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MIXING REQUIREMENTS FOR THE LIMITING FUEL-COOLANT

INTERACTIONS IN LIQUID METAL FAST BREEDER REACTORS

ABSTRACT

An  estimation  of the mixing requi rements   for the limiting  fuel -
coolant interactions in two specific liquid metal cooled fast reactors,
the Fast Flux Test Facility (FFTF) and the Clinch River Breeder Reactor
(CRBR),  has been undertaken. The mixing requi rements 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 low
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 limit the fuel-

coolant mixing rates.  Additionally, the limiting 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 limiting values.  Thus, this mechanism was shown to be limiting for

the particular accident sequence investigated.

I
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1.  INTRODUCTION

During the course  of a hypotheti cal core disruptive accident   (.HCDA)

in a liquid metal fast breeder reactor (LMFBR), some fraction of the fuel

will melt, mix, and may interact with the sodium coolant.  This is known

as a fuel-coolant interaction (FCI).  Whether or not this interaction will

be energetic enough to cause significant damage to the primary contain-

ment boundary will depend upon how rapidly the fuel's thermal energy can

be converted te mechanical work energy.  The large number of uncertainties

involved makes the prediction of the actual energy transfer difficult.

These uncertainties, however, can be divided into two groups (1).

The first group concernk the initial conditions at the time of con-
1

tact between the molten fuel and sodium.  This includes the amount of

interacting fuel.-and  sodium, the physical states  of  the  fuel and sodium,

and their mode of mixing. The second group involves the inherent mecha-

nisms of heat transfer and interdispersion of the fuel and sodium.  The

first group, in general, will determine what mechanisms are operative and

therefore will affect the possible consequences.  Because of the safety

implications of such uncertainties in LMFBR designs, much attention has

been   directed   towa rds resolving both groups of uncertainties.

The initial 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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relationships.  The first step to this approach is the choice of those

initiating events and/or range of events that are to be analyzed.  A

postulated failure of the plant protection systems (PPS) designed to

protect the plant from any off-normal conditions is assumed to occur

simultaneously with the proposed initiating events.  The two types of

HCDAs that are currently evaluated for the design assessment of LMFBRs

are the Transient Overpower Accident (TOP) and the Loss of Flow Accident

(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· .*,

have been developed to predict the experimental results of reactor mater-

ials.  Such models include fragmentation models (3), heat transfer models,

and in recent cases, overall models that attempt to dynamically character-

ize the overall heat transfer and mixing of the fuel and sodium.  Atthis

time, however, no single model is capable of predicting the entire range

of experimental results. Therefore, in the design assessment of LMFBR

containment capabilities,.qualitative arguments have been used to assess

the possibility of occurrence for a large scale coherent FCI.  In the

case of the UO2-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.  Examples of Vapor Explosions

Related Areas
 

Hot   Fl ui d Col d  Fl ui d

Nuclear

SPERT-1, SL-1, BORAX-1 Al umi num Water

Non-Nuclear

Foundry Industry Steel Water

Aluminum Industry
-

Aluminum Water

Kraft Paper Industry Smelt (Na2C03 and Water

Na25)

LNG Industry Water LNG
.

Submarine Explosion-
Volcanic (Krakatoa,:etc.) Lava Water

1
h
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oxide fuel and' sodium are sufficiently slow that they are not of concern

in damage evaluation but are still of interest in describing accident

behavior  (4). How .rapid these mechanisms  must  be is important in assess-

ing the energeti·cs of FCIs under different initial conditions and modes

of mixing.

With this.in mind, work was undertaken to establish the fragmentation

and mixing requirements for limiting case FCIs. in the small-sized oxide

fuel ed  f.ast  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 possible mechanisms were investigated

regarding their ability to limit the actual mixing- rates of an FCI in
-

oxide fueled fast reactors.  For instance, in the Transient Overpower

Accident  in  the- FFTF, fuel release rates derived  from the mechanistic

analysis of the TOP accident are shown to limit the energetics of a TOP

induced FCI.  Other mechanisms that were investigated are the energy re-

quirements for large-scale mixing of U02 fragments in sodium, and the

solidification of the, fuel following fuel release into the sodium coolant.

.1

«
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2.  OVERALL APPROACH

To describe more completely the method used in determining the mix-
\

ing requirements for limiting cases of energetic FCIs, three items need

clarification: the definition and characterization of a limiting case FCI;

the description of the calculational tool tbat is employed including its

major assurnptions; and how the above two items are combined to yield the

mixing requirements  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-

bility for the reactor system.   Specifically,  the integrity of the reactor

cooling system should not be breached due to the mechanical ]oadings on

the vessel structures as a result of.the work potential at slug impact

from the limiting FCI.

To describe completely the damage potential of an HCDA in which sub-

stantial vapor pressures are generated, a detailed determination of the

dynamic response of the primary system is required.  This is a complex

problem. Calculations must include not only the response of the contain-

ment structures but also the propagation of shock waves, interaction of
I ,

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

to the core, and the damage produced by these loads (5).
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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, it first deforms the core surrounding 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-

ing,   in the upward direction, the liquid   sodi um slug above   the   core.

Once the sodil m  Slug has moved through  the  free  volume.of the cover  gas,

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

and the upper vessel wall.  Depending on the exerted force, the head hold
-

down bolts and upper vessel wall may subsequently be deformed plastically.

Finally, the system regains dynamic equilibrium.  As can be seen, an accu- .

rate description of these events and the different damage mechanisms is

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

REXCO-HEP, devel oped at Argonne National Laboratory,   is  used (5). Because

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

determining the damage potential of an FCI resulting from a hypothetical

core meltdown is used here.

There are two simple ways to describe the energetics of an FCI.  The

most frequently used method uses the expansion work of the heated coolant

in the mixing zone calculated for an expansion down to 1 atm.  The other

method utilizes the expansion work calculated for an expansion up to the

time of slug impact.

1                  Of the various damage mechanisms mentioned above, the sodium slug
j

*1

impact on the reactor head provides the most serious threat to the primary



-15-

containment and has the most influence on containment design (6).  For

example, the HCDA analysis using the REXCO-HEP Computer model predicts

that incipient failure of certain reactor seals may result from slug

impact (7,8). Therefore, the second method of describing an FCI is used.

Consequently, the upper  1 imit  to the vapor .expansion  work  at  sl ug impact  

was employed to describe the containment capabilities of the FFTF and

the  CRBR.     The  val ues  used  in this analysis  were 40 MW-sec  and 70 MW-sec

for the FFTF and the CRBR, respectively  (9,10).

2.2  Calculation of Work tbtential

*'                  The calculation of the work potential at slug impact of an FCI is

accomplished with the ANL parametric FCI computer model (11-13).  This

model comprehensively treats many of the various rate limiting processes.

These include the fragmentation and mixing of the molten fuel and coolant

in a mixing zone, heat transfer from the fuel to the coolant and the

expansion of the heated coolant against the system constraints. Input

variables generally define the two groups of uncertainties mentioned

earlier.

One group of input variables describes the initial conditions of

the fuel and coolant.  The second group of variables describes the in-

herent mechanisms of heat transfer and interdispersion of the fuel and
*:

coolant. In particular, two input variables, the final fuel particle

4            size and the mixing time constant, are used to describe the extent and

1.
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rate of the fragmehtation 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 dynami.c properties  of the coolant slug above·  the  core,

the position. and velocity of the slug with time.  The expansion work

potential at slug impact is determined by allowing the sodium slug to

move through a distance equal to the height of the cover gas region.  At

thes point.of impact, the corresponding, output. va,lue: of· the expansion work
N                                                                      *

is determined directly from code output values.

The cover gas regions in the FFTF and the CRBR are different sizes

even.though the. reactor vessels of each have approximately the same radial          -

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

which is equivalent 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 dividing the cover gas volume in the CRBR vessel by the cross-sectional

area of the vessel.

2.3  Mixing Requirements

The mixing requi rements  of the molten  fuel   and  cool ant that produce

limiting work potential weredetermined by iterative calculations.  This

was performed by choosing mixing time constants (code input) that produce

expansion  work  val ues which equal the limiting values  for the structural

integrity.  If, for instance, the result of an interaction was a value i.
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higher than the limiting value, a larger mixing time constant would be

chosen and another case would be calculated.  This would indicate that

the mixing occurred over a longer period of time thus reducing the rate

of energy transfer and the subsequent pressurization.  When two values

for the work potential are obtained which bound the work potential, a

graphical interpolation of the assumed mixing time constants is used to

determine the time constant associated with the limiting value for the

work potential.

This procedure was empl.oyed for a range of ihitial conditions.  From

this, a locus of points is established that represents the mi'king' require-

ments for the limiting.work potential .as a function of the mass of fuel

participating in the interaction.-
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3.  LIMITING MIXING REQUIREMENTS

3.1  Conservative Model Inputs

To limit the number of parametric cases that could have been' calcu-

lated, certain input parameters were chosen such-that they would provide·

conservative results in calculating· the work potentials.   A list of these

conserv tive. in.put parameters· can be. foundfint· Tatile 2..

The fuel temperatures were chosen to be close to the boiling points

of the fuels· at atmospheric pressures. These unusually high values are

also a result of accounting for the latent heat of the -fuel.   In the ANL

parametric model, solidification was not assumed; therefore, the latent -

heat of fusion was accounted' for by adding an' equivalent amount of sensible

heat to the fuel.  This had the result of raising the fuel temperature by

approximately 560°C (12).                               
       ,

The sodium temperatures for the different reactor systems regardless

of the fuel type were taken to be the upper limit to the normal operating

sodium temperatures of the particular system, namely 840°K and 808°K for

the FFTF and the CRBR.

The fuel/sodium mass ratios were chosen depending upon the fuel type.

For this analysis, it was determined that fuel/sodium mass ratios do not

show an optimum value 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.  List of Conservative
Model Input Parameters

Fuel (U,PU)02 (U,PU)Q2 UC

Reactor System FFTF CRBR · CRBR

Fuel. Temperature (°K) 4000 4000 5000

Sodium Temperature (°K) 840 808 808

Fuel/Sodium Mass Ratio 11-13 11-13       15

Final Fuel Particle Radius (um)       64         64        64

.
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showing that increasing the mass ratio provided increased work poten-

tials. These results are shown in Figure 1. Therefore, the fuel mass/

sodium mass ratios in the reactor core were used as the upper limits.  The

UC value for the mass ratio was assumed to be higher due to the increased

density of the UC fuel as compared with U02 •

The final fuel ·particle size was primarily based on a U02 particle

size distribution.,that had been determined to be the finest particle size

distribution.found in the U.S. and Japanese·.expariments (14). Figure 2
.

shows the different distri butions  and  the  solid  line  of the log-normal

particle distribution that was fitted to the data to represent 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 Sauter mean radius and can be calculated using the following form:

1

R"              1    '             .                                                 
  (1)

i      1

where  Yi  represents the mass fraction of particles having a diameter

Di .  The resulting. value for the mean is 64 um. (Appendix C).  This n·umber

was used throughout the analysis to represent the smallest particle size

for U02 that would be expected.

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 .   1

study (15) predict smaller particle sizes for UC than for U02 .  However,

1/

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

The oxide results for the limiting mixing requirements for the FFTF

and CRBR are presented in Figures 3 and 4.  The different mixing require-

ments obtained for the CRBR and FFTF reflect two major differences bet-

ween the two systems, the sodium slug height and the cover gas region

size. The dashed  1 ines in both 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 differences in the heat transfer rate.  The particular heat

transfer model used in the ANL parametric model uses the following defi-

nitions for the heat transfer rate:

      =       hA (Tf   -   Tc)                                                                           (2)dt

where the heat transfer coefficient is defined as

kf      kh     + Rf .           (3)
'4iaft

The main differences between the carbide and oxide fuels that produce

the differing results are the differences in the thermal conductivities
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and initial fuel temperatures.  The carbide fuel has a thermal conducti-

vity of 0.053 cal/sec-cm°C, ten times that of U02 .  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 UO2•
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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   mi·xi. ng rates   that are possible in LMFBR  sys tems. 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

detenmine approximate values for the fuel release rates.
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4.2  FCI Energy Requirements

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

ANL parametric model, it is assumed that the mixing zone consists of

finely fragmented fuel particles spread homogeneously through the liquid

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

meters of the fuel particle size and the mixing time constant.  These

input parameters, however, do not present a model for the mixi
ng.  To

investigate the mixing requi rements,  Cho   (16,17)  has  made an order  of

magnitude estimate of the energy required to break up and disper-se the  

fuel   particles  in a finite  vol ume 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(4wRf2)of    '             (4)

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

VN f    (5)
437TRf,

Using this in Eq. (4), we get

3Vf                           (6)Surface Area
Rf-- Cf

4
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The kinetic energy can be calculated with

Ki netic Energy    =    N    1rpfRfa    Pf .  -    = v PfuM2
f 2 ,    --           (7)

where     uM     is the mixing velocity.     The fri ctional dissipation energy

can be calculated by

  PNauM2 iFrictional Dissipation = N<CD  2   TrR2LM  '         (8)

where  CD  is the drag coefficient and  LM  is the characteristic length

of the mixing zone.. Assuming the drag coefficient to be equal to one,

the result is:

Frictional Dissipation ''(8 'Na.M,) Ii'[ .    (9)

This can be further. 'reduced to an equation in ter'ms of  Vf   and   tm '

the mixing time  (Note: not to be confused with the mixing time constant

T ) if the following substitutions are made for  LM  and  uM :

L      V 1/3 (10)
M      f

uM          Vf1' 3/tm (11):

The final result is

V 2
3 Pc'f

Frictional Dissipation (12)
8 t 2R

m

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 tenns.

