFF0158

- -g0l-




10
15

30

40
20

SUBROUTINE DFBND(N,X Y,DY,H,EPS,ERR, I, HHIN, JP, YE, ISUIT)
IMPLICIT REAL*8 (A-H,0-2)

REAL*S X,Y,DY,H,EPS,ERR, HMIN '
DIMENSION Y({20), YE(ZO) +ERR(20),Y1(20), 01(20) 5(20) R(ZO)
JBL=-1

JMAX=JP '

IF(ISWIT .6T. 0) GO TO 10 :
CALL DIFI(N,X,YE,DY,H,HHIN,EPS,JN,S,R,KK,¥1,JP, JHAK, IJBL,FC)
GO TO 15

CALL DDIF (N,X,YE,DY,H,HMIN,EPS,JHN,S, R KK, Y1 JP JHAX JBL EFC)

DO 20 I=1,N

A=YE(I) -Y (1)
B=Y1(I)-Y({(I)

IF (DABS(A) ~DABS(B)) 30,30,40
ERR (I) =B . '
GO TO 20

ERR (I)=A

CONTINUE

X=X+H

H=FPC*H

RETURN

END

DFBNOOO 1
DFBN00O2
DFBN0OO3
‘DPBNOOOU
DFBNOOOS
DPBN00O6
DFBNOOO7
DFBNO0OOS
DFBNO0OO9 ..
DFBNOO10
- DFBN0O11
DFBNOO 12
"DFBN0013
DFBNOO 14
DFBNOO15
DFBNOO16
DFBNOO17 ,
DFBN0018 2
DFBNOO19 &
DFBN0020
DFBNOO 21
DFBN0022



. SUBROUTINE DIFI (N,X,Y,DY,H, HHIN BPs,JM,s,R,KK,YU,JP, JHAX JBL +FC) DIFI0001

IMPLICIT REAL*8 (A-H,0-2) ) . DIFI0002
REAL*8 X,Y,DY,H,HMIN,EPS,S,R,Y0,FC DIFPI0003
DIMENSION 1(20) DY(20) S(ZO),R(ZO),YA(ZO) YL(ZO),YB(ZO),DZ(ZO), 3 DIFIO0O004
1 SA(20),D(13) DT(20 13) YG(ZO 14) ,YH(20,14), ss(zo 14, 10(20) Yy (20 DIFI000S

1) , , _ -DIFI0006
DO 2 I=1,N : - : : 5 DIFI0007
YA (I)=Y (I) . ' _ R 6 DIFI0008
YY (I)=Y(I) S o o S - DIFIO0009
S(I)=0.0 o ‘ . ‘ _ 'DIFI0010
SA(I)=s(I) : - : _ : o . : 7 DIFI0011
2 CONTINUE L ' ‘ : ' o . 8 DIFI0012.
CALL DIFFUN (X,Y DZ) - , ' S S E . 9 DIFI0013
3 JBA=-1 S - ‘ \ 10 DIFIOO014
‘ KK=+1 =~ . , E o ' : 11 DIFI0015
4 A=H+X ' S , 12 DIFI0016
JBO==1 | ‘ ,‘ 13 DIFI0017
M=1 - : L o 14 DIFI0018Z
JR=2 , L L ' - 15 DIFI0O019 &
Js=3 : o ‘ 16 DIFI0020.
JJ=0 : o . —_— « 17 DIF10021
#=0.0 ,1 _ . L . DIFI0022
DO 32 J=1,JMAX . : , o 18 DIPI0023
IF(JBO LT. 0) GOTO 6 ' , ‘ ' g : 19 DIFPI0024
D(2)=16./9.D0 ' : 21 DIFI0025
D(a)=6u./9.no o - : 22 DIFI0026
D(6)=256./9.D0 : 23 DIFI0027 -
D(8)=1024./9.DC o A : ‘ " . 24 DIFI0028
D(10)=4096./9.D0" ‘ - : o ' 25 DIF10029
D{12)=16384./9.D0 ' ' : 26 DIFI0030
~ GOTOS8 o 4 o , 27 DIFI0031
6 D (2)=2.25D0 : : : ' : 28 DIFIO0032
D(4)=9.D0 . . , . , . 29 DIFI0033
IO : D(6)=36.D0 ' : - ‘ 30 DIFIO0O034y
D(8)=144,D0 ‘ : ' C , 31 DIFIO0O035

D(10)=576.D0 | | | - 32 DIFIOO36




8

10

12

14

16

18

D(12)=2304.D0
KONV=+1 ‘ .
IF (J.LE. (J/2)) KONV=-1
IF (J.LE. (Jm+1)) GOTO 10
L=JM+1 ,
D(L)=0U. DO*D(L-Z)

PC=.7071068%FC

GOTO 12
L=J -
D (L) =DFLOAT (M*M)

PCcC=1. O*DFLOAT(JM+1 J)/6 0

M=H+M
G=H/DFLOAT (H)
B=G+G

Jp=J

IF ((JBH.LT.0) .OR. (J.GE. (JHAX-1))) GOTO 16

DO 14 I=1,N
YM(I)‘YH(I J)
YL (I)=YG(I,J)"
S(I)=S6(1I,J)
CONTINUE
_GOTO 25
DO 18 I=1,N
YL (I)=YA (1)
YM (L)=YA (I)+G*DZ (I)
S(1)=SA(I)
CONTINUE
KH=M/2
Xu=X
DC 24 K=2,M
X0=XU+G
CALL DIFFUN (xu, YM DY)
DO 20 I=1,N
U=YL (I) +B*DY (I)
YL (I)=YM(I)
YM (I)=U

33

34

35
37

-39
40

42

.43

DIFI0037
DIFI0038

DIFIO039 -

DIFIOO040.

DIPIOO41
DIFPIOO42
DIFPIO043
DIFPIOO4Y
DIFIOOUS

DIPIOOUG

46

48

49

51
52
53
54
55
56
57
58
59
60
61

62
63

64
65
66
67
68
69
70

DIFIOO47 .

DIFIOO4S8

DIFIOO049

"DIFI0O050

DIFIO0051

DIFI0052 -

DIFIO0053
DIPIOOSY
DIFI00SS5
DIFI0056
DIFI0057
DIFI0058
DIPIO059
DIFIO060
DIFI0061

-90L-

DIFI0062 -

DIFI0063
DIPIOO064
DIFI0065

DIFI0066

DIFI0067

DIPI0068

"DIPI0069
DIFI0070.

DIFI0071.-

DIFIO0072




20

22
24 Co

25 CALL DIFFUN (A,YH,DY)
: DO 30 I=1,N

U=DABS (U)
IF (U.GT.S(I)) S(I)=

CONTINUE

IF ( (K. NE. KH) < OR (K« EQ. 3)

JJd=1+4J4J

DO 22 I=1,N

YH (I,JJ)=YN(I)
YG(I,JJd)=YL(I)
SG(I,JdJ)=S(I)

CONTINDE
NTINUE

«OR.

DT (I, 1)'(YH(I)+YL(I)*G‘DY(I))*

V=DT (I, 1)
- C=DI (I,1)
TA=C

W=D (K)
B1=D (K) *V
8=B1-C
u=v
B= (C-V) /B
" U=C*B '
C=B1%*B
26 V=DT (I,K)
DT(I,K)=0
TA=U+TA
28 CONTINUE.
29 C=YY (I)
V=TA
YY (1)=V

IF(J.LT.JM+1) V=V-U

IF(L.LT.2) GOTO 29

(IBL

+EQ.