"    Two cases were investigated for the mixing energy.  The first case

is that of a one-step mixing energy,

1,  2

3  Pcvf
(E.) (13)
m one-step = 8 t 2Rm  f

The second case assumes progressive breakup and intermixing of fuel

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

':1.3  -,
  .   '2,

(EM)progressive,min 1.81
Pcvf

t 2
1    -L 1

Vf1/3 

(14)
4

Vfx En -
Rf

where the above equation represents a minimum for a particular number of

steps, n .

In an illustrative calculation (16), Cho assumed that 1% of the foel's

thermal energy corresponding to a 3000°C temperature difference was used

to  determine the mixing  vol ume. Assuming a mixing time constant  of  1  msec,

the result using Eq. (14) was a 950 cms mixing volume, small compared to

the necessary mixing volumes required in a large-scale HCDA.  This method

was applied to the results of Section 3 for the FFTF. The limiting mixing

time constants with their respective fuel masses were used in Eq. (14) to

determine the mixing energy.  This was then compared to the total thermal

energy in the fuel to assess how likely it was that this energy could be

i



TABLE 3. Mixing ,Energy Requirements fof LiMiting
Mixing Time Constants ih the'FFTF

M         V          *r         tm       R                   ***Ef         f           m                  f       (EM p          T        Percent

(kg) (105  cm3)        (msec) (msec) (um) (cal ) (cal ) Fraction

500 0.51         25      .115       64      191 x 102 1.9 x 108 1.0 X 10-4

1000 1.0          34       157       64      315 x 104   3.8 x 108    0.8 x 10-4

2000 2.0          47       216       64      527 x 104 7.6 x 108    0.7 x 10-4

3000 3.1          51       235      64     925 x 104  11.
5 x 100    0.8 x 10-4             7

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

**From   Eq.    (14)

***ET  =MC AT (where Cf A T is the equivalent energy content per unit mass fran molten
ff fuel temperatures through solidification to the reference sodium temperature)

r

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

rectly, the mixing time constants, Tm ' should be translated to the mixing

time, tm .  This is accomplished by taking  tm  to.be the time at which

99% of the fragmentation and mixing has taken,place.  Using the exponen-

tial form with the above assumption, the surface area ratio is

A -tm/Tm
(15)-  =1-e w

0.99
A0

The relationship between  tm  and  Tm  can .then be described by          
'

..'

tm/Tm  =
4.605 (16)

Using the FFTF limiting mixing time constants., translations were

made for the specific cases calculated as indicated in Table 3.  
The

resul ts in Table 3 indicate  that the mixing energy requirements  for  the

four cases investigated are very small.  This conclusion differs so
me-

what from Cho's, primarily due to the difference between the mixing

times chosen. In effect, Cho used a mixing time of 1 msec for illustra-

tive purposes only. The mixing times used in our analysis were based on·

the limiting mixing time constants of Section 3 without specifying a

particular mixing mechanism.  For our case, if the energy requirements

had been substantial, this would effectively move the curves in Figs. 3    
         ;

and 4 to the right.  In essence, larger fuel masses would have to be pos-

tulated to give the same expansion work potential because some po
rtion of

t ,

the energy in the original fuel mass would be used to mix the 
fuel and

coolant rather than to simply heat the sodium coolant.
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4.3  Solidification Limited Fragmentation M
odel

\

The solidification of molten fuel (outside t
he cladding) during an

4

HCDA is an important consideration for the s
afety analyses in LMFBRs.

It can affect not only the accident sequence
 but the overall consequences

of an accident.  In a macroscopic sense, it 
can affect how rapidly

reactor shutdown is accomplished following a ·release   of  mol ten   fuel.      For

example, fast reactor shutdown is facilitat
ed during a TOP accident by a

sweepout of .the fuel  material, ·into the upper ·plenum region  (18).   If, on

the other hand, molten fuel solidifies close
 to the release area, it is

possible that there will be a net positive r
eactivity insertion until

some other mechanism can shut down the react
or, such as the disassembly

and dispersion of the core materials.  In a
 microscopic sense, solidifi-

cation is an important consideration regardi
ng proposed fuel fragmentation

mechanisms (19).  The physical state of the 
fuel surface within the break-

up period is important to the analysis of the fragmentation mechanics.

Solidification, itself, has been·demonstrated analytically to be a plaus-

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

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

duced fracture mechanism.

Solidification rates of fuel are analyzed to
 determine what possible

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

course, the results of this investigation an
d their applicability is con-

ti ngent  upon the assumption  that  the fuel fragmentation takes  pl ace  as ·a . 1

result of the proposed thermal stress mechan
ism and the particular model.

--1
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In short, this model for the thermal stress mechanism requires that only

the solidified fuel will fragment.  In essence, molten fuel cannot frag-

meht significantly before   sol i.di fying. Therefore, the solidification

rate will bound the. fragmentation rate. This model is acceptable for

the U02-Na system or the UC/UN-Na systems in which solidification will

begin immediately (< 1 msec) upon contact with the liquid sodium (22).

To  provide what would be considered the limiting  val ues for the

solidification rates and subsequent fragmentation rates, a fixed inter-

face temperature boundary condition is used.  Previous analyses (23)

have shown that this boundary condition provides the fastest solidifica-

tion rate when compared with other modes of heat transfer.  A spherical

geometry was assumed for these calculations.

To determine the progress of the solidification front within the

mol ten 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

3 T(r,t)  4.  2 3T.(r,t) 1  3T(r,t) (17)
3r2

r ar a Dt

The spherical fuel droplet is assumed to be initially at its melting

temperature

T(r,0)  =  TM
' (1.8),

'               At the solidifying front, there are two conditions that must be met:
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k at(r,t) I         da                  (19)
ar      Ir.9

= PL dt

and

T(a,t)     T                              (20)M    o

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

temperature at the original fuel-sodium interface,

T(R,t)     T                             (21)I     o

Unlike the derivation of the temperature distribution in slab geometry,

the non-linearity of Eq. (19) presents a problem in solving the above'

formul ation exactl.y. For spherical geometry,  only a limited number  of
.

analytic solutions are available (19).  Of these, the Adam's solution

was used in this analysis.  This method of solution was developed by

transforming the partial differential boundary value problem into an

integral equation  and  solving by successive approximations-(19).     With

this method, the freezing rate can be determined by:

da  _  20(P(TM - TI)
af

L« <1 .  a z     '              
     (22)

where

RC

z       1- +   1 +  4 --12 (T   - T  )  BS   .                    (23)3 a L     M     I J

The above form for da/dt  can be integrated directly to gi9e the position

of the solidification frontwith time.
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Two general solidification modes were considered in these calcula-

tions; the solidification of a molten sphere assuming the droplet geometry

remains intact and the solidification of a-molten sphere assuming fuel

particle breakoff. The second mode is perhaps more realistic in that it

represents a molten droplet that is successively solidifying with the

intermittent fragmentation and/or shedding of a frozen shell  of fuel.   A

graphical representation of the second mode is shown in Figure 7.  T
his

calculation assumes that once a certain solidified shell thickness is

achieved (i.e., thick enough to fragment), the initial interface temper-

ature is re-established on the smaller molten sphere.  No delay time is
1

assumed for re-establishing the interface temperature.  The progressive

solidifying and fragmenting of the molten sphere will provide the fastest

*                                rate  at  which  the entire sphere can fragment  wi th the proposed model .

From these solidification rates, approximate mixing time constants were

established that could be used to relate the solidification or fragmenta-

tion rate to the results for the limiting mixing requirements as developed

with the ANL parametric FCI model.

The mixing time constants were determined by comparing two curves.

The first curve is that of the surface area generated with time, A ,

divided by the final surface area, Ao .  This surface area pertains to

the surface area that would be exposed as the spherical droplet solidi-

fies and fragments.  The second curve represents an exponential approxi-

mation of the first curve.  The form for the exponential curve is
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-(t/Tm A
lro     1-  e                     

       (24)

where ' rm  is the mixing time constant. This equation is identical to

that used in the parametric model. Therefore, if a mixing time constant

can be chosen suitably to approximate the actual curve, 'rm  can be com-

pared to the results for limiting mixing requirements. Figure 8 is an

example 6f the two curves, the expected ratio of the surface a
rea gener-

ated to the final surface area and the exponential approximation, for

the case of particle breakoff.

For simplicity, the mixing time constants were chosen such t
hat the

values of the approximation and the actual curve would be equal wh
en  A/Ao

equals 0.632 .  Comparing the two curves on Figure 8, this method appears

to provide an adequate representation for the case of particle b
reakoff.

Two fuels were investigated in this analysis, U02 and UC.  The soli-

dification rates  and the surface area generation for these  fuel s  were

determined for a range of initial fuel droplet sizes.  Figure 9 represen
ts·

the results for U02 . The different interface 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 large effect on the resultant mixing time constants

as compared to the difference between the behavior of an intact versus a
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FIGURE 9. Approximate Mi·xing Time Constants
for U02 Solidification
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FIGURE 10.  Approximate Mixing Time Constants of U02

Solidification for Various Final Particle

Fragmentation Layer Sizes.1000'            lilli
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continuously fragmenting sphere. The solidified shell thickness- in this

figure is assumed to be 128 lim (,i.e·., equal to the·final fuel particle

diameter assumed for the   mixing requi rement  anall(si's)'. The effect  of

choosing·even smaller final fuel particle'·sizes for the. breakoff of the

solidi fied layer can be seen in Figure 10.   In this figure„ a layer break-

off. thickness of 50 um shows expectedly a faster solidification rate and

smaller mixing·time constant. Although this presents.a more conservative

(faster).solidifitation:rate,.the.128' um"size.  sh'oul di bei adequater for' seve-

ral reasons. First  of  all,  th'is fuel particl-e  diameter  was: based'upon  the ·

finest experimental' fuel particle size'dittribution'.   Furthermore,- the

method used in determining this equivalent fuel particle size provides a

smaller value than a simple diameter-volume averageoof the fuel particle
.

size distribution.

In  Figure  11, the mixing time constants. for the'advanced  fuel,  UC,

are' compared' with those  of  U02 . Again, the fuel   it,assumed  to  be· at  its

mel ting temperature. The interface temperatures  for  the UC.Na system  were

calculated based on the inlet sodium temperature. in the CRBR, which' pro-

vides the fastest solidification rate and the smallest mixihg time con-

stants.

Whether or' not these calculations provide  us with any significant

limiting mechanism is dependent upon the results of Section 3. 
 For the

Case Of U02 , 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 choos
ing
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the limiting.mixing time constants for a given fuel mass from Fig. 3 and

then picking the corresponding initial fuel particle radius whose approxi-

mate mixihg time constant was equal to the limiting value from Fig. 9,

assuming  TI = 1070°C with.the particle breakoff mode.  Particle sizes

above the curve in Figure 12 represeht initial fuel particles which have

larger approximate mixing time constants.  Having mixing time constants

larger than the limiting values, the expected work potentials wjll be less

than the 40 MW-sec limit.  Small initial particles sizes will, therefore,

provide work potentials greater than the limiting criteria.  The limiting

effects of the solidification of UC were not investigated further in this

section because its approximate mixing time constants are much smaller than

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 vm

diameter UC fuel particle is only 18 msec.  This implies that much larger

initial particles would have to be postulated to exist for the UC versus

UO2 before this solidification limited fragmentation model could be shown

to limit the work potential to 40 MW-sec.