IF (DABS(V)*2.8D14.LT.DABS(C)) GOTO 33

DO 28 K=2,L

IF(B.EQ.0) GOTO 26

-1)) GO TO 24

71
72
74

77
78
79
80
81

82

-83
84
85
86

87
88
89
90

96

97

98

99
100
102
103
104
105
106
107
108

DIFI0073

DIFIO0074
DIFIN07S
DIFI0076
DIFI0077

DIFI0078 -

DIFIO0079
DIPI0080
DIFI0081
DIFI0082
DIFI0083
DIFIOO084

DIPI008S

DIPI0086
DIFI0087
DIPI0088
DIFI0089
DIFI0090

-DIFI10091

DIFI0092

-DIFI0093

DIFIO094

DIFIOQ095

DIF1I0096

DIFI0097 .

DIFI0098

DIFI0099

DIFI0100
DIFIO0101
DIFI0102
DIFPIO103
DIFPIO104
DIFI0105
DIFI0106
DIFI0107
DIFIO108
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V=Y +V-C
R (I) =DABS (Y (I)-TA)
IF(JBL.EQ. 1) Y (I)=TA

" IF(JBL .EQ. -1) ¥(I)=

30

32

33

34

35

36

YU (1) =V
IF(DABS(V-C) .GT. W  *EPS*S(I)) KONV=-1

CONTINUE -

IF(KONV.GE.O .AND. (JBL .EQ. 1)) GO TO 34

D(3)=4.DO '

D(5)=16.D0

JBO=-JBO

M=JR

JR=JS

JS=H+N

D(7) =64.D0

D (9)=256.D0
.D{11)=1024.D0.

CONTINUE

IP (JBL .EQ. -1) GO TO 34
JBH=-JBH

IF (DABS (H) . LE.HHIN) GOTO 35
H=H/2.

IF (DABS (H) . GE. HMIN) GOTO 4
H=DSIGN (HMIN,H)

GOTO 3

RETURN
KK=-1

GOTO 34

ENTRY DDIF(N,X,Y,DY, H HHIN EPS, JH S,R,KK,YU, JP JMAX JBL,FC)

DO 36 I=1,N
Y (1)=YA (I)

CONTINUE
GOTO 3

END

112

116

119
120
121
122
123
124
125

‘126

127
128

129
130
132
133

136

139
140
141

143
144
145
146
154

DIFI0109
DIFI0110
DIPIO111
DIFI0112
DIFI0113
DIFIO 114
DIFIO0115
DIFIO116
DIPIO117

DIFI0118

DIFI0119
DIFI0120
DIFIO 121

DIFPIO122
'DIFI0123
"DIFIO124

DIFI0125
DIFIC126
DIFIO0127
DIFI0128
DIFIO0129
DIFI0130
DIFI0131
DIFPIO132
DIPIO133
DIFIO 134
DIFI0135
DIFI0136
DIFIO0137
DIFI0138
DIFI0139
DIFIO 140
DIFIO141
DIFIO142
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APPENDIX B:

SOLIDIFICATION CALCULATIONS
(APPROXIMATE MIXING TIME CONSTANTS)

A number of different cases weré run for the solidification rates
of U0,, UC, and UN. From these cé]cu]ations'-apbroximéte mixing time
"constants were - determlned for the. two solidification modes as. ment1oned
in the text of‘thjs report. Of these ca]cu]at1ons, only a ]1m1ted num-
" ber were Qsed in the text.. Therefore, to document the results for all
cases, Tables B.1, B.2, and B.3 afe provided.
A listing of the computer code used to make these ca]cu]at1ons is
included following Table B.3

TABLE B.1 Approx1mate Mixing Time Constants
for U0, (T = 2800°C). :

T eof ot a0 1208 1552

Modes™ 1 2 1 2 1 2 1 2
L. 0.5 856 88 82 9 908 93 977 0
©—~ 0.4 548 70 558 72 581 75 625 80
£ 0.3 308 52 ¢ 314 53 37 56 352 60
&5 0.2 137 35 140 35 145 37 156 40
S% 01 3 17 3% 17 3% 18 39 19
£ 0.05 8.6 8.1 87 82 9.1 86 9.8 9.2
0.0 20 - 2.2 -- 2.3 -- 2.4 -

+

Fuel;coo1ant interface temperature (solid-1iquid)

ﬂ'Mode 1 - so]1d1f1cat1on of intact sphere
Mode 2 - solidification of sphere with part1c1e breakoff
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TABLE B.2. Approximate Mixihg Time:
Constants for UC (Tf = 2530°)

TI(QC) . 1569 B VA ) ' - 1831 o
»Mode 1 Intact Breakoff  Intact Breakoff Intact Breakoff

0.5 149. 16 169 18 191 20

Y . .
o~ 0.4 95 12 108 14 122 16
203 - %4 0 9 6 n. 69 12
~%02 - 22 6 27 . 7.0 30 - 7.9
25 0.1 6.0 3.0 6.8 - 3.4 7.6 3.8
o : S :
‘E.0.05 1.5 . 1.4 1.7 1.6 1.9 1.8
0.025 0.4 - . 0.4 -- 0.5 --
TABLE B.3. Approximate Mixing Time Constants for
< UN (T, = 2860°C, R = 0.0064 cm)
T,(°C) . 1884 : 2028 2143 -

- Mode . Intact Breakoff . = Intact Breakoff Intact Breakoff

. 05 40 15 . 158 17 178 19
°—04 90 12 - 101 13 114 15
'g:i‘o.3 50 © 8.7 57 9.9 64 11
“5 0.2 22 5.7 25 6.5 28 7.3
| 28 0.1 6 2.8 6.3 3.2 7.1 . 3.6
: <
| T 0.05 1.4 1.3 1.6 1.5 1.8 1.7

| , : 0.025 0.4 -- 0.4 - 0.4 . --
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507
510
520
530

THIS PROGRAM CALCULATES THE RATE OF SOLIDIFICATION IN A SPHERE BY
THE ADAM'S APPROXIMATION. THERE IS A CHOICE OF TWO SOLIDIFICATION
MODES; SOLIDIFICATION OF AN INTACT SPHERE OR A SPHERE WITH A PIXED
PARTICLE BREAKOFF. MIXING TIME CONSTANTS THAT RELATE TO THE ’
CHO-WRIGHT MCDEL ARE ALSO GIVEN. '

INPUT VARIABLES

FIRST CARD (FORMAT-6F10.4,2I5)
 SPHT=SPECIFIC HEAT (CAL/GM-C)
SL=LATENT HEAT OF FUSION(CAL/GH)
TM=MFLTING POINT OP SPHERE'S MATERIAL(C)
TI=INTERFACE TEMPERATURE(C) A
TS=THERMAL DIFFUSIVITY (CM*CM/SEC)
N1=STARTING POINT FOR CALCULATIONS(0.00001) : :
ISUB=NUMBER OF SUBDIVISIONS FOR NUMERICAL INTEGRATION(5).
NN=NUMBER OF RADIAL SECTIONS (PRINTOUT PURPOSES=30)

SECOND CARD(FORMAT-7F10.4) _ ‘ A '
"RI(I)=INITIAL RADIUS OF MOLTEN SPHERE( UP 00. 7 RADII IN CH.)

"~ THIRD CARD '

ICHK=SOLIDIFICATION'HODE(O=INTACT SPHERE, 1=PARTICLE BREAKUFF)
RP=RADIUS OF FINAL PARTICLE IN CM. (NEEDED FOR BOTH MODES)

NOTE: THERE CAN BE AS MANY SECOND AND THIRD CARDS AS NEEDED.
LAST TWO CARDS MUST BE BLANK. o

EXTERNAL DTDAF

DIMENSION TIME(100),RATIO(100),RI(7)

~OMMON R,SPHT,TM,TI,SL,TS,Al

FORNAT (6F10.5,215) :

FORMAT (7F10.4)

FORMAT (I10,F10.4) A ‘ . o
FORMAT (* 1',9X,'SURFACE AREA GENERATION WITH TIME',/10X,'INITIAL PA

 MAINOOO1

MAINOOO2
MAINOOD3
MAINOOOU
MAINOOOS
MAINOOO6
MAINOOQO7

MAINOOOS

MAINCOO9
MAINOO10
MAINOO11
MAINOO12

MAINOO15
MAINOO16

MAINOO1T

MAINOO18
MAINOO19
MAINOO20
MAINOO21
MAINOO22
MAINOO23
MALNOO24
MAINOO25

'MAINOO13
MAINOOTY .

| -cLL-

MAINOO26 .

MAINOO27

MAIN0028

MAINOO29
MAINOO30
MAINOO31
MAINOO32
MAINOO33
MAINOO3Y4
MAINOO35

MAINOO36



Sul
550
560
570
580

10

12
4
15

20
25

30

1RTICLE RADIUS !

PORMAT (//16X,"TIME' ,4X,* RADIUS",6X, 'AREA,5X, 'RATIO")
FORMAT (10X,3F10.4,F10.2) ‘
FORMAT (15X, " (SEC.) *,4X, "' (CH.) ", U4X,* (SQ0.CM.) " //)
FORMAT (10X, *ASSUMING PARTICLE BREAKOFF!')

FORMAT (10X, 'ASSUMING NO PARTICLE BREAKOFF')
READ(S,SOO)SPHT,SL,Tm;TI,TS,A1,ISUB,NN

READ (5,510) (RI(I),I=1,7)

READ (5,520) ICHK,RF

DO 160 ‘I=1,7

IF(RI(I).EQ.0.0) GO TO 12

GO TO 14

IF(I.EQ.1) GC TG 999

GC TO 10

WRTTE (6,530) RI (I), RF

IF (ICHK.EQ.0) GO TO 20

WRITE(6,570)

GO TO 25

WRITE (6, 580)

WRTTE (6,540)

WRITE (6, 560)

R=RI (I)

T=0.90

AREA=0.0

J=0

ISTOP=0

VOLY1=4% (3., 14159)*R**3/3

.END=R

AREAF=3*%VOL1/RF

START=END

J=J+1

IF(ICHK.EQ.0) GO TO 40
R=END

END=START-2%RF .
IF (END.EQ.0.0) END=0.00001
IF(END.LT.0.C) GO TO 55'

+F6.3/10X,'PINAL PARTICLE RADIUS ',P6.4)
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MAINOOST.
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. MAINOOSS

MAINOOSS6
MAINOOS7
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MAIN0OO59
MAINOOG60
MAINOOG1
MAINOOG62
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MAINOO63

MAINOOGUY
MAINOOG65
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MAINOOG67
MAINOO68
MAINOO69
MAINQOO70
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MAINOO72




u0

50

55

60

70

80

590
100

399

DVOL=4%3,14159% (START**3-END**3) /3
GO TO S0 4
‘X=FLOAT (J)

DVOL=VOL1/FLOAT (NN)
SVOL=X*DVOL
IF(SVOL.GT.VOL1) GO TO 55
END= ((VOL1=-X*DVOL) / (4.*(3.14159)) *3,) **0, 33333
IP(END.EQ.0.0) END=0.00001
DT=SIMPS (START, END, ISUB, DTDAF)
T=T+DT A
TIME (J)=T
AREA=AREA+DVCL*3/RF
RATIO (J) =AREA/AREAF .
WRITE (6,550)T,END,AREA, RATIO(J)
IFP(ISTCP.EQ.C) GO TO 30
DO 70 J=1,80
IF (RATIO(J).GT.0.632) GO TO 60
GO To 70
FRACT=(0.632-RATIO (J~ 1))/(RATIO(J)-RATIO(J 1))
TAUM=TIME (J- 1)+FRACT*(TIHE(J)-TIHE(J 1))
GO TO 80
CONTINUE
TAUM=TAUM*1000.
WRITE(6,590) TAUM
FORMAT (//10X,'THE VALUE OF ‘TAU SUB M =',F9.3," .MSEC"')
CONTINUE : -
G2 TO 10
STOP
END

" MAINOO73
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"MAIN0O77
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MAINOO79
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FUNCTION DTDAF (X)

COMMON R,SPHT,TM,TI,SL,TS,Ad
DEL=R-X

IF (DEL.LT.AT) GO TO 10

7=X

GO TO 15

Y=R-A1

DENOM=2. *TS*SPHT*(TM TI)
Z=1,0+ ((4.*R*SPHT) / (3. *Y*SL)) * (TM-T1I)
DENUM= (SL*Y~(SL*Y**2.) /R) * (1. 0+SQRT (2))
DTDAF=DENUM/DENON* (=1.0)

RETU RN
END

DTDA0OOO 1
DTDA00O 2
DTDAOOQO3.
DTDADOOY
DTDA00OS
DTDAOOO6

DTDAOOO7?

DTDAOOOS
DTDAOOO9
DTDAOO10 .
DTDAOO11
DTDAOO12

DTDAOO13

=91~
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FUNCTION SIMPS(D,E,N,F)
TWOH= (E-D) /FLOAT (N)
H=TWOH/2.

SUMED=0.0

SUMID=0.0

DY 10 K=1,N
X=D+FLOAT (K-1) *THOH
SUMED=SUNED+F (X)
SUMID=SUMID+F (X+H)
CONTINUE

SIMPS= (2. 0*SUMED*4. 0*SUHID-F(D)*F(E))*H/3.'

RETURN
END

SINPO001
SIMPO002 -
SINP0003
SIMPOOOUY
SINPO0OS
SINPON0G6

SIMP0O007 .

SINPO0OS8
SIMNPOOO9
SIMPOO10 -
SIMPO011. -
SINpP0012

~SINP0O13

NG



APPENDIX C:

LOWER BOUND ON FINAL FUEL PARTICLE SIZE

C:1 Introduction -

In the analysis of the mixing requirements in an FCI for the limiting

expansion werk potential at slug impact, it is necessary to input a single .

final fuel particle-radfus into the FCI-B version of the ANL parémetrfc
code (see'Appendix A) This input parameter is one of the most important
inputs to. the mode] given the initial conditions of the fuel and sodium.

It is used to determine the final heat transfer area of the fuel. Conse-
quently, the fuel particle size will have a direct impact on the overall
heat transfer rate and the resu]ting-eneréetics. . For a given mixing time
constant, the smaller the fuel'partiele radius, the greater the work poten-
tial at slug impact as a result of an FCI. For a fixed work potential,

the relationship between the fuel particle»radfus and mixing time constants

can be seen 1n F1gure C.1. Given smaller fuel radii, mixing'time'COnstahts -

_4need not be as smal] or the overall m1x1ng of fuel and sod1um need not be
as rapid tq produce equivalént work potential. Essentially, 1f no lower
bound-iS'established for the fuel particle size, any mixing time constant, -
given an extremely small fuel radius, coeld produce the limiting work
potential at slug impact. Therefore, to provide a conservative (highest) |
estimate of the mixing requiremenfs for the limiting case, without using
unrealistic values'fdr the fuel particle size, a lower bound for the final

fuel particle radius must be established.




-119-

in‘actual FCI conditiqﬁs, fuel fragmentation resu]fs in a fuel par-
tjelejsizeldisfribution rather than a single perticle size. .Therefore,

. the finest particle size‘distfipution must first be determined from which
a sing]e-equivalent fuel particle size can then be determined.