The results of the U02 solidification and mixing rates are interest-

ing in that they indicate for the proposed mechanism that initial par-

ticle radii of 3000 pm or greater will limit work potentials to less than

the 40 MW-sec limit for the FFTF,.  In the same light, U02 fuel particles

initially at values. greater than 4500 pm will limit the work potential to

values less than the limiting value of 70 MW-sec for the CRBR.
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Although the proposed mechanism cannot conclusively show that FCIs

having work potentials greater than the limiting value for the reactor

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

this proposed model is applicable to the U02-Na system, the results indi-

cate that coarse mixing (Rinitial < 3000 um  for the FFTF and
'

Rinitial <
4500 um for CRBR) of the fuel and coolant must be accomplished before the

fragmentation begins to provide  the  1 imiting mixing time constants  by

this proposed model. Secondly,  that the results  for UC indicate  that

the initial particle size characterizing coarse mixing d6es not restrict

the fuel particle sizes to values as small-as those of U02 for the limit-

ing maximum time constants to be achieved.

4.4  Incoherent Fuel Release Effects

In Section 4.3, approximate mixing time constants were determined

for the solidification limited fragmentation model. In effect, this model

assumes that the final amount of fuel and coolant that will 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 fl uidized state

of two-phase vapor-liquid fuel and steel may form in the core.  On the

other hand, in 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,

3 then, is the initial release of molten fuel into the coolant channels.  In
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this case, fuel release is not instantaneous but is governed by finite

fuel release rates.

-To determine the limiting effects of these fuel release rates, a

method of determining mixing time constants representing these release

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

to any particular TOP case.  For this analysis, the results of the TOP

mechanistic analysis for the FFTF were evaluated (18). The reasoh for

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

rates as given in the Hanford Engineering Development Laboratory (HEDL).

Three base cases were investigated by HEDL;  Beginning of Life Core,

Beginning of Equilibrium Core Cycle, End of Equilibrium 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.  Figures

13 through 15 show the predicted channel failures with time for the three

cases.  Assumed in this analysis was a 50¢/sec initial reactivity inser-

tion rate.  Although a parametric variation of reactivity insertion rates

included reactivity insertion rates as high as $3/sec, the 504/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 because no credit is taken for the negative
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reactivity feedback effects  of fuel ejection and sweepout.

To define the curves in these figures analytically, each channel

failure case was fitted by an equation of the form:

Channel Failures = Max <1 - e-t/Tm   ;
Max  -  maximum number of failed channels;

t  -  time in msec;

Tm -  failure constant (msec).

The maximum number of channel failures was chosen by inspection of the

channel failure 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 shoul d conservati vely bound the channel

failures 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:

(1)  The maximum amount of molten fuel released on. the average from

a failed channel is 10% of the fuel in the fuel pins.  (This

number is derived from HEDL's more detailed analysis of fuel

squirting from the pins.)

(2)  Maximum fuel release (10%) occurs instantaneosly at the time

of channel failure.

(3)  Fragmentation and mixing of the fuel also occurs simultaneously

with channel failure.

f             With these assumptions, the above channel failure equation is transformed

)
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into a molten fuel release equation.  MAX becomes the maximum amount of

fuel rel eased 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

T 160 100 130
m

As before, for the analysis of the solidification limited fragmenta-

-              tion model, the above approximate failure constants can be used to assess

the limiting characteristics of the fuel failure rates. In Figure 16, the

results for the limiting mixing time constants and the fuel failure con-

stants are compared.  As we can see, the failure constants are well above

the  limiting  val ues, thereby indicating  that work potentials are expected

to be less than the 40 MW-sec limit for the FFTF.  Furthermore, if a higher

percentage of fuel was to be released (> 10%) at channel failure, the fuel

failure rate (i.e., equivalent mixing time constant) is still expected to

provide work potential values less than the 40 161-sec limit.

This method was employed in a conservative manner to account for any

uncertainties involved in translating fuel channel failure rates into fuel

rel ease rates. A number of items  were not accounted  for that .would  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.

Additionally, the complete fragmentation and mixin'g of the-fuel and sodium

will probably require some time, which is 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 acci:dent.    In the

HEDL report, these release rated are not generally well defined'.  However
,

the  results  of  the HEDL report indicate that the actual  fuel  releases  at

some point in time are considerably smaller than those calculated by the ·-

conservative method used in this secti'on.

f

f

1
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5.  CONCLUSIONS AND RECOMMENDATIONS

The work that was performed for this report represents a simple esti-

mate of the mixing requirements for a fuel-coolant inter
action that will

provide expansion work potentials at slug impact that ar
e expected to be

..

           limiting (i.e., in terms of containment capability) for the particular

reactor system.  The limiting mixing time constants wer
e determined for a

range  of fuel masses thus providing a means  of eval uating the mixing  re-

quirements for a range of accident severities that lead
 to various core

involvements.  It also provides a means of determining whether a particu-

lar physical mechanism is limiting in the sense that it
 will provide work

potentials less than the limiting containment value.

Three mechanisms were investigated in this work to deter
mine if they

represented limiting mechanisms. The energy requirement calculation for

the mixing of fuel and coolant by the stored thermal energy in the fuel

was not found to be limiting.  The energy required for t
he mixing of the

fuel and coolant based on the limiting mixing time constants was so small

that extremely short mixing time constants would have to be postulated to

make this a limiting mechanism.  The solidification limit
ed fragmentation

calculations can be shown to be limiting if and only if 
one can say what

the initial fuel particle sizes will be before the soli
dification induced

fragmentation takes place.  Unfortunately, at this ti
me it is not possible

-              to do this.  One important conclusion, h
owever, from this work is that the

initial fuel particle sizes for UC fuel that are limiting are considerably
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larger than that for U02 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 U02 cases to provide approxima,te

mixing time constants that will produce work potentials greater than the

limiting values.

The third mechanism that was investigated was the fuel release rates

as determined from the results of the mechanistic analysis of the TOP

accident in the FFTF. This mechanism, unlike the others, was clearly

shown to limit the work potential to values less than the limiting 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.

It is also recommended that if.this method of comparison between a

parametric evaluation of the limiting mixing time constants and the appro
xi-

mate mixing time constants based on physical mechanisms is to be continu
ed,

a more accurate description  of  the  1 imiting constants should 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 believed,

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 inherent
ly
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conservative results for the work potential of an FCI.  The one-dimen-

sional model of constrai nt  with the rigid reactor vessel assumption  is

expected to overestimate the pressure in the interaction zone and there-

fore overestimate the work potential at slug impact (Appendix A).  The

model also assumes no heat transfer to the slug from the FCI zone by

either heat conduction or gas-liquid interface mixing.  Recent calcula-

tions indicate that large reductions in the work energies can be expected

if gas-liquid interface 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 felt 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 cal culations.

These were mentioned in Section 3.1 and are listed in Table 2. These are

also  expected to provide conservative resul ts. However, to detennine  how

sensitive our results are to these input parameter assumptions, a sensi-

tivity analysis 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 ihclude:- fuel temperature, sodium temperature, fuel/

sodium mass ratio, and the final fuel particle radius.  The results 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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TABLE 5.  Base Case Input Parameters
for the Sensitivity Analysis.

Fuel U02

Reactor System CRBR

Fuel Mass (kg) 7000

Fuel Temperature ('K) 4000

W                               12

Sodium 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 vari ations   in  the work 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 potential, this

is seen to be. equivalentto approximately a 10% decrease in the mixing

time constant.  This type of analysis can be performed for any parametric

variation.

As can be seen, the work potential is indeed sensitive to the assumed

input parameters.  However, it is felt that conservative values for each

were chosen (depending upon the nature of their effect) such that the

limiting mixing requirement analysis with the conservative model assump-

tions should be, in general, conservative.



-62-

REFERENCES

1.        D. H. Cho, Modelling of Molten  Fuel  ·Cool ant Interactions, Trans.

Amer. Nucl. Soc. 15, Vol. 1 (1972).

2.   J.F. Jackson, M.G. Stevenson, J.F. Marchaterre, R.H. Sevy, R. Avery,

Trends in LMFBR Hypothetical-Accident Analysis, paper presented at

the Fast Reactor Safety Conference, Beverly Hills, California, 2-4

April 1974.
"

3.       A.W.  Cronenberg, M.A. Grolmes, A Review of Fragrrientation Model s

Relative to Molten U02 Breakup when Quenched in Sodium Coolant,

paper presented at Winter Meeting of the ASME, New York, 17-22

November 1974.

4.   H.K. Fauske, An-Assessment of Thermal Interaction in Oxide Fueled

Fast Reactors, ANL/RAS 74-19, August 1974.

5.   Y.W. Chang, J. Gvildys, S.H. Fistedis, Analysis of the Primary Con-

tainment Response Using a Hydrodynamic-Elastic-Plastic Computer Code,

Nucl. Engr. and Design 27, (174), 155-175

6.  Y.W. Chang, J. Grildys, S. H. Fistedis, A New Approach for Determining

Coolant Slug Impact in a Fast Reactor A'ccident," Trans. Amer. Nucl .

Soc.   14    (1971).

7.   Final Safety Analysis Report for the FFTF, Appendix A, Hypothetical

Analysis for Test of Containment, December 1975.

8.   Preliminary Safety Analysis Report for the CRBR, Appendix D, Evalua-

' tion of Hypothetical Core Disruptive Accidents for CRBR, July 1975.



-63-

9.  H.K. Fauske,. "The Role of Energetic Mixed-Oxide Fuel-Sodium Themal

Interactions in Liquid-Metal Fast Breeder Reactor Safety," paper pre-

sented at Chicago Int'l. Mtg. on Fast Reactor Safety, Oct. 5-8, 1976.

10.  Personal communication with Michael Grolmes, ANL.

11.     D.H.   cho, R.0. Ivins, R.W. Wright,   "A Rate Limited Model  of  Mol ten

Fuel/Coolant Interactions: Model Development and Preliminary Calcu-

lations, ANL-7919, March 1972.

12.  D.H. Cho, W.L. Chen, R.W. Wright, "A Parametric Study of Pressure

Generation and Sodium Slug Energy from Molten Fuel Coolant Inter-

actions, ANL 8105, August 1974.

-              13.  W.L. Chen, D.H. Cho, M.S. Kazimi, "Recent Additions to the Parametric

Model of Fuel Coolant'Interactions, ANL 8130, September 1974.

14.  Hiroshi Mizuta, "Fragmentation of Uranium Dioxide After Molten Uran
ium

Dioxide-Sodium Interaction,"  J.   Nucl.  Sci.   &  Tech. 11(11) 480-487,

November (1974).

15.  M.. Corradini, "Prediction.of Minimum U02 Particle Size Band on

Thermal Stress Initiated Fracture Model," COO-2781-4 TR, MIT, August

1976.

16.  D.H. Cho, H.K. Fauske, M.A. Grolmes, "Mixing Requirements for Energe-

tic Fuel/Coolant Interaction and AEROSOLS," Trans. Amer. Nucl. Soc.

23 (1976).

17.  D.H. Cho, H.K. Fauske, M.A. Grolmes, "Some Aspects of Mixing in Large-

Mass, Energetic Fuel-Coolant Interactions," paper presented at Chicago

Int'1. Mtg. on Fast Reactor Safety and Related Physics, October 5
-8,

1976.



-64-

1-8..  A.E. Waltar, et al., An Analysis of the Unprotected Transient Over-

-   power Accident in the FTR, HEDL-TME-75-50, Hanford Engineering

Development Lab, Richland, Wash., June 1975.

19.  A.W. Cronenberg, H.K. Fauske, U02 Solidification Phenomena Asso-

ciated with Rapid Cooling in Liquid Sodium, J. Nucl Mat'ls. 00

(1974)·

20.  A. W. Crdnenberg, T.C. Chawla, H. K. Fauske, A Thermal Stress Mecha-

nism for the Fragmentation of Molten U02 Upon Contact with Sodium

. Cooiant, Nucl.  Engr.  & Des. 30, 434-443 (1974).

21.  Roland B. Knapp and Neil E. Todreas, Thermal Stress Initiated Frac-

ture as a Fragmentation Mechanism in the U02-Sodium Fuel-Coolant

Interaction,  Nucl.  Engr.  & Des.  35  (1975).

22.  A.W. Cronenberg, Richard L. Coats, A Comparison of Solidification

Phenomena for U02, UC, and UN Relative to Quenching in Sodium Coolant,

to be published in Nuclear Engineering and Design.