At this time, no analytical method can accurately predict the smallesfi
distribution of fuel'particles Var10us methods ex1st that pred1ct fue]
particle sizes (1, 2) but none can be expected to prov1de the ent1re d1$-
:tr1but1on. However, a review of the experlmental “fuel fragmentat1on data
- has reeeited~in a mathematical formulation for the finest fuel particle
size distribution. ' o a i A

In a Japanese paper by Hiroshi Mizuta (3), a summary of the TREAT
S-series in-pile data, the Armstrong out-of-pile data and the SPERT CDC
in-pile data with the resu]ts of 30 addftidna] experimental runs by the
PNC was eompi]ed;(FigUre C.2). From this data, Mizuta fitted by a least
' squere method a log-hormal distribution to the finest (worst case) fuel
eparticle distribufion in the range of 20-90% mass of particles smaller
than the indicated diaheter.‘ This is‘shown as the .darker straight line"

in Figure C.2. The equation for this density function is

: - 5 97)2
fy(R) = 58.1 exp [-4(]°9 2R 2'271] . (C-1)
- ' . 0.944

Where - R is.the radiQs of fuel particle in microns. A graphical repre-

sentation of this density function can be seen in Figure C.3.
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500 ' — _ _
| ‘ T 1
-\ B FCI PARAMETERS . ~
Na TEMP = 922°K
U0, TEMP = 3962°K
200 Na MASS = 196 kg _
U0, MASS = 1250 kg
SODIUM SLUG HEIGHT = 520 cm.
MIXING ZONE LENGTH = 60 cm _
| 'FIXED WORK POTENTIAL-= 40 Md-sec — o
ASSUMPTION: HEAT TRANSFER
— CUTOFF AT ACOUSTIC
. UNLOADING TIME
300 —
200*__ . < 40 Mi-sec i |
> 40 MW-sec )
6q L LOWER gpng ON FUEL PARTICLE RADIUS
ol | 1 | |
0 10 20 30

MIXING TIME CONSTANT (MSEC)

FIGURE C.1 Combination of Final Fuel Radii and Mixing Time Constants
that produce the Limiting work Potential Capability of
the FFTF at Slug Impact
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c.2. TranSlatingﬁthe'Finest Particle Size Distribution -
to a Single Particle Size

Having an equatien that represents the finest fuel particle distri-
Abution observed fo]]owiﬁg an FCI, theAnext step involves the translation
of this distribution to an effedttve single particle size. . To be consis-
_tent w1th the parametr1c model the single fuel part1c1e should match the N
‘ heat transfer character1st1cs of the part1c1e d1str1but1on, nane]y, ‘the
surface area per gram of fuel. '

One means of doing this is to establish frbm the distribution the
surface area of all the fuel pafticles;"Thislvaiue.canfthen be divided
by the mass of fuel to provide the average surface area per gram of fuel.
Mathematically, this can be described by the following method.

Assume that Mi - represents the mass df-particles having a radius
"R, . The volume -of these particles can then be described by
Vio= Mo . . (c-2)
'7‘.The surface area can a]se be described by
3M.

S, = ——— 4mR;* » )
.4pfnRi3 -

where the first term in Eq. (C-3) fepresents the number of ‘particles and

the second term represents the surface area per particle of radius~,Ri .

This eqdation can be reduced to

T T o (c-8)




'To determine the total f

and -
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uel volume and tota1 surface area of the distri-

bution requires the summation over all rad11 R{ of Eqs. (C-2) and (C- 4).

This results in

= __"_
Viotal ~ E os
, i

| e M,
S. = z .-Mj.
total ) fR‘i :
' i

The volume-to-surface areaAr"atio yg) ~isAthere°fore

B v B |
(yS') ?"‘L_’ > (C-5)

—

—h

~ which -reduces to '

|

——
ni<
e
n
ade
(754
=

) I (c-6)
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where y; , the mass fraction, is defined as

LR
M
i

~ Transforming the volume-surface area mean, (%—) » into an equivalent

' (t-7)'

.Y-i.'_'

M
M

radius particle, R _ , requires the additional relation

. VS
—_— -3
AS) 7 w2
. vs |
; (c-8)
s
3
Equating Eqs. (C-6) and (C-8) yields

R, = —— L - (c-9)

This method of averaging -is known as the Sauter mean or volume-surface
mean. It is often used in such surface'aréa determinations (4). .For the
continuous case where y , the mass fraction, is a continuous function of

. R, Eq. (C-9) can be described as

R = 1 . . (C-10)

. (Precaution should be taken in applying the above formulation to make sure
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- that y. represents the correct mass fra;tioh fbr the range of radii Ry
.and_ Rz .) | |

Equation (C-10) is used to determine the“equiva1ent fuel particle .
_size for Mizuta's,fiha1 fuei particle distribution. 25 énd 750 microns |
are used asfthe’limits of integration because they represent the range
of particle radii through wh1ch M1zuta f1tted the 1og-norma1 d1str1but1on
”"Norma11z1ng Mizuta's funct1on was f1rst necessary ‘SO that the correct mass.
fractions would be-used. This was accqmp11shed by dividing fM(R) by the

integral of fM(R) over the function's range of fde] radii,

N 58. 1 exp‘[-(1og 2R - 2.27)2/0.944] -
fy (R) = ‘ , - (c-1)
- 750

j' 58.1 exp [ (log 2R - 2.27)2/0.944] dR
25

where fMN(R) represents the normalized function. Performing the inte-
gration'by'a numerical integration teqhnique, the resulting form for

TN o
fMN(R) = 0.001 exp [-(1og 2R - 2.27)2/0,944] . (C-12)

 Using this form for fMN(R) in Eq. (C-10) produces the following form
- for the volume-surface area mean radius:
750 v -1
_ 0.001 _ _ 2 ] _
Rvs = _[ R exp [ (Tog 2R - 2.27)%/0.944 | dR . (€-13)
25 : ‘
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. The result for the equivalent Sauter mean particie radius for Mizuta's

distribution is 180 um .
This, however, represents only 70% of the total d1str1but1on To

account for the 20% of the fuel partic1esﬂbelow a radlus of 25.um and"

" the 10% above 750 um, the discrete formulation for the Sauter mean in

Eq.. (C-6) is used. First, the remaining part1c1e sizes (above and be]ow»
'f M1zuta 3 d1str1but1on) was chosen. The part1c1e size d1str1but1on be]ow
) the 25 um is a very important number and can drast1ca11y affect the over-

‘ all volume-surface mean. This is due to the fact that the surface area |

per gram of fuel goes up inversely to the radius of the particle. There- .
fore, an extremely small particle would tend to shift- the finalbovera11_
mean down consjderably. To be conservative, but in a realistic fashion,
a single radius of 17.3 um was chosen to represent this Jower particle

size distribution. This is approximately the smallest particle size used

by Armstrong to describe the fragmentation results of his U0,-Na dronping- -

exper1ments (4, 5) As it turns out, his part1c1e size d1stribution,is

'very close to Mizuta's flnest part1c1e size d15tr1but1on and ‘should pro-

vide an adequate estimate of this lower particle. size. On the other end

of the spectrum, 2 value of 1000 um was chosen as the highest particle
radius. Again, from Mizuta's compilation of the fragmentation data, this

value represents the lowest upper bound to all the data (see Figure c.2).

 'It appears to have been produced in the Japanese experiments.

Table C.1 indicateé the choice of particle sizes for the calculation

of a single fuel particle size to represent the entire spectrum. ﬂUsing}
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TABLE C.1. Finest Fuel Particle Sizes

|
Yis Mass Fraction , Particle’Radius (um) +  Range (% Mass)-
- 02 | 17.3 <20
T - 180 20-90
Coer. . 1000 IR £ T
RVS = ! = - - 0] = 64 um
| y 0.2 0.7 0.1
| ZR—‘- 773 .t 180 * 7000
| i :
L
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'these values for the spec1f1ed mass rat1os the equ1va1ent volume- surface‘

mean rad1us is calcutated to be 64 um.