23.  Roland B. Knapp, Thermal Stress Initiated Fracture as a Fragmenta-

tion Mechanism in the U02-Sodium Fuel -Coolant Interaction, 31-109-

38-2831-5 TR, May 1975.

24.  M. Corradini, A. Sonin, N. Todreas, A Proposed Heat Transfer Model

to Describe Experimental Results in the Stanford Research Institute

Tests, to be published.

1                                                                                                                                                                                                                                                                                                                     1



-65-

APPENDIX A:

ANL PARAMETRIC FUEL-COOLANT MODEL

A. 1  Introduction

In the earlier models of molten fuel-coolant interactions, a thermo-

dynamic approach  was  used to estimate the maximum work potential avai Table

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

coolant and as a result did not provide the pressure as a function of

time in the interaction zone.  Without these pressure-time histories, an

assessment of the structural damage  could not be made.  One of the first

analyses that provided the necessary pressure-time histories was a tran-

sient analysis by Padilla that accounted for the rate processes (2).

Another "second generation" cal culational model   was   the ANL parametri c

FCI model (3).  Both of these models provided the pressure-time histories

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

general, two competing processes are involved 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 fuel-coolant mixing and fragmentation and in the heat

transfer mechanisms, these unknown rate limiting processes are incorpor-

ated into the ANL model as input parameters.  In this way, parametric

studies can be made for reasonable ranges of the input parameters to

1
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determine what effect the assumed input parameters have on the pressure
generation.

The ANL model was used in the main text of this report to calculate

the work potentials from different FCIs. In particular, it was used to

relate the limiting work potentials and the mixing time constants.  To

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

ANL model is described in detail along with the input parameters used to

describe initial conditions and the various rate processes.

A. 2  Model Formulation

A.2.1  Physical Model and General Formulation

The physical model of an FCI 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 certain zones of the reactor core.  This zone is

called the fuel-coolant interaction zone or mixing zone.  As the coolant

is heated by the fuel, the coolant expands and the pressure in the mixing

zone increases.  The mixing zone then expands against the constraint of

the sodium slug above the core and thesodium 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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(

to the volume change of the sodium.  The volume change of the molten fuel

has been neglected. The effect of this assumption was studied by ANL.

It was determined that neglecting the volume change of the fuel would

cause a 10% increase in the pressure levels.  Due to the present state

of the art in modeling fuel-coolant interactions, correction of this was

not felt to be warranted (3). Secondly, it is assumed that the heated

coolant is in a state of uniform thermodynamic equilibrium throughout

the mixing zone and the mixing zone does not exchange heat or·mass with

the surroundings.  Recent scoping calculations indicate that during an

HCDA with·sodium present in the core, the mechanical work potential of

an FCI could be significantly reduced  if  the heat losses  to  the  col d

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 plenum cladding. Their results are presented in Figure A.2.  The

1 ines drawn at interaction zone fronts  of  50  and  70 cm correspond  to

interface positions 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 vapor blanketing with heat loss and vap6r blanketing without heat

loss are quite similar.  Because the FCI-B version of the ANL parametric

model does not have the option for including heat losses to the surround-

ing structures, vapor blanketing was assumed to occur.  This phenomena          
   -

was approximated by using the heat transfer cutoff option in the FCI-B
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version.  Comparisons of these different means of reducing the heat trans-

fer from the fuel to coolant show that the results from each are quite

close (6). A further reduction in the work potential could be realized*

if the heat losses from the expanding vapor bubble to the surrounding

liquid are taken into account correctly.

Analysis of the Stanford Research Institute tests.support this claim

and predicts that work reductions of the order of 3 to 9 are possible (7).

:     This result, hoWever, was not used in this analysis and therefore our

results are expected to be very conservative.  The effect of assuming a

thermodynamic equilibrium in the interaction zone has not been investi-

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:

1!i .t  . + lie (A-1)
dt

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

of the pressure and specific 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 above equations have two unknowns, P and V , and are indepen-

dent of Eq. (A-1).  An additional relation is required to solve for  P
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and  V .  It is provided 
by the constraint of the 

surroundings and is

called the equation of co
nstraint,

P      f I V.-   -                                   (A-3)/   dV   d2V \

( - dt '.dt2 /

This represents the const
raining effects of the su

rroundings on the expan-

sion of the mixing zone. 
 In our case, this involv

es only the unheated

cool ant above  the  core.     With the above relation  and the appropriate

expressions for  dQ/dt  t
hat will describe the pro

cesses of fragmenta-

tion and mixing and subse
quent 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 acce
leration of the sodium sl

ug.

A.2.2  Equation of State 
for Coolant Mixing Zone

The  exact  form  of  Eq.   (A-1 )  used  in  the ANL parametric model depends

upon the available empiri
cal correlations for the 

equation of state.  For

a pure liquid or vapor ph
ase, P-V-T rather than P-

V-H relationships are

used.  Using the thermody
namic relation,

dH       C dT +  V-T I-1 l d p, (A-4)/ Dv  \    1

P                         \ aT.1    1PJ

Eq. (A-1) can be rewritten as
i

c dI = gl + TVa dP (A-5)
I

-                        
            p dt     dt  

      p dt    '

where a is the thermal expansion 
coefficient:

P

-                                     
                                   =:... -·-el ,·,•,#,«srv ,F ..*...7 .-*'...·.:..£.-·..•t,( I·•
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1 i av \ (A-6)
ap   -   V.'< 5T/P       ,

and Eq. (A-2) is replaced with

V  =  V(P,T)                          (A-7)

Differentiating this equation with respect to time gives

iI = i;<*) + i (ti-)  · (A-8)

Using the following form for the isothermal compressibility, BT '

BT         - V  Cap/T
1 i av \ (A-9)

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

dV           dP         dT
BE =  - BT\/ BE + apv BE . (A-10)

For a two-phase mixture, Eq. (A-1) can be used as it is.
  For the

equation of state, the following forms of empirical cor
relations are

used:         -

P   =   P (T) (A-11)

and

H     XHv +  (1 - x)Ht      '              (8-12)

where  Hv  is a function of temperature only and repre
sents the enthalpy

of saturated vapor.  H£  is also a function of temperatu
re only and repre-

sents the enthalpy of saturated liquid.  Differentiati
ng Eq. (A-12) with           »

respect to time yields
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dH             dH
ful     =       x  -v     +       (1    -   x)   -£-     +      AH         dx (A-13)dt       dt              dt        £v dt

where AH is the latent heat of vaporization:£V

AH       H -H (A-14)£V     V   £

Furthermore,

V     Xvv + (1 - X)V£ (A-15)

and

dV              dV

      -      x  BEv     .      (1    -   x)   TE,"    +     Aviv    ' (A-16)

where  Vv  is the specific volume of saturated vapor and  V£  is the

specific volume of saturated liquid. AV is defined as
£V

AV       V -V (A-17)
Zv      v    £

All forms f6r the equation of state for the sodium coolant are taken from

Reference (8).

A. 2.3  Heat Transfer Approximations

Two different approximations were used in the original version of the

FCI parametric model.  For these approximations, a mixing zone was consi-

dered with a uniform dispersion Of fuel particles in the coolant as a re-

sult of fragmentation of the molten fuel.  The fuel particle size was used

-              as a characteristic measure of both the fragmentation and mixing.  The

first approximation was called 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 resi stance  of  the  fuel·)  and  the  size  of. fuel particle.

This approximation accounted, somewhat for a finite rate of fragmentation

and mixing of the molten fuel and coolant. It impltied that by the. time          :.

the fragmentation of the 'fuel was completed, a, temperature gradient had,

been established in the fuel particle. The other approximation was called'

the Transient Conduction. method. This approximation· al'so, assumed a uni-

form, djspersion  of fuel particles  to- form  in, the coolant by·an instantan-

eous, fragmentation. of  the  molten  fuel . However, this method  sol ved  for

the- transient heat conduction equation with an integral method, giving

the fuel temperature as a. function, of the radius, as well as of time.  A

linear temperature profile was assumed  in. the  fuel.   The FCI-B version of

the FCI parametric model was: developed  with a third formul ation   for  the

heat   transfer. This parti cular formulation   is   used   in the mixing require-

ment analysis and is described in detail.

The new formulation was developed in order that the fragmentation

and mixing time would,be independent of.the fuel particle size.  This new

approximation is called the finite rate of fragmentation model.  In essence,

the instantaneous formation of a uniform dispersion of fuel 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-coolant mixing zone is defined by                         
                    -
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d·Q· = hA(T -T)    .                 (A-18)dt         f    Na

The heat transfer coefficient is assumed to be

kkf         f
h          + R-    .                   (A-19)

47Taft

This heat transfer coefficient is a concatenation of two coefficients.

At small times, the first term dominates the heat transfer coefficient.

It represents a coefficient based upon the temperature profile for the

fuel (assumed to be a semi-infinite slab) with a fixed surface tempera-

ture.  At large times, the first 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 approximation and represents a heat

transfer coefficient based  upon  a  1 inear temperature profile across  the

entire fuel particle radius.

The heat transfer area available per gram of heated sodium, A , is

represented by

A     A, Fi  -  e (- 1 )1 , (A-20)
L \   Till /J

where  Ao  is the final value for the heat transfer area when the frag-

mentation and mixingarecomplete.  The term Ao equals

3W
Ao        nR        .                                     (A-21)

Vf f

-              The variable  rm  is the characteristic measure 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

19. .  (1'8.),  I(47;0(th t)  + 1]  1 -  e (-   ) 1 (Tf-TN,)   .(A-22)dt                                                                               \      m/  J

where

CW
(hA)0

_f (A-23)
t
h

..

and

th  R2                                 (A-24)f

It  should be noted  that  Eq.   -22)  does not descri be any particular mecha-

nisms of fragmentation and mixing.  However, it does present a convenient

way of examining the effects of the fuel particle si'ze or the rate of the

fragmentation and mixing time constant.  The physical meaning, in particu-

lar, of the fragmentation and mixing time constant will differ depending

on the particular. 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 line pressure source that uniformly

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

assumed for the constraint of the sodium below the core.  Additionally,
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the vessel wall is assumed to be rigid.  Calculations performed by the

REXCO-HEP computer code have demonstrated that this one-dimensional 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 work of the interaction zone at slug impact in the REXCO

calculations.  This provided the percent overestimation because the ANL

parametric model assumes all the expansion work energy goes into .acceler-

ating the sodium slug.

Two formulations were considered for the constraining effects of the

coolant slug above the core.

(1)  Acoustic Constraint of Infinite Extent

This formul ation assumes  that  the  cool ant  is of infinite extent  and

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

The acoustic approximation is

dZ
-                            Pct) - PO

POCO.dE.   ,
(A-25)

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

are the initial pressure, density, and sonic velocity of the unheated

sodium slug.  Z(t)  is the position of the mixing zone/sodium slug.  The

above acoustic constraint is valid for times less than the acoustic relief

time, 2L/co , where  L  is the height of the sodium slug (i.e., distance

to the nearest free reflecting surface).  The flow velocity  dZ/dt  is

related  to the change  in the total mixing  vol ume    V           by
TOT



<

-78-

dV

TOT     =     S  3-E-            ,                                                                  (A-26)
dZ

dt

where  S  is the flow area per gram of heated coolant.  Ass
uming no volume

change for the fuel, this becomes

dV dV
TOT

dV    +    3€jl         ,                                              (A-27)
dt       dt

where  V  is the specific volume of the coolant and  Vg  is the volume

.

of any non-condensible gas present per gram of heated coolant.  In the

limiting mixing requirement analysis, V   is assumed to 
be zero.  There-

fore, Eq. (A-27) becomes

dV       dZ                             (A-28)aE =  s irE     

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

dV  _   S
3E -
- [P(t) - Po]                      (A-29)
poco

(2)  Inertial Constraint

The second formulation of the coolant constraint assume
s the coolant

slug to be incompressible.  Again, no mass or heat is a
ssumed to be ex-

changed from the mixing zone to the coolant slug.

A macroscopic momentum balance provides the equation of
 motion for

the coolant slug:

dU  _                                           (A-30)
P(t) - Poo

BE - -9 +
poL          '
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where  U  is the velocity of the coolant slug and  P- is the pressure

of the cover gas region (assumed to be 1 atm in our analysis). Again,

L  is the height of the coolant slug.  The slug velocity can be related

to the change in  VTOT  by

dV
TOT

=  S*U                           (A-31)dt

Again, neglecting·the  vol ume change  in  the  fuel,  we  get  for the change

in the coolant volume,

dV
dt
- = S*U (A-32)

The computer code provides three options for using these formulations:

acoustic constraint for all times, inertial constraint for all times,

or an acoustic/inertial constraint where. the acoustic constraint  is  used

up to the acoustic unloading time and beyond that the inertial constraint

is·used.    The  thi rd· option'was rused  in the present analysis.

A summary of the above pertinent equations is found in Table A.1.

A. 3  ANL Parametric Model Input

A.3.1  Introduction

The major input parameters and particular input options are listed in

Table A. 2.  The first two columns represent the FFTF and the CRBR fueled

with U02 (representing the mixed-oxide-fuel). The third  col umn represents

the input parameters for the CRBR fueled with UC.  Operating conditions

I .                                ...
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TABLE A. 1.  Summary of Pertinent E4uations

dQ     =       hA (T       -T       )dt         f    Na

00
 

with:
als

-/1 ,4/ti,\35 -r1& 19Heat - C hA = (hA), l  f  te   + 1  |1 -exp <- 1 )
Transfer                                                           Tm-                   ..' L

.Sit. and

LL     (hA)0 = Cfw        R2and t= -
h     3a

th f

Liquid c SIL = S!9. + TVa dP
Phase p dt     dt        p dt

Energy
Conservation
for Coolant TWO-

i;" -  5 +  't iPhase

Liquid     dV            dP  .      dT
Phase    . dE =  - BT V dt- 7  aPV dE

Equation
of                     P = P(T)  (Vapor pressure equation)
State

dH-                dH
dH                      Z dT . dx

Two- dE  =   x 37   + (1 -x) 37--   3--  + ( Hv-HZ ) 2-t-

Phase
- -

-               dV
dV     v dVV                dT          . dxBE =    37- + (1-x) 31'   BE + (vv-vi) aE

Acoustic           dl     =     -S         (P   -   P-)dt     POCO

Constraint

dV

dt    S.U
Inertial P-PdU                                co

E  -g +
Po L
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of the CRBR, for this case, were assumed to equal tha
t of a mixed oxide

fueled CRBR.

For a more complete guide to the computer program incl
uding a de-

tailed input guide and a list of the various options, 
a user's guide can

be found in Reference 10. In Table A.2, several input parameters are

marked "variable;" the reason is that they will vary depending on the

particular case being run. Descriptions 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 provi de greater work potential (6). However,   per  gram of sodium,

the smaller the mixing zone the greater the work pote
ntial (6).  There-

fore, to provide conservative results, the minimum mix
ing zone heights

are used for each case.  This is accomplished by assuming all available

sodium in a cross-sectional slice of the core is used
.  (The actual defi-

nition for the mixing zone height, LM ' assumes all t
he sodium in the

mixing zone to interact with the molten fuel.)  The i
mportant core geo-

metry parameters were taken from Referencesll and 12.

Figure A. 3 represents a cross-sectional slice of the
 fuel channels in

the FFTF and the CRBR.  From the channel dimensions, 
Table A.3 was con-

structed to provide the flow areas for sodium in the ch
annel and the entire
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TABLE A.2. Major Input Parameters to the
ANL FCI Parametric Model.

Parameter FFTF 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 (cm2/gm Na) Var. Var. Var.

W-Fuel/Sodium Mass Ratio Var. Var. Var.

Fuel   Particl e Radius   (um)                                  64                  64                    64

Mixing Time Constant Var. Var. Var.

Mass of Sodium Var. Var. Var.

Heated   Sodi um Temperature   (° K) 840° 808° 808°

FCI Zone Pressure (atm) 1.40 1.51 1.51

Heated   Sodi um Speci f i c   Vol ume 1.20 1.21 1.21

(cm 3/gm)

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/cm3) 9.8 9.8 12.4

OTHER ASSUMPTIONS:

· Acoustic constraint up to acoustic unloading time and ine
rtial 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.

*
Var. E Variable
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the FFTF and the CRBR



-84-

TABLE A. 3  Core Flow Areas.

FFIF CRBR

1.  Channel Area (including SS can) 18.13 18.13

(in3/in)

2.  SS Can Area (in3/in) 1.86 1.86

3.  Fuel Rod Area* per Channel (ins/in) 9.02 9.02

4.  Resultant Sodium Flow Area** per 7.25 7.25

Channel  (in3/in)

5.     Number of Subassemblies                                            73                    198
(Channels)

6.  Total Sodium Flow Area for Core 529 1436

(in3/in)

7.  Total Sodium Flow Area for Core 3413 9264

(cms/an)

*
217 Fuel Pins (Diameter = 0.23")

**
Neglects Wire Wrap
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cores of the FFTF and CRBR.  In this table, the spacer area is neglected

which would reduce the sodium flow area inside the·channel.  ·This omission

is offset, however, by the omission of the coolant flow between the

channels.

With the values in Table A.3, the minimum mixing zone length can be

determined.  Given a certain mass of ihteracting sodium, and correspond-

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

equation:

V
Na

L                                      (A-33)M      Flow area

_              where

V
Na     MNa FNa

' (A-34)

For the FFTF,

PNa     0.833 gm/cma   (at T = 840°K)

and from Table A. 3,

Flow Area 3413  cma/cm   .

Using Eq. (A-33), and the above values, the mixing zone height for the

FFTF cases can be calculated using

LM  =  3.52 x 10-4  MNa
. (A-35)

For the CRBR,

PNa     0.826 gm/cm3  (at T = 808°K)  ,

l
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and from Table A. 3,

Flow Area 9264 cm3/cm

For the CRBR cases, the equivalent expression for Eq. (A-35) is

L 1.30 x 10-4 M (A-36)M                  Na

A. 3.2.2  Vessel Flow Area

-               The vessel-flow area, SS, is not to be confused with the previous

flow area calculated by inspecting the core geometry.  This flow area

is calculated by simply dividing the vessel·cross-sectional area by the

amount of 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.

SS =
M

Vessel area
(A-37)

Na

where

Vessel area  (617)2/4

2.99 x 105  cm3

Using this in Eq. (A-37), we get

SS  =  299.2 x 103/M (A-38)Na

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 earlier computer runs, it was assumed that for a given amount

of fuel, an optimum fuel/sodium mass ratio existed that would provide the

maximum work potential.  This original assumption was based upon the pre-

vious results (6) that indicated that optimum fuel/sodium mass ratio

depended upon the final pressure of the vapor expansion. For instance,

a fuel/sodium ratio of 10 was thought to be the optimum for an expansion

down.to 6ne atmosphere.  On the other hand, a ratio of 13 would be the

optimum for an expansion down to approximately 30 atmospheres.  With

these numbers in hand, guesses were made as to the final pressure at slug

impact and appropriate fuel/sodium mass ratios were chosen.  In general,

the initial choices were close enough to avoid additional runs.  However,

                 it was determined by a parametric variation of the fuel/sodium ratios for

a fixed amount of fuel that an optimum does not really exist at a point

between the ratios of 10 and 13.  In fact, the relation is approximately

linear (Figure A.4).  This figure presents the work potential as a func-

tion of fuel/sodium mass ratios for a fixed fuel mass in the FFTF.  This,

of course, affects the results obtained earlier.

The overall 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, an increase of from approximately 6 to 14 percent

would be realized. Nevertheless, a correction is not felt to be warranted

at this point because the overall change in the mixing time constants

would not be significant due to the uncertainties that exist in the FCI

heat transfer and mixing mechanisms.
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Furthermore, a fuel-to-sodium mass ratio of approximately
 10.5 region

exists in the core under normal operating procedures.  I
f the fuel were to

meet and interact with the sodium, this ratio would probably
 decrease to

less than 10.5 due to the fact that the amount of fuel
 that would inter-

act with the coolant would only be a fraction of the in
itial molten fuel.

Furthermore, equal   volumes  of  mass  and  fuel
 

provide approximately  a

13 to 1 mass ratio.

A. 3.2.4  Mixing Time Constants

The mixing time constants were chosen such thai the work potential

at slug impact would bound the limiting work potentia
l of the particular

.

reactor system.  This iterative scheme usually.involved 
only two runs if

judicious choices were used.  Fortunately, in most cases
, this is all

that was necessary.  Determining the mixing time constant
 that represents

the limiting work potential was done by a linear interpo
lation or extra-

\

polation of the mixing 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 initia
l conditions at

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

(2) -Sodium Temperature (heated)-(°K)

,(3) ·Pressure in the Mixing Zone (atm)

(4)  The velocity of the unheated .sodium slug (cm/sec)

(5)     The  expansion  work   j P dV (atm-cc/g)

(6) The impulse .j  P dt (atm-sec)

(7)  Position of mixing zone/Slug interface (cm)

(8)  Sodium specific volume (cc/g)

(9)  Mass fraction of sodium vapor

(10)  Sodium vapor volume  (cc/g)

Included with these parameters are estimates of the error involved.  The

code will stop executing when the error magnitudes equal that of the para-

meter values.

For this analysis, the expansion work value was used when the move-

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

This would imply slug impact.  To provide the correct value for the expan-

sion work in terms of MW-sec, the code output was multiplied 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.

cY
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C     PROGRAM FCIB
MAIN0001C     PARAMETRIC MODEL OF FUEL-COOLANT INTERACTIONS                               MAIN0002C     ACOUSTIC OR INERTIAL CONSTRAINT MAIN0003C     THE HEATED SODIUM IS IN A UNIFORM STATE THROUGHOUT THE MIXING ZONE MAIN0004IMPLICIT REAL*8 (A-H,O-Z) MAIN0005REAL*8 LM,KF,KB,MASS,MGMAX,NEWERR MAIN0006DIMENSION   Y (20) ,DY (20) ,S (20) ,R (20) ,YE (20),YU (20),YP (20) ,NEWERR (20) MAIN00O71,ERR(20)                                                                     MAIN0008COMMON /Rl/ RG, KB, DTF,NOFNS,NNS /R2/ VLO,TLO /R3/AI,HT,CFW, AO, MAIN00091   DEFORM, PO ,PINF,SCD, RPC, VGO, TM, TCUT, SS, SCL, MGMAX, NNP (6) MAIN0010DATA HMIN/0. lD-16/,HMAX/0. lD-04/, HO/0. l D-06/,EPS/0.l D-05/, MAIN0011188/12767.8/,DD/0. 61344/, NY,KKK,JBL,KK,NEWERR, ERR, HP/2*0,2*1,41*0./ MAIN00122,JM, N, E/12,10,.20408D 07/,PCONST/1.013250 06/,AA,EMAX/15.3838,0.1/ MAIN00133,PI/3.1416/ MAIN0014NIN=5
MAIN0015NOUT=6
MAIN0016NZ=0

TCUT=1.D2 MAIN0017
DEFORM=0.