C.3 -Discussion

.The effect of establishing this lower bound of the4fne] partielen
- size can be séen in‘FiQUre C.1.. With this lower bonnd,“mfxfng time con- ‘n<;'A"'
stants greater than"at the point of intersection no longer must be consi-
dered. The area above the lower bound beyond this point represents work
potentials less than the limiting va1ue of 40 MW-sec for the FFTF. This
methodo]ogy can be applied to the CRBR as well for the work potential

curve of 70 MW-sec.

qu the specific case presented in Figure C.1,mixing time constants,

if shown to be greater than 27.5 msec_in a particular accident situation,
will prov1de calculated work potent1als of less than the 11m1t1ng value .
1of<40 wasec. In all further ca]cu]at1ons 64 um. 1s used as the final..
. fuel‘particie radius. Determ1n1ng the m1x1ng time constant that produces

- the limiting work pofential criteria at this radius will establish the
point of intersection directly between the curve of constant work poten-
tial and the lower bound radius of 64 um. "This point represents the limit-
4 ing mixing time constant, below which the calculated work potentials exceed
the value of the limiting work potential for the particular reactor system.
Above this mikfng time constant, calculated work potentials will be less

than the limiting criteria.
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APPENDIX D:

'HIGH TEMPERATURE THERMOPHYSICAL FUEL PROPERTIES

Fuels -
uo; U
_Melting Temperature: . © .0 2800° . - . 2530°
wranMWe -~ 3400° 3250°
Oc : )
Molten Density . . 8.74 So1.2
(gm/em®) =~ : _
" Solid Density 1. - 13.6
(gm/cm®) -
Thermal Conductivity 0.005 0.053
(cal/cm-sec®C) : _ ,
Liquid Viscosity B 0.08 T
(poises)
. Specific Heat - 0.1 0.08
" (cal/gm°C) C
Heat of Fusion . 7.0 .42 -
(cal/gm) | ‘ . o
Thermal Diffusivity ©0.0041 - = 0.049

(cm?/sec)

14.3

0.066

0.09
52.4

0.051

The above table of fuel propertieé were taken mostly from references

1 and 2. They in general represent the thermophysical properties at atmos-. -

pheric pressure. A more'comp1ete guide to the properties of the advanced

fuels can be found in Ref. 3. The boiling point values were calculated

from the equations of state for UC and UN in Ref. 3.
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~ APPENDIX E:

HYDRODYNAMIC ‘BREAKUP OF A MOLTEN FUEL JET

B Introduction,'

Various fuel fragmentation models heve‘been.proposed to explain the :
_ observed fuel fragmentat1on fol]ow1ng a fue]-coolant 1nteract1on (1).
~ One group of ‘these mode]s assumes. that the 1n1t1a1 fragmentat1on of the -
hot molten mater1als can be caused by hydrodynamyc forces. The measure
of merit for these models is known as the Weber number, and is defined as:
e = pNaZZ Rfuel ’ | | (E-1)
fuel '
where V- is the fe]ative velocity'between the fuel and the coolant.
This djmensionless number represents the ratio of the - sodium velocity
pressure, pNaV2 s to the eurface tension pressure, 6fue1/RfueT s of the
spherical globu]e (2). The splitting of a 1iquidhglobu1e is assumed to J

occur when We " is greater than a critical va]ue We A similar

r1t
formulation for the Weber number has ‘been used for 1nvestlgating impact

fragmentation in FCIAdfopping experiments. In these céses,'the Weber hum-

" ber was alternatively defined as (1,3):

0; D vz
We = fuel “fuel , . (E-2)

0fue]

where all properties are those of the fuel. This formulation represents

a ratiolof‘the‘inertial forces to the surface tension forces. In the
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latter analysis, the rahge'of'criticaT Weber numbers as observed by Hinze
were used. The results of Hinze's experimenta]lwork coupled with_Eq.

- (E-1) are also used in this appendix to evqldate,the hydrodynamic frag-
mentation of a molten fuel jet. Such a fuel jet can be postulated to be

a result of an overp§wef situétion in a reactor system where fuel melting
“occurs with the subsequent rupture bf the piﬁ cladding. A picture of'the

' 'idéaliiedffue1 jet model used for this énéTysfs is shown iﬁ Figure E.1 . |
kFuéi sqﬁirting ve]ocitiés-were,Cﬁ]cuIéted for a range of pféssure’diffe?-
'entia]s; the ranée of the pressure differentié]s assumed for'these scoping -
ca]ch]ations is from 0 to 200 atmospheres. This range should represent
adquate]y the pressure differences that exist during a major part of the

fuel squirting.

E.2 Fuel Squirting Velocities

The fuel squirting velocities are determined. by the following equa-

tion (4):

~ , k
. . 2
G = 0.6 (29cpfue] AP x 1034.4 92‘-/—9—'“—) (E-3)

where G representslthé mass flux of liquid fuel (gm/cm?sec) and AP
represents the difference (atmospheres) between the internal pin pressure
and the pressure in the FCI mixing zone of the'reactor core. .This equa-
tion is valid for the flow of saturated‘or subcooled liquids from an

orifice assuming the length-to-diameter ratio, L/D , is equal to zero.
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. This is.a conservative representation of c]adding rupture because it
y1e1ds a higher mass f]ux, a higher We , and smaller resulting part1c1es
than 1f a cr1t1ca1 flow were estab11shed for a 1ength -to-diameter ratio
- greater than zero. To determine the velocity of the fuel Jet Eq (E-3)

is divided by the fuel density to give
,Vfuel = 19.6 chAP/pfuel)- e (Ef4).

“where Mfue] is expressed in-cm/sec. For this analysis, the properties
- of U0, are used. The results for the fuel ve1ocitfes as a function of

AP are presented in Figure E.2.

E.3 Critica1 Fuel Particle Sizes

Based on his experimental studies of several different liquids in

free- -fall experiments, Hinze determined that a ma30r1ty of .the mater1als -

. tested had critical Weber numbers of around 10 with. only one. exceptional
value of 20. Translating these values to critical Weber numbers that
apply to the dfsintegration of liquid jets, Hinze suggested that the cri-
tical Weber number of 10 corresponded to a Tower value of- 6 for liquid
jets. Using his method, a wecrit of 11 was determined to be equiva-
lent to the original value of 20. Using this range of critical Weber
numbers for liquid jets in Eq. (E-f) with the results of Section E.2,

the largest stable (critical) fuel particle size was determined as a

{
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~ first solved for R

- function of the pressure difference. To accomplish this, Eq. (E-1) is

crit :
4 We ., 0 ’
Repit = ;__Cr_l_t_.l%’.z_ , o (E-5)
Pra VU0,

where V2 was replaced by VUOZé and R represents the critical

crit
fuel particle radius in cm. Using the definition of Vg . in Eq. (E-4)
with U0, fuel properties, Rcrit can be expressed as a function of the |

pressure differential,

: - weCY"it 0‘U()z pUOz - 4 ' '
Rerit ~ . ’ (E-6)
768 PNa 9c AP
The results for Rcrit are presented in Figure E.3.

During an actual pin failure,. the overall pressure difference will
be initially high buf will quick1y decrease. This is due to two compet -

ing processes the re]1ev1ng of the 1nterna1 pin pressure by the fuel and

fission gas eJect1on, and the pressur1zat1on in the FCI zone due. to sod1um

expansion and vapor12at1on. Figure E.4 shows such a pressure- -time his-
tory of the overall pressure difference by showing both the pin pressure
and FCI zone pressure with time. This figure represents a ca}cu]etion
performed for an HCDA in the CRBR (5). Because the overall pressure dif-

ferenceA AP changes with time for a failed fuel pin, fuel squirting

~velocities will also change with time, producing a range of critical fuel

particle sizes. Based on Figure E.3, the critical fuel particles will
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FIGURE E.3 Stable- Fue1 Particle Rad11 Fo110w1nq Hydro-
. Dynamic Breakup of a Molten Fue] Jet :
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FIGURE E.4 Pin and FCI-Zone Pressure History
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“range from a few microns to severa] thousand microns.

This range of calculated critical fuel particle sizes is we11 within

.the distribution of fuel partlc]e sizes that has been observed in molten

fuel-jet type exper1ments (6) To determine the actual d1str1but1on of
critical fuel part1c1es produced by this fragmentat1on model, however,

would requirelincorporat1ng-a AP versus time history into the analysis.

E.4 Discussion-

The quest1on ar1ses in the above analysis if the hydrodynamic break-
up of the fuel jet can occur before the fuel jet impacts the surround1ng
fuel pins. Hinze provides a means for ca]culat1ng the Sp11tt1ng-up time
for liquid globules initially at Weber numbers in excess of their criti-

cal vé1ues. His equation for the splitting-up time in seconds is

p o et [__75.'1 P, (8) ] L ee)
. Vever L0 Pna ‘R /crit
where (G/R) crit = 0.17 We g4 - |
The value of 11 for the critical Weber number was used because it
will provide not only the largest value for (8/R) crit but also the
largest stable‘fue1 particle. These factors combined will provide the '

longest possible splitting-up time. On the other hand, the shortest time -

.for the fuel jet to impact the surrounding fuel pins can be calculated by
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' acsuming the fuel pin rupture tekes place at a point c1osect to any of
the sufroﬁnding‘pins (Figure E.5) and that the fuel jet does not slow
down. The time for this impact (assuming the jet velocity is constant)
-caﬁ therefore be calculated by simply dividing the gap width (0.055Ain =
0.140 cm) by the jet ve10c1ty Figure E.6 presents a comparison of these
.two t1mes, the sp11tt1ng up time and the 1mpact tlme over the range of

- AP - used ‘before. From these resu]ts the ]1qu1d Jet is expected, 1n
general, to Sp11t up before it impacts the surrounding fuel pins.

o The oniy comment that perhaps should be made at this time is that
the results presented in Figure E.3 for the stable fuel particles will
most likely be the smallest due to hydrodynamic breakup. It is possible
(2) that during the disinfegration of a liquid jet, viscous forces will
not only break up the jet but will also slow it down. If, in this case,
the slowing down is accomplished before signiffcant particle breakup, the
final stable particle sizes will be characteristic of ve]ocities slower
than 1n1t1a1 fuel ejection velocity. This.will have the. effect of ‘pro-

duc1ng 1arger stable fuel droplets than is ca1cu1ated us1ng the initial

ejection velocities.



'FIGURE E.5. FFTF and CRBR Fuel Pin Geometry.
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APPENDIX F: |
FUEL-COOLANT INTERFACE TEMPERATURES

F.1. Introduction

To evaluate the solidification rate in Appendix B of the molten
fuel quenched in the liquid sodium, the fuel-coolant interface tempera-
xturés had fo'be.determined.' For a pﬁre 11quid-1iqd€dAsysteh éésUming}' 
perfect wettihg (1), the contact temperatureiat the liquid-liquid fuel-
coolant§temperature is (2):

Tlky/Yay) + Te(ke/Vac)

- : (F-1)
(ky/ Vi) + (eg/ Vo) |

where the subscripts H and C refer to the fuel and sodium coolant,
resbective]y. The above equation for the interface temperature is derived

for two semi-infinite slabs initially at TH and TC . For both U0, and

the advanced fuel, UC and UN, so]idificétion is expectéd to commence immeff-‘ -

diate]yfupon contact with the liquid sodium (3,4). For this case, where

the hot substance is solidifying, the interface temperature is (4):

I = ) (F‘Z)
(kH/JEE) + (kc/VEE) erf A

—_

where the subscript M refers to the melting point of the fuel. (The
complete derivation of the temperature distribution in this geometry can

be found in the last section of this appendix.) The erf A terms in
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Eq. (F-2) account for the liberation of the heat of fﬁsioh as the fuel
solidifies. ‘The . A is determined from the following equation when the

fuel is assumed to be at its melting temperature (i.e., TH = TM):

CT 2 k/(-!— ’
PE - et HC 4 erfa s (F-3)
Lvm o\ ket . ‘

' where~thé}témpgrature Tg represents a relative témpefatdre.(S):l T

T. = T .(#-4)

E .

This fact that TE~‘represents a relative'tEmperature‘has apparently
been ‘ignored in previous calculations (3,4) but should be accounted for.
If not, errors become noticeable as higher coolant temperatures are used

in- determining -the interface temperature§

F.2 Resylts -

Thg fuel-coolant interface temperafure-was calculated for three
different_fue]s:'Uoz , UC, and UN.- A1l the fuels were assumed to be at
their melting températufes.' The temperature of the liquid sodium was
varied in all casés from 200°C to 900°C. Table F.1 presents the-results
of these ca]culations for both 1iquid-1liquid.interface temperature and
the so]id-]iqﬁid,interface temperature. A compilation of the sodium pro-

perties that were used (6) is found in Table F.2. Fuel melting temperatures



‘Na Temp.
{°C)

200
:600-
900

200
600
900

200
600
900

TABLE F.1.

-148-

Fuel-Coolant Interface Temperatures

U0,
.TI(so1id-11quid)7

951
1365
1644

1569
1882
2069

UN

1883 -
2193
2373

TI(liquid-liquid)

786
1188
1462

1314
1631
1828

1578
1897
2092




C
P

cal

am_
cm?

agm

cm
sec

cal
5C

)

k (sec-cm’C

)
)f ;4:‘} 
) o

TABLE F.2. Sodium Properties - ‘

1200°C

0.196

0.904 ~
©0.320

0.678

149

600°C

- 0.149

" '0.300

0.614

0.809

- 900°C

0120
0736

- 0.308

0.529
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. and fuel properties -used for the molten and solid conditions are those

Jisted in Appendix D.

F.3 Discussion

In the present fast reactor designs of the FFTF and the CRBR, the
nom1na1 operat1ng temperatures for the sod1um range from about 300°C to
600°C. For th1s range of sodium temperatures with U0, at its melting
-point, the corresponding range of fuel-coolant 1nterface temperatures
are well below the spontaneous nucleation temperature for liquid sod1um
at atmospheric pressure. Even if the coolant temperature was to rise to..
its boi]ing‘point ot ~ 900°C, the calculated interface temperature would
still be less than the spontaneous nucleation temperature [On Figure
£.1, two sets of temperatures are given for the critical temperatures
~ and spontaneous nucleation temperatures (1,7).  This discrepancy reflects
the present uncerta1nty of the exact values for these sod1um propert1es ] o

On the other hand, it appears possible that the interface tempera- -
tures calculated for the advanced fuel, UN, can reach theISpontaneous
: nucleation limit for the norma1 sodium. operat1ng temperatures of the
reactor systems ment1oned On the other hand the interface temperatures
calculated for UC and Na are not as high as those for UN.and Na. However,
jt is possible that the UC-Na interface tempeératures can be considerably
. above those shown in Figure F.1. This is possible because UC has a much

larger temperature‘difference between its melting point and its boiling
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point than either U0, or UN (see Appendix D). Therefore, the initial tem-
perature of UC can be considerably higher than UN or U0 even though its
melting temperature is below the melting temperature of the other fuels.

The attention that has been paid toward whether or not the inter-
face temperature exceeds the spontaneous nucleation temperature concerns
the possibility of energetic vapor explosions. It is generally believed
(8) that one requirement for energetic vapor explosions is that the tem-
perature of the sodium be above the spontaneous.nucleation temperature.