MAIN0019 7
MAIN0018 6

NNS=0
MAIN0020NOFNS=0
MAIN0021C********* READ INPUT PARAMETERS AND INITIAL CONDITIONS ************** MAIN0022READ (NIN,1001) (NNP(I),I=1,6),KD, NPUNCH, XI,XF MAIN0023READ (NIN, 1002) W·,RR,D,DELT, VGO,TM,SCL,LM, MGMAX,MASS,SS MAIN0024READ (NIN,1002)  CY(I),I=1,N) ,VLO,TLO, PMAX,TMAX MAIN00255 IF (TLO.GT.1.) NNS=1
MAIN002610 IF (NNP(6).EQ.0) GO TO 30 MAIN002720 READ (NIN,1002) TO,PO,PINF, SCD MAIN0028GO TO 40
MAIN002930 TO=Y(1)                                                                         MAIN0030PO=Y (2)
MAIN0031PINF=1.
MAIN0032SCD=1./Y(3) MAIN0033C                                                                                   MAIN0034C     SONIC VELOCITY OF SODIUM MAIN0035C                                                                                   MAIN0036



40 TFF=TO*1.8-460. MAIN0037

VSONIC=2.525268D 05-29.10907*(TFF-210.) MAIN0038

C                                                                                   MAIN
0039

C     *** 002 AND BLANKET GAS PROPERTIES *******READ-IN INPUTS
****** MAIN0040

READ (NIN, 1002) CF, KF,RHOF,KB,RG
MAIN0041

PC=1.67 MAIN0042

RPC=0.6                                                         -          MAIN0043

C                                                                                MAIN004
4

C********* CALCULATED PARAMETERS ************************************ MAIN0045

C                                                                                MAIN004
6

HT= CF*RHOF*RR**2/(3.*KF)
MAIN0047

AO=3.*W/(RHOF*RR)
MAIN0048,

AI=SCD*VSONIC/(SS*PCONST)
MAIN0049

CFW=CF*W                                                                     MAIN00
50

IF (NNP(1).EQ.0) TCUT=2.*SCL/VSONIC MAIN0051

IF (NNP(4).EQ.0) GO TO 50 MAIN0052

DEFORM=LM*PI*D**3/(4.*E*DELT*MASS)
MAIN0053

C********* PRINT OUT INITIAL CONDITIONS., PARAMETERS AND OPTIONS ***** MAIN0054 6
50 WRITE (NOUT,1003) MAIN0055 7

WRITE (NOUT,1004)
MAIN0056

WRITE (NOUT, 1005) N,XI,XF,EPS,HO MAIN0057

WRITE (NOUT,1006) (Y(I),I=1,10) MAIN0058

WRITE (NOUT,1007) W,RR,SS,LM,MASS,D.DELT,SCL,PO,PINF,SCD,PC MAIN0059

WRITE (NOUT,1009) AI,CFW,HT,AO MAIN0060
/--

IF (VGO.NE.0.) WRITE (NOUT,1008) VGO MAINO061

IF (NNP(1).EQ.0) WRITE (NOUT,1010) TCUT MAIN0062

IF (NNP(1) .EQ.1) WRITE (NOUT, 1011) MAIN0063

IF (NNP(1).EQ.2) WRITE (NOUT,1012) MAIN0064

IF (NNP(2).NE.1) WRITE (NOUT, 1013) TM MAIN0065

IF (NNP(2) .EQ.1) WRITE (NOUT,1014) MAIN0066

IF (NNP(3).NE.0) WRITE (NOUT, 1015) MGMAX MAIN0067

WRITE (NOUT, 1017) VSONIC MAIN0068

WRITE (NOUT,1018) CF,KF,RHOF                                                MAIN00
69

WRITE (NOUT,1019) KE, RG MAIN0070

IF INNP (4).NE.0) WRITE (NOUT,1020) DEFORM MAIN0071

DO 60 I=l,N
MAIN0072

-                     1b -



60 S(I)=DABS(Y(I)) MAIN0073
WRITE (NOUT,1003) MAI NO074NNFNS=NOFNS MAIN0075X=XI MAIN0076XP=X MAIN0077'TTL=XF-XI MAIN0078

80 IF (X.GE.XP) GO TO 81 MAIN0079GO TO 84 MAIN008081 WRITE (NOUT,1021) X,HP,NNFNS, (Y (I) ,NEWEBR (I),I=1,10) MAIN0081
IF(Y(6).GT.70.0) GO TO 279 MAIN0082XP=XP+0.1D-04*DFLOAT(KD) MAIN0083C********* PERFORM A STEP IN SOLUTION OF DIFFERENTIAL EQUATIONS ******* MAIN0084

84 IF((XF-X)/TTL.LE.0) GOTO 79 MAIN0085
IF(DABS(HO) .LT. HMIN) HO=DSIGN (HMIN,HO) MAIN0086
IF (DABS (HO) .GT. HMAX) HO=DSIGN (HMAX, HO) MAIN0087IF((XF-X-HO)/TTL.LT.0) HO=XF-X MAIN0088
IF (X. GE. XP) GO TO 86 MAIN0089
IF ((XP-X-HO).LT.0.) HO=XP-X MAIN0090 6

86 IF (X. EQ.0.) GO TO 85 MAIN0091 i
IF (NNP(3) .EQ.0) GO TO 85 MAIN0092
CALL DIFFUN (X, Y,DY) MAIN0093
[)TF=DY(4)/DY(1) MAIN0094GO TO 88 MAIN009585 DTF=1. MAI NO096

88 XT=X MAIN0097JMAX=JM+4 MAIN0098DO 87 I=l,N                                                                MAIN0099YP(I)=Y(I) MAIN010087 YE(I)=Y(I)+FRR(I) MAIN0101HS=HO MAIN0102CALL DIFI (N,X,Y,DY,HO,HMIN,EPS,JM, S, R, KK,YU,JP,JMAX,JBL,FC) MAIN0103
CALL .DFBND(N, X, Y,DY,.HO,EPS,ERR,JM,HMIN,JP,YE, 0) MAIN0104
DO 89 I=l,N                                                                  MAIN010589 NEWERR (I)=ERR (I) MAIN0106
PSAT=DEXP(AA-BB/Y(1))/Y(1)**DD MAIN0107
IF (NNP(1) .NE.0) GO TO 201 MAIN0108
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IF (X. GE. TCUT) NY=NY+1 MAINO.109
If (NY.EQ.1) Y(2)=PSAT MAIN0110

C                                                                                   MAIN0111
C*********** CHECK SATURATION CONDITION **************************** MAIN0112
C                                                                                   MAIN0113

201 IF (NNS.GT.0) GO TO 203                          ·'                         MAIN0114
PDIF=PSAT-Y(2) MAIN0115
IF (Y (2).-LE. 0.) GO TO 200 MAIN0116

IF (PDIF.GE.0..AND. PDIF.LT.0.01) GO TO 211 MAIN0117
IF (PDIF.LT.0.) GO TO 203 MAIN0118
GO TO 200 MAIN0119

C                                                                                   MAIN0120
C ********** SATURATION CONDITION ********************************** MAIN0121
C MAIN0122

211 NNS=1                                                                         MAIN0123
VLO=Y(3) MAIN0124
T L O: =Y  (1) · MAIN0125
WRITE (NOUT,1023) X,PSAT,Y(3),Y(1) M A I N 0 1 2 6  6

WRITE (NOUT,1024) PMAX,TMAX MAIN0127 f
GO   T 0 84 MAIN0128

C*********TRIAL AND ERROR METHOD ************************************* MAIN0129
200 DO 202 I=l,N MAIN0130

Y(I)=YP(I) MAIN0131
202 CONTINUE                                                           ·          MAIN0132

X=XT MAIN0133
IF (HS.EQ. HMIN) GO TO 211 MAIN0134
H 0=0.1 *H S MAIN0135
IF  (HO.LT. HMIN) HO=HMIN MAIN0136
GO TO 84 MAIN0137

203 NNFNS=NOFNS MAIN0138
HP=X-XT MAIN0139

PMAX=DMAX 1(Y (2) ,PMAX) MAIN0140
IF (PMAX. EQ.Y(2)) TMAX=X MAIN0141
IF (X.GE.TCUT) NZ=NZ+1                                            '          MAIN0142
IF (NZ.EQ. 1) Y(5)=PCONST*Y(8)/(SCD*SCL) MAIN0143
IF (Y(6).LT.SCL)GO TO 204                       '                           MAIN0144

R.



-                           1
WRITE (NOUT,1025) SCL

MAIN0145

GO TO 79

MAIN0146

204 IF (KK.GE. 01 GO TO 80    
                              

                   MAIN0147

C

MAIN0148

C********* ERROR· ROUTINES AND DIAGNOSTIC PRINTOUTS ******************** MAIN0149

120 KKK=KKK+1
MAIN0150

KK=+1
MAIN0151

EA=0

MAIN0152

DO 121 I=1.N

MAIN0153

IF(EA.GT.R(I)/S(I)) GOTO 121
MAIN0154

EA=R(I)/S(I)

MAIN0155

NA=I

MAIN0156

121 CONTINUE
MAIN0157

WRITE (NOUT,1021) X,HP,NOFNS, (Y (I).ERR (I),I=1,10)
MAIN0158

WRITE (NOUT, 1026) X,HP,EA,NA
MAIN0159

IF(EMAX.GE.EA) GOTO 127       
                              

                MAIN0160

WRITE (NOUT, 1027)

MAIN0161

GO TO 79

MAIN0162

127 EPS=EA

MAIN0163 6

H 0= HP

MAIN0164 i

WRITE (NOUT,1028) EPS         
                              

                MAIN0165

GO TO 80
MAIN0166

C                             
                              

                           MAI
N0167

C ********** END OF CASE
******************************

************** MAIN0168

C                             
                              

                     MAIN0169

79 STOP                       
                              

                    MAIN0170

279 WRITE (NOUT, 1024) PMAX,TMAX
MAIN0171

WRITE (NOUT,1031)

MAIN0172

IF (NPUNCH.EQ.0) GO TO
280

MAIN0173

NNP(6)=1

MAIN0174

XI=X

MAIN0175

PUNCH  1001, (NNP(I),I=1,6),KD,NPUNCH,NOCUT,XI,XF
MAIN0176

PUNCH 1002, W,RR,D,DELT, VGO,T
M,SCL,LM, MGMAX,MASS,SS

MAIN0177

PUNCH 1002, CY(I),I=l,N),VLO,TLO,PMAX,TMAX
MAIN0178

PUNCH 1002, TO,PO,PINF,SCD
MAIN0179

PUNCH 1002, CF,KF,RHOF,KB,RG
MAIN0180
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280 STOP                    
                            

                         MAI
NO181

C                           
                            

                            
MAIN0182

C********* FORMAT STATEMENTS
****************************

************** MAIN0183

C                           
                            

                            
MAIN0184

1001 FORMAT (8IS,/,2D30.5)
MAIN0185

1002 FORMAT (6D 12.5)       
                            

  I                         
MAIN0186

1003 FORMAT (1Hl)

MAIN0187

1004 FORMAT (/,' PARAMETRIC MODEL OF FUEL-COOLANT INTERACTIONS')
MAIN0188

1005 FORMAT (1H0,9%,'SOLVE N=*,I2,0 EQUATIONS FROM XI =',812.5,' TO XF MAIN0189

1=8,212.5,'WITH',/8X,'RELATI
VE ERROR EPS='212.5,' AND IN

ITIAL STEP MAIN0190

2SIZE HO=',£12.51           
                            

                      MAIN01
91

1006 FORMAT (//,' INITIAL CONDITIONS :'/,
MAIN0192

1' T =SODIUM TEMPERATURE (K) 'D12.5,1OX,
MAIN0193

2' P = PRESSURE (ATM)
'D 12.5,/,

MAIN0194

3' V =SODIUM SPECIFIC VOLUME (CC/G) 'D12.5,1 OX,
MAIN0195

4' TF = FUEL TEMPERATURE   (K)
'D12.5./,

MAIN0196

5' Ul =SODIUM COLUMN VELOCITY (CM/SEC) 'D12.5,1 OX,
MAIN0197

6' DS =BOUNDARY POSITION (CM) ,D12.5,/,
MAIN0198 6

7'   WO RK =PDV WORK (ATM-CC/G) 'D12.5,1 OX,
MAIN0199 T

8' PDT =SUM OF PDT, IMPULSE (ATM-SEC) 'D 12.5,/,
MAIN0200

9' QUAL = MASS FRACTION OF SODIUM VAPOR '012.5,10 X,
MAIN0201

*. VG = SODIUM VAPOR VOLUME (CC/G) 'D 12.5)
MAIN0202

1007 FORMAT (//,' BASIC PARAMETERS :'/,
MAINO2O3

18 W (FUEL/SODIUM MASS RATIO) (G/G)
'D 12.5.10.X,

MAIN0204

2 RR (FUEL PARTICLE RADIUS) (CM)
, D 12.5,//,

MAIN0205

3' SS (FLOW AREA) (SQ CM/G) 'D12.5,1 OX,
MAIN0206

4' LM (INITIAL MIXING ZONE LENGTH)
(CM) 'D 12.5,//,

MAIN0207

5' MASS(TOTAL SODIUM MASS) (G)
g D 1 2.5,1 0 X,

MAIN0208

6' D (EQUIVALENT DIAMETER OF CONTAINER) ' D12. 5,/,72 X' (CM) '/,
MAIN0209

7'  DELT(CONTAINER WALL THIC
KNESS) (CM) 0 012.5,1 OX,

MAIN0210

8'  SCL (LENGTH OF UNHEATED 
SODIUM COLUMN CM)'012.5,//,

MAIN0211

5 '  PO    PRESSURE IN THE U
NDISTURBED SODIUM 'D 12.5,10X,

MAIN0212

6' PINF PLENUM PRESSURE (ATM) 'D12.5,/,20X.'(ATM) '/, MAIN0213

7' SCD DENSITY OF UNHEATED SODIUM (
G/CC) 'D12.5,10X,

MAIN0214

8' PC POLYTROPIC EXPONENT 'D 12.5 .//,
MAIN0215

1008 FORMAT (' CUSHION GAS EFFECT VGO='D12.5,' (CC/G NA)'//) MAIN0216

--*I--



1009 FORMAT. (//.I CALCULATED PARAMETERS :'/, MAIN0217

l' AI ACOUSTIC IMPEDANCE (SEC-ATM-G/CC) 'D12.5,10X, MAIN0218

2' CFW CF*W (CAL/G-K) 'D 12.5,//, MAIN0219

3' HT CHARACTERISTIC HEAT TRANSFER TIME 'D12.5,1 OX. MAIN0220

4' AO FINAL FUEL SURFACE AREA (SQ CM/G) 0 012.5,/,20X,0 (SEC) 8// MAIN0221

5)                                                                 
            MAIN0222

1010 FORMAT (' CONSTRAINT MODEL: ACOUSTIC - INERTIAL CONSTRAINT TCU MAIN0223

l T= ' D 1 2 . 5 .//1
MAIN0224

1011 FORMAT (' CONSTRAINT MODEL: ACOUSTIC CONSTRAINT FOR ALL TIMES'/) MAIN0225

1012 FORMAT (' CONSTRAINT MODEL: INERTIAL CONSTRAINT FOR ALL TIMES'/) MAIN0226

1013 FORMAT (' HEAT TRANSFER MODEL: HEAT TRANSFER WITH A FINITE RATE MAIN0227

1OF FRAGMENTATION , '//,20%0' TM= 'D12.5,//) MAIN0228

1014 FORMAT (' HEAT TRANSFER, MODEL:QUASI-STEADY STATE HEAT TRANSFER'//) MAIN0229

1015 FORMAT (' EFFECT OF GAS/VAPOR BLANKETING OF FUEL PARTICLES,'/,1 OX, MAIN0230

1' TOTAL MASS OF BLANKET GAS, MGMAX= 'D12.5) MAIN0231

1017 FORMAT (' SONIC VELOCITY OF SODIUM : VSONIC= 'D12.5) MAIN0232

1018 FORMAT (' 002 PROPERTIES: CF='D12.5,' KP='D 12.5,' AND RHOF='D 12.5) MAIN0233

1019 FORMAT (' BLANKET GAS PROPERTIES : KB='912.5,9 AND RG='D 12.5) MAIN0234 6

1020 FORMAT (' EFFECT OF ELASTIC WALL DEFORMATION ***** DEFORM=' D12.5) MAIN0235 7

1021 FORMAT {//,' TIME, X='D16.5,0 (SEC.)'5X,' HO='012.5,0 NOFNS='I7,//, MAIN0236

1' T = '2D12.5,3OX,' P = '2D 12.5,/,' V = '2D 12.5,3OX,' TF = MAIN0237

2 ' 2 D 1 2 . 5 , /, ' U = '2D12.5,3OX,' DS = '2D 12.5,/,' WORK= '2D 12.5, MAIN0238

330X,0 PDT = 82D12.5,/,8 QUAL= 02D12.5,30X,8 VG = ' 2 D 1 2.5 )
MAINO 239

1022 FORMAT (' MASS FRACTION OF SODIUM VAPOR QUAL='D 15.6,/, ' SODIUM VA MAIN0240

1 POR VOLUME VG='D15.6)
. MAIN0241

1023 FORMAT (//,22H SATURATION CONDITION //, 20X, 9H X(SEC)=
D12. 5.//, MAIN0242

1 ' PSAT=' D1 2.5,1 OX, ' VLO=' D12.5,1 OX, ' TLO=' D12.5,//)
MAIN0243

1024 FORMAT (' MAXIMUM PRESSURE 'D 12.5, '(ATM)  OCCURS. AT TIME=' MAIN0244

1D 12.5,°(SEC)') MAIN0245

1025 FORMAT (1 HO,7 X,' END OF CASE **** Y(6) .GT.L='012.5,"CM') MAIN0246

1026 FORMAT (1H0,7X,'NO CONVERGENCE IN ABOVE STEP TO X=',812.5,' WIT
H H MAIN0247

10=0,E12.5,'.0,/8X,'THE LIMITING RELATIVE ERROR IS 0,E12.5,8 IN EQU MAIN0248

2ATION 0,I 2,0.')
MAIN0249

1027 FORMAT (1 HO,7 X,'CASE ABANDONED, OUTSIDE LIMITS OF HMIN AND EMAX.') MAIN0250

1028 FORMAT (1H0,7X,*CASE CONTINUES WITH EPS=',812.5) MAIN0251

1030 FORMAT (' TF'I2,0= '2D 12.5,3OX, ' TF'I2, '= '2012.5) MAIN0252



1031  FORMAT  (/, '  ********** END OF COMPUTER TIME ********** ') MAIN0253

END                                       
                                   MAIN025

4

' '
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                        »
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SUBROUTINE DIFFUN (X,Y,DY)
D I F F 0 0 0 1

IMPLICIT REAL*8 (A-H,0-Z)
DIFF0002

REAL*8 KB,MG, MGMAX DIFF0003

DIMENSION Y(20),DY(20)
DIFFOO04

COMMON /Rl/ RG,KB,DTF,NOFNS,NNS /82/ VLO,TLO /R3/AI,HT,CFW,AO, DIFF0005

1 DEFORM,PO,PINF,SCD,RPC,VGO,TM,TCUT, SS,SCL, MGMAX,NNP(6) DIFF0006

DATA AO/0.21968D-03/,Al/0.81226D-07/,A2/0.97135D-11/,A]/0.68998
DIFF0007  -

l D-15/,BO/0. 69651D-05/,Bl/0. 26741D-07/, B2/-0. 14891D-10/, BY/0.82082D DIFF0008

2-14/,CO/0.389352/,Cl/-0.199078D-03/,C2/0.110542D-06/,HGO/
DIFFOO09

30.18605OD  04/, HG1/-0. 14691D 01/,HG2/0. 10381 D-02/, HG3/-0.23238D-06/ DIFF0010

4,HLO/-0.92130D03/,HL 1/0.19434D 01/,HL2/-0.1051OD-02/,HL3/0.22418D- DIFF0011

506/,ZZO/-0.97258/,ZZl/0.42417D-02/,ZZ2/-0.28996D-05/,ZZ3/0.
55424D- DIFF0012

609/,AA/15.3838/,BB/12767.8/,CC/41.29/,DD/0.61344/,GC/980.665/,
DIFF0013

7 PCONST/1.01325D 06/                                              
            DIFF0014

8 FORMAT (//. '********** RE-ENTRY INTO LICUID PHASE ********') DIFF0015

9 FORMAT(  EQUATION OF STATE IS INCORRECT NEAR THE CRITICAL POINT. DIFF0016

1 HGL IS LESS THAN 0.'/,' THE TEMPERATURE = 'D 12.5,0 DEG.. HG = ' DIFF0017 ,

2012.5,' AND HL = 'D12.5) DIFF0018 %

QCR=-0.0001
DIFF0019 '

NOUT=6
DIFF0020

DUDT=0.
DIFF0021

DDDT=0.
DIFF0022
DIFF0023

DQUAL=0. DIFP0024
DVVG=0. DIFF0025
GVP=0. DIFF0026
VG=0.
MG=0.

DIFF0027

NX=0
DIFF0028

CPG=0.
DIFF0029

DO 5 I=11,20
DIFF0030
DIFF0031

5 DY(I)=0.
IF (NNP(1).EQ.0) GO TO 10 DIPF0032

GO TO 20
DIFF0033

10 IF (X.GT.TCUT) NX=1 DIFF0034

20 IF (NNP(1).EQ.2) NX=1 DIFF0035
DIFF0036

T=Y (1)



P=Y(2) DIFF0037
V=Y(3) DIFF0038
TF=Y (4) DIFF0039
U=Y (5) DIFF0040
QUAL=Y (9) DIFF0041

&

IF (P.GT.0.) GVP=PO**RPC*VGO*RPC/P**(1.+RPC)                               DIFF0042
T 2=T*T DIFF0043
T 3=T 2* T DIFF0044
T 4=T 3 *T DIFF0045
AP=AO+Al*T+A2*T2+A3*T3 DIFF0046
Z=ZZO+ZZl*T+ZZ2*T2+ZZ3*T3 DIFF0047
TB=T DIFF0048
PSAT=DEXP(AA-BB/T)/T**DD DIFF0049

C                                                                                   DIFF0050
C********* HEAT TRANSFER CALCULATIONS ******************************** DIFF0051
C                                                                                   DIFF0052

DQDT=O. DIFF0053 ,
IF (NNP(5).EQ.0) GO TO 21 DIFF0054 g
IF (X.GT.TCUT) GO TO 110 DIFF0055 p

21 IF (X.EQ.0.) GO TO 110 DIFF0056
FRAGM=1. DIFF0057
IF (NNP(2).EQ.1) GO TO 101 DIFF0058
IF (TM.NE.0.) FRAGM=1.-DEXP(-X/TM) DIFF0059
HA=CFW*(0.9772*DSQRT(HT/X)+1.)*FRAGM/HT DIFF0060
GO TO 103 DIFF0061

101 HA=CFW/HT DIFF0062
C                                                                                   DIFF0063.
C         GAS/VAPOR BLANKET CONDITION DIFF0064
C                                                                                   DIFF0065

103 IF (NNP(3).EQ.O) GO TO 104 DIFFO066
IF (MGMAX. EQ.0..AND.QUAL.LE. 0.) GO TO 104 DIFF0067
MG=MGMAX*FRAGM DIFF0068
AREA=AO*FRAGM DIFF0069
CPG=0.6 DIFF0070
TB=(T+TF)/2. DIFF0071
VG=RG*TB/P                                                                   DIFF0072



VV=QUAL*3.565*Z*TB/P
DIFF0073

HG=KB*AREA*AREA/(VG*MG+VV)
DIFF0074

HA=HA*liG/(HA+HG)
DIFF0075

104 DQDT=HA*(TF-T)
DIFF0076

110 IF (NX.EQ.1) GO TO 30
DIFF0077

DVTDT= (P-PO)/AI
DIFF0078 ·

GO TO 40
DIFF0079

30 DVTDT=SS*U
DIFF0080

40 IF (QUAL.GE.1.) GO TO 314
DIPF0081

IF (QUAL. LE.QCR.AND.P.LE.PSAT) GO TO 114 DIFF0082

IF (NNS.GT.0) GO TO 113                                        
           DIFF0083

C'                                              
            '                     DIFF0084

C********* SINGLE PHASE CALCULATIONS
********************************* DIFF0085

C                                               
                                    DIFF0086

109  Y (9) =0.
DIFF0087

Y(10)=0.
DIFF0088

BS=BO+Bl*T+B2*T2+B3*T3
DIFF0089

CP=CO+Cl*T+C2*T2 DIFF0090  

BT=BS+T*V*AP**2/(CC*CP)
DIFF00917

GO TO 111
DIFF0092

314 AP=1./T                                     
                               DIFF0093

BT=1./P
DIFF0094

Y (9) =1.
DIFF0095

CP=0.6
DIFF0096

111 Zl=BT*V+MGMAX*VG/P+GVP+DEFORM
DIFF0097

22=T*V*AP/CC            ·                       
                              DIFF0098

Z3 = A P* V+ MGM AX *RG/ ( 2. *P ) - Z 1 *C P/Z 2
DIFF0099

24=RG*MGMAX/(2.*P*CFW)-21/Z2
DIFF0100

123 DTDT=(24*DQDT+DVTDT)/Z3
DIFF0101

DPDT= (CP*DTDT-DQDT) /22
DIFF0102

DVDT =V*(-BT*DPDT +AP*DTDT)
DIFF0103

GO TO 121                                        
                            DIFF0104

C                                               
                                    DIFF0105

C********* TWO-PHASE CALCULATIONS ************************************ DIFF0106

C                                               
   '

DIFF0107

113 HG=HGO+HG1*T+HG2*T 2+HG3*T 3
DIFF0108



HL=HLO+HL1*T+HL2*T2+HL3*T3 DIFF0109HGL=HG-HL
DIFF0110IF (HGL.LE.0.) GO TO 215    +                                              DIFF0111HGL=HGL+CPG*(TB-T)        1                                                   DIFF0112VV=3.565*Z*TB/P DIFF0113APINT=AO* (T-TLO) +A 1 * (T2-TLO**2)/2.+A2* (T3-TLO**3) /3. +A3* (T4- DIFF01141TLO**4)/4. DIFF0115V L=V LO*DEX P (A PINT) DIFF0116VGL=VV-VL DIFF0117DHG=HG 1+2.*HG2*T+3.*HG3*T2-CPG*(0.5-DTF) · DIFF0118DHL=HL 1 +2. *H L2* T+3. * HL 3* T2 DIFF0119DP=PSAT* (BB/T2:DD/T) DIFF0120DZ=ZZ 1+2.*ZZ2*T+3.*ZZ3*T2 DIFF0121DVG=3.565/P*(DZ*TB+(1.+DTF)*Z/2.-Z*TB*DP/P) DIFF0122DVL=AP*VL ·