A comparison of the present interface calculations with those of Cronen-
berg (4) is presented in Figures F.2 and F.3 for the liquid-liquid and the
solid-liquid fuel-coolant interface temperatures. In general, the present
calculations provide somewhat higher interface temperatures for the solid-
liquid interface temperatures because no account was originally taken for
the melting temperature being actually relative to the coolant temperature

or the change in UQ, density from a liquid to a solid state.

F.4 Derivation of Fuel-Coolant Temperature Distribution

Figure F.4 represents a graphical picture of the temperature distri-
bution of the fuel-coolant interface region for such a geometry. For
this derivation, direct contact has been assumed. The subscripts 0,1, and
2 apply to the coolant, solidified fuel, and the liquid fuel, respectively.
Properties that apply to these regions will have the same subscripts.

For this case of linear heat flow, the following heat conduction
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_equations must be satisfied within each region:

for x'< 0 .:

we | 00 3 .
for 0<x<X: il SR N ) § W ;. . (F-5)

for x> X : 

The two internal boundaries have the following boundary conditions:

(1)

(2)

2T, . 1 AT L
ax2 . 2 |

x=0; Th=Ts 3 " (F-6)
aT 3T -
ko 4 - = k1 —L . . : (F"7)
M |x=0 X |x=0" '

These conditions state that (with negligible contact resis-

* tance) the interface temperature is the same in both regions -

and that the heat flow across the interface must be the same

bn bofh~sides of the interface.

x=X3 Ti=Ts =Ty (F-8)
o, ot aT dx

k1 = - kz — = L01 - . (F-g)

.ax x=X X |y=x dt ,

These boundary conditions indicate that at the solidifying

front; the temperéture in both phases is equal to the melting

temperature, and that when the solidification surface moves a
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FIGURE F.4 Fuel-Coolant Temperature Distribution

|

| NOMENCLATURE

T, - initial temperature of hot fuel

TC - initial tgmperature of cold sodium

| TI - interface temperature

‘ TM - melting point of fuel ,

| 'V - relative initial temnerature of fuel E'TH - TC
TM'— rg1ative melting temperature = TM - TC
TI'— relative interface temperature = TI - TC-
X - position of solidification front
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distance dx , the heat of fusion (Lp, dx) is liberated (cal/cm?) .
and must be removed by conduction. '

The only other boundary conditions that must be satisfied are those

at x = e , namely,

x
(1}
P
8
—
o
!

=0 (t =0)- -UJM

XEwe  T=Vo 0 (£B0) L ()
The initial conditions for this problem are

0 ‘at t=0 T (Fa12)

X<0; To
x>0; To=Ti=V at t=0 . © (F-13)

It has been shown that (9) the error function is a solution to the
equations (F-5). Applying this solution to the problem provides general

temperature solutions for all three regions:

To = A‘(1.+ erf —X ) L (F14)

T, = B + Cerf—2 . (F-15)
2va1t '

To = V - D erfc —= : - (F-16)
2va2t

Equations (F-14), (F-15), and (F-16) can be shown to be adequate
forms that cén satisfy'the boundary conditions. For example, the boundary.

conditions for region O are such that as x"->'-°° s To = 0 . Putting -




. or

s

X %--é into Eq. (F-14) we find that T, does'ih fact geAtb iero{ On
the other hand, when -x = 0 , T, approaches a fixed‘VaTue: A . (The
fact that the.fnterface temperature remains fixed with time will, be shown
to be true.) | |

| Assum1ng these forms to be correct, the constants can be determined |
by ut11121ng the necessary 1nterna1 boundary cond1t1ons. P]ugg1ng Egs.
"(F 14): and (F 15) 1nto one ‘of the boundary cond1t1ons at the fue]-coo]antf"

1nterface, represented by Eq. (F 6), we find

A(1_+ erf 0) = B+ Cerf0

A=B . . O (F1T)

Plugging these equations with the above result into Eq. (F-7) produces

) ‘ X
ko ==~ |A (1 + erf ) = k; <A + C erf )
ax[ z/&;‘f] =0 x 2/'— =0
> koA 5%<erf X ) = k,cé%'(erf‘ X )
2voet : _ 2voat

f(x/2 oot 2 »
Koh 2 & -

M 2/aot

which reduces to:
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koA o ki€ -

Yao  ar
-or . ' ' : .
koA/or = KiCoo . o (F-18)

Using this result in Eq. (F-15), we get

o= (klyﬁ§7 + epf —X .) - o ‘(F;]g);fi
7 A\kovor 2/t : o I

and from Eq. (F-14),

To = kivao C (1 + erf

. (F-20
kovay )  ‘ ‘ ( )

ZVaot
To determine the other constants, the boundary conditions at the moving
"solid-liquid fuel interface are applied. Using Eqs. (F-f9) and (F-16)

in Eq. (F-8) produces

+

c'(EA:EEi + erf X )' =V - D erfc‘,fx. = TM;f .» (F=21): :f :
NAkear - 2/0t : RACTI .

We can see that this equation represents a constant value of the tempera-
ture at the 1iquid-solid interface, Ty' . For this to hold in the above

equation, X must be proportional to t!E » that is,

X = 2x Vgt s E o (F=22)
ol " where A is a numerical constant to be determined from the remaining.

boundary condition represented by Eq. (F-9). Before Qetermining A, the
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‘cdnstanfs.c and D cén be so]ved_for'in terms of A and TMf from Eq.
(F-21):

TM’ (kom)

C = , S (F23)
. kxv/&—;"' kov/(-l_l_ erf A A

vV - TM

D ' L
- erfc (Woir/az)
Using now Eqs.A(F-19)'and (F-16) in Eq. (F-9) to solve for X , we
get, at x=X, '

2[5 er ]| - (v - i)
koyf&? 2va, t

x=X ‘ . Zv'azt

x=X

= Lo, -5% (23/art)

This’reduces to

2 ”'h(X/Z out:2 y ' 2 - (X/2/azt)?
kjC— e . . - kD— e . .
/‘F ) 2voat v/‘l-T- 2v0at
= Lp1 A(Vo,/t)
2 -2*(a1/az) Y
k,C e A - koD e (g_:) = Lplxal/"? . (F'25)

Substituting the results of Eqs. (F-23) and (F-24), we get -



Eal

ki

TokeaD) e (Ve Ty ) -v(a,/az)
M Ko T U M . ("‘J
kYoo + kovap erf X. erfc(Na;?czz) 02/,

= Lp;ka;/? . (F-26)

~ Dividing Eq. (F-26) by ki and T,' and reducing«gives

ey - r-lz(allaz) L
(kov/(.;;) -e A , ko V- TM' . e . o’ax/dz'

ki/oo + kovar erf A ki ™ / B erfc (\ai/o2)
A& (F-27)
ClTM' ,

As we can see, the constant X . from Eq. (F-22) can be found from the

above equation. Th1s completes the determination of all the constants.
Substituting the results of Eqs. (F-23) and (F-24) for the numemca]

constants C and D into Eqgs. (F-14), (F-15), and (F-16), we get for the

temper‘éture distributions in all three zones:

' - T '(ko (031
To = "“E . : M ‘ . (1 + erf )
ko/&-; klv/(;(-)- + ko/&? erf A 2vaet
kivoo Ty' '
= : (1 + erf ) ' (F-28)
. kl/&: + ko/&? erf A 2vaet
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T '(ko/ou') ‘ - .
Tl = M - (.kl_‘/&.;. + erf X ) .
» kl/a—o- + 'ko/&T‘eY‘f A kov/&-l- : 2va1t )
T, o o
= __M_ : (kpfcﬁ + kova; erf == ) - (F-29)
: ~k1fa_; + ko/oT{'-erf A 4 . 2»’»(;111 ' "
R T WAE L
T, = V - : M erfc -2 P B - (F-30) -

v erfc' ()\Vax/0.2> 2voat

These results agree with those published elsewhere (9). For the calcula-
tion of interface temperature presented earlier -in this appendix, the

fuel is taken to 'be initially at its melting point, or
- ’ : -

This has the effect of simplifying Eq. (F-27) to

. 22 - :
kivoe + kov/ar erf A CiTy' ’ |
or to the form used in (2) of
€Ty, . |
Moo e),‘ (M-"- + erf A) . (F-33)
L/ kovay

The relative interface temperature can be computed using either Eq. (F-28)

or (F-29) at x = 0 -to be
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o TM'kﬂ/a—o- : - .
T, = . . (F-34)
; klm + ko/a_f erf A .

In terms of TH and TC' , the absolute interface temperéture is there- -

fore
C Ty(kavae) 4 T.(kevar) erf A o
L L —~— -t . (F-38) -
S kivbe + kevoperfd S

By dividing the numerator and the -denomiﬁator’ by vaoea; , this is con-
verted again to the form used in this appendix for the inferface temperé-‘
. ture: _ :
'TM(kxl/OT) + Tc(ko/m) erf A

T - , . - (F-36)
: ki/Voy + ko//&T erf A :
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APPENDIX G:
TABULATION OF FCI COMPUTER CASES OF ANL MODEL

: Reactor Fuel Heat . gp.  Expansion Work
Run System Mass - Transfer m . f at Slug Impact
© No. ~ (Fuel) (kqg) W - Cutoff  (msec) (um) (MW-sec)
1 -FFTF (U0,) ~ 1250 6.38  No 10 07 104
2 " FFTF (U0z) - 1250 6.38 = No - 10 1000 . - 38
3 FFTF (U0,) 1250 6.38 -No - 0.1 585 . .69
4 FFTF (W0.) 1250 6.38  No 0.1 1000 47
5 FFTF (U02) 1250 6.38 . No 5 N7 105
6 FFTF-(U02) 1250 6.38 . No 5 . 585 61
7 FFTF (U0,) 1250 6.38 No 5 1000 42
. 8 FFTF (U0,) 1250 6.38 Mo 25 117 100
9 FFTF (W0z) 1250 6.8  No 25 234 " (Near ritical
. 10 FFTF (U02) 1250 6.38  No 25 585 47
1 FFTF (U0,) 1250 '6.38 No 40 17 o4
12 FFTF.(U02) 1250 6.38  No 40 585 4
13 FFTF (U02) 1250 6.38 No 40 - 585 4
14 FFTF (U02) 1250 6.38  No 60 585 36
15 FFTE (W0,) ~ 1250 '6.38. No 60 M7 . 8. .
16 FFTF (U02) 1250 6.38 . Yes ' M7 109
17 FFTF (L0,) 1250 6.38 Yes . 1 585 23
18 FFTF (UO0;) 1250 6.38  Yes 20 nz 18
19 FFTF (U0,) 1250 6.38  Yes 20 23.4 (Neggiﬁ;;tica‘
20 - FFTF (U02) 1250 6.38 Yes - 20 40 85
21 - FFTF (U0,) - 1250 6.38 Yes - 40 50 38
22" FFTF (UO2) 1250 6.38  Yes 40 30 76
23 FFTF (U02) 3000 11 Yes 20 64 101
.24  FFTF (UO2) 300 10  Yes . 5 64 73
® 25  FFTF (U02) 300 10 Yes 3 R 90

Continued
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Reactor Fuel l Heat £ R Expansion Work
A Run . System- Mass Transfer m f at Slug Impact
. No. (Fuel) (kg) W  Cutoff (msec)  (um) (MW-sec)
2 FFTF (W0;) 300 1.5 Yes 10 64 41
27 FFTF(U0z) ~ 300 11.5 Yes 15 64 . 33
.8 FFTF {(U0,). 300 1.5~ Yes 10 64 109%* ,
29 FFTF (W0p) 3000 11 " Yes 20 64 (Near Critical Point)
30 FFTF.(U0y) . 600 M. Yes o 1 - 64 (Near Critical Point) . ..
4',_31A».FFTF;(U02) 2000 12 Yes = 40 64 41 . L
g0 FFTF (V0;) 1250 11 0 Yes 40 64 B
33 . FETF (U0z) 1250 11 Yes - 30 64 44
“34  FFTF (U0,) 2000 .12 Yes 50 64 37
35 CRBR-(UOp) 7000 13 Yes 50 64 126
36 CRBR (L0y) 5000 12 - Yes 50 64 101
37 CRBR (U0z) ~ 3000 12 Yes 40 64 93 ' -
38 CRBR (U02) 7000 13 Yes . 90 64 61
39 CRBR (U0p) 5000 12 Yes = 80 . 64 57 L
40 CRBR (U0z) 3000 12 Yes 70 64 53
a1  CRBR (U0z) 1000 M Yes - 30 64 58
42 CRBR (U0z) 1000 1 Yes 20 66 76
43 FFTF(U02) 3000 11.5 - Yes 60 64 34
w4 FFTF (L0p) 3000 11.5  Yes . 50 64 43
45 FFTF (U02) 3000 10 Yes 50 64 37
46 FFTF (L02) 3000 13 Yes 50 64 48
47 CRBR (U0;) - 7000 12 Yes 70 64 80
48 CRBR (UD,) 7000 12 Yes 80 64 66
49  CRBR (UC) 5000 12 . VYes 160 64 147 |
50 CRBR (UC) 5000 13.5 Yes 160 64 155. |
51 CRBR (UC) 5000 10 Yes 160 64 135 '
52 CRBR (UC) 7000 15 Yes 360 64 154
53 CRBR (UC) 7000 15 Yes 450 . 64 123 N

54 CRBR (UC) 7000 15 Yes 600 64 88

Continued
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CRBR (U0,)

Fuel

7000

12
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88

. . Reactor  Heat t R
Run - System Mass * Transfer. m f
No. ‘(Fue]) (kg) W Cutoff  (msec) (um)
55 CRBR (UC) 4000 15 Yes 400 64
.56 . CRBR (UC) 4000 15 -  Yes 450 64 .
57 CRBR (UC) 1000 15 Yes 50 64
58 CRBR (UC) 1000 15 Yes. 300 64 -
.59 “~CRBR (UC) 1000 15 - Yes . 150 64 .
.60 CRBR (UC) 2000 ~ 15 ° Yes 300 64
61 CRBR (UC) 2000 . 15 Yes 360 - 64
62  CRBR (U02) 7000 . 12 Yes 80 58
63 CRBR (U0z) 7000 .. 12 Yes 80 70
64 CRBR (U0,) 7000 ™12 Yes 80 64
65 CRBR (U0,) 7000 . 12 Yes 80 - 64
66 CRBR (U0z) 7000 ..12 Yes 80 64
67 CRBR (U0;) 7000.7:712 |  Yes - 80 64
68 CRBR (U0,) 7000™.10.8  VYes . - 80 64
69 CRBR (U0p) 7000 .13.2  Yes 80 . 64
70 CRBR (UO;) 7000 12 Yes 72 64 " .
71 Yes .64 -

~at Slug Impact

VA***(Unstab1g) -

85 (T, = 4400°K)

*Run terminated because equation of state near
~critical point of 'sodium is not accurate -

**Fuel Temperature = 5000°K (A1l other UQ2 runs are
©at Tf = 4000°K; UC runs are at Tf = 5000°K)

~ ***Code is unstable at this small value of UC fuel mass

" 840°F (FFTF)

Note: Na‘Temp
' 808°F (CRBR)

unless otherwise noted

Na Temp

Expansion Work

(MH-sec)

103 -
92
***(Unstable). - ‘
***(Unstable) - L

87 S
75 :
82
53
49 (T, =" 3600°K)

58 (Ty, = 727°K)
75 (Ty, = 889°K)
52
81
77
. 57