DIFF0123FDH=QUAL*DHG+(1.0-QUAL)*DHL DIFF0124FDV=QUAL*DVG+(1.0-QUAL)*DVL DIFF0125HV=HGL/VGL DIFF0126 1Gl=MGMAX*VG/P+GVP+DEFORM „ DIFF01272G4=MGMAX*RG/(2.*P) DIFF0128G2=FDH-HV * (FDV+G4)+DP*(H V*Gl- V/CC) DIFF0129G3=-HV*G4/CFW DIFF0130DTDT=((1.+63)*DQDT-HV*DVTDT)/G2 DIFF0131DVDT=DVTDT+(Gl*DP-G 4)*DTDT+G4*DQDT/CFW DIFF0132DPDT=DP*DTDT DIFF0133DQUAL= (DVDT-FDV*DTDT) /VGL DIFF0134DVVG=DQUAL*VV+QUAL*DVG*DTDT DIFF0135121 DTFDT=-DQDT/CFW DIFF0136IF (NX.EQ.0) GO TO 127 DIFF0137126 DUDT =-GC+PCONST*(P-PINF)/(SCD*SCL) DIFF0138DDDT=U
DIFF0139127 NOFNS=NOFNS+1 DIFP0140DY (1) =DTDT
DIFF0141DY(2)=DPDT DIFF0142DY(3)=DVDT DIFF0143DY(4)=DTFDT DIFF0144

.



DY(5)=DUDT
DIFF0145

- DY{6)=DDDT
DIFF0146

DY(7)=P*DVDT                                              - 
                 DIFF0147·

DY(8)=P                  -                                            
     DIFF0148

DY (9) =DQUAL
DIFF0149

DY(10)=DVVG
DIFF0150

R ETU R N
DIFF0151

215 WRITE (NOUT,9) T,HG,HL
DIFF0152

STOP
DIFF0153

114 IF (NNS. EQ.0) GO  TO 214 DIFF0154

WRITE (NOUT,8)
DIFF0155

214 NNS=0
DIFF0156

GO TO 109
DIFF0157
DIFF0158

END

*

\

\\                                                                                                                                         -



SUBROUTINE DFBND(N,X,Y,DY,H,EPS,ERR,JM,HMIN,JP, YE,ISWIT) DFBNO001
IMPLICIT REAL*8 (A-H,0-Z) DFBNO002
REAL*8 X,Y,DY,H,EPS,ERR, HMIN DFBNO003
DIMENSION   Y (20) ,YE (20),ERB (20),Y1 (20) ,DY (20),S (20),R (20) DFBNO004
JBL=-1 DFBNO005
JMAX=JP DFBNO006
IF(ISWIT .GT. 0) GO TO 10 DFBNO007
CALL DIFI(N,X,YE,DY,H,HMIN,EPS,JM,S,R,KK, Yl,JP,JMAX, JBL, FC) DFBNO008
GO TO 15 DFBNO009

10 CALL DDIF (N,X, YE, DY,H,HMIN,EPS,JM,S,R,KK,Yl,JP, JMAX,JBL, FC) DFBNO010
15 DO 20 I=l,N                                                                  DFBNO011

A=YE(I)-Y(I) DFBNO012
B=Yl(I)-Y(I) DFBNO013
IF(DABS(A)-DABS(B)) 30.30,40 DFBNO014

30 ERR(I)=B DFBNO015
GO TO 20 DFBN0016

40  ERR (I) =A DFBNO017 ,
20 CONTINUE DFBN0018 g

X=X+H DFBN0019 f
H=FC*H DFBNO020
RETURN DFBNO021
END DFBNO022



SUBROUTINE DIFI (N,X,Y,DY,H,HMIN,EPS,JM,S,R,KK, YU,JP,JMAX,JBL,FC) DIFI0001
IMPLICIT REAL*8 (A-H,0-Z) DIFI0002
REAL*8 X,Y,DY,H,HMIN.EPS,S.R,YU,FC DIFI0003
DIMENSION  Y (20) ,DY (20) ,S (20) ,R (20) ,YA (20),YL (20) ,YM (20),DZ ('20), 3 DIFI0OO4

1   SA (20),D(13) ,DT (20,13),YG (20,14) ,YH (20,14),SG (20,14),YU (20),YY (20 DIFI0005

1)                                                                               ·DIFI 0006
DO 2 I=l,N 5 DIFI0OO7

YA(I)=Y(I) 6 DIFI0008

YY(I)=Y(I)                                       '                            DIFI 0009
S(I)=0.0 DIFI0010

SA (I) =S (I) 7 DIFI0011
2 CONTINUE 8 DIFI0012
CALL DIFFUN (X,Y,DZ) 9 DIFI0013

3 JBH=-1 10 DIFI0014
KK=+1 11 DIFI0015·

4 A=H+X 12 DIFI0016
JBO=-1 13 DIFI0017 ,
M=1 14 DIFI0018g
JR=2 15 DIFI0019 
JS= 3 16 DIFI0020
JJ= 0 17 DIFI0021

W=0.0 DIFI0022

DO 32 J=l,JMAX                      ·                                   18 DIFI0023
IF(JBO.LT.0) GOTO 6 19 DIFI0024

D(2)=16./9.DO 21 DIFI0025

D(4)=64./9.DO 22 DIFI0026
D (6)=256./9.DO 23 DIFI0027

D(8)=1024./9. DO 24 DIFI0028
D(10)=4096./9.DO' 25 DIFI0029
D(12)=16384./9.DO 26 DIFI0030

GOTOB 27 DIFI0O31

6                 D  (2) =2.2 5 D O 28 DIFI0032
D(4)=9. DO 29 DIFI0033
D (6)=36.DO 30 DIFI0034

D(8)=144.DO 31 DIFI0035     '

D(10)=576.DO 32 DIFI0036



D(12)=2304.DO 33 DIFI0037
8   KONV=+1          '                                                    34 DIFI0038

IF (J. LE. (JM/2) ) KONV=-1 35 DIFI0039
IF(J.LE. (JM+1)) GOTO 10 37 DIFI0040

L=JM+1 39 DIFI0041
D(L)=4.DO*D(L-2) .40 DIFI0042

FC=.7071068*FC DIFI0043
GOTO 12 42 DIFI0044

10              L= J 43 DIFI0045
D(L)=DFLOAT(M*M) DIFI0046

FC=1.0+DFLOAT (JM+1-J)/6.0 DIFI0047
12 M=M+M 46 DIFI0048

G=H/DFLOAT (M) DIFI0049
B=G+G 48 DIFI0050

JP=J                                   ·                      '               DIFI0051
IF((JBH. LT.0).OR. (J.GE. (JMAX-1))) GOTO 16 49 DIFI0052
DO    1 4 I=l,N 51 DIFI 0053

YM(I)=YH(I,J)                                                       52 DIFI0054 ,
YL(I)=YG(I,J) 53 DIFI0055 S
S (I)=SG (I,J) 54 DIFI 0056 T

14 CONTINUE 55 DIFI0057
GOTO 25 56 DIFI0058

16   DO 18 I=l,N             '                                             57 DIFI0059
YL(I)=YA(I) 58 DIFI0060

YM (I) =YA (I) +G*DZ (I) 59 DIFI 0061
S (I)=SA (I) 60 DIFI0062

18 CONTINUE 61 DIFI0063
\

KH=M/2                                                                62 DIFI0064
XU=X 63 DIFI 0065
DO 24 K=2, M 64 DIFI0066

XO=XU+G      ·                                                              65 DIFI 0067
CALL DIFFUN (XU,YM,DY) 66 DIFI0068
DO 20 I=l,N 67 DIFI0069

U=YL (I)+B*DY (I) 68 DIFI0070
YL(I)=YMCI)                                     ·                         69 DIFI0071.
Y M  (I) ·=U 70 DIFI 0072

.-                                                 -



[1=DABS (U) 71 DIFI0073
IF(U.GT.S(I)) S(I)=U 72 DIFI 0074

20 CONTINUE 74 DIFI0075
IF((K. NE. KH).OR. (K.EQ. 3) .OR. (JBL .EQ. -1)) GO TO 24 DIFI0076
JJ=1+JJ                                                             77 DIFI0077
DO 22 I=l,N 78 DIFI0078

YH(I,JJ)=YM(I) 79 DIFI0079
YG(I,JJ)=YL(I) 80 DIFI0080
S G  (I,J J)  =S (I) 81 DIFI0081

22             CONT INUE 82 DIFI0082
24 CONTINUE 83 DIFI 0083
25   CALL DIFFUN (A,YM,DY) 84 DIFI0084

DO 30 I=l,N 85 DIFI0085
V=D T (I,1 9 86 DIFI 0086

DT (I, 1) = (YM (I)+ YL (I) +G*DY (I) ) *. 5 87 DIFI0087
C=D r (I,1) 88 DIFI0088
TA=C 89 DIFI0089

IF(L.LT.2) GOTO 29 90 DIFI0090
IF(DABS(V)*2.8 D14.LT.DABS.(C)) GOTO 33 DIFI0091 1
DO 28 K=2,L 96 DIFI 0092 S

W=D(K) DIFI0093
Bl=D (K) *V 97 DIFI0094

B=Bl-C                                                                   98 DIFI0095
U=V 99 DIFI0096

IF(B.EQ.0) GOTO 26 100 DIFI0097
B=(C-V)/B 102 DIFI0098

U=C*B 103 DIFI0099
C=B l*B 104 DIFI0100

26             V=DT (I,K) 105 DIFI 0101
DT (I,K)=U 106 DIFI0102
TA=U+TA . 107 DIFI0103

28 CONTINUE 108 DIFI0104
29    C=Y Y (I) DIFI0105

V=TA DIFI0106
YY(I)=V DIFI0107
IF(J.LT.JM+1) V=V-U DIFI 0108



V=V+V-C DIFI0109
R(I)=DABS(Y(I)-TA) 112 DIFI0110

IF(JBL.EQ. 1) Y (I) =TA DIFI 0111

IF(JBL .EQ. -1) Y(I)=C DIFI0112
YU (I) =V DIFI 0113
IF(DABS(V-C) .GT. W *EPS*S(I)) KONV=-1                                    DIFI0114

30 CONTINUE 116 DIFI0115
IF(KONV.GE. 0 .AND. (JBL .EQ. 1)) GO TO 34 DIFI0116
D(3)=4.DO 119 DIFI0117

D(5)=16.DO 120 DIFI 0118
JBO=-JBO 121 DIFI0119
M=JR 122 DIFI0120
JR=JS 123 DIFI0121
JS=M+M 124 DIFI0122

D(7)=64.DO 125 DIFI0123
D(9)=256. DO 126 DIFI0124
D(11)=1024.DO 127 DIFI0125 ,       1

32 CONTINUE 128 DIFI0126 g
IF (JBL .EQ. -1)  GO TO 34 DIFI0127 9
JBH=-JBH 129 DIFI0128

33 IF (DABS(H).LE.HMIN) GOTO 35 130 DIFI0129
H=H/2.                                                                  132 DIFI0130

IF(DABS(H).GE.HMIN) GOTO 4 133 DIFI0131
H=DSIGN(HMIN,H) DIFI0132
GOTO 3 136 DIFI0133

34  RETURN                  ·                                                139 DIFI0134
35 KK=-1 140 DIFI0135

GOTO 34 141 DIFI0136
ENTRY DDIF(N,X,Y,DY,H,HMIN,EPS,JM,S,R,KK,YU,JP,JMAX,JBL, FC) DIFI0137
DO 36 I=l,N 143 DIFI0138
Y(I)=YA(I) 144 DIFI0139

36 CONTINUE 145 DIFI0140
GOTO 3                                         '                         146 DIFI0141

END 154 DIFI0142

I :,
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APPENDIX B:

SOLIDIFICATION CALCULATIONS

(APPROXIMATE MIXING TIME CONSTANTS)

A number of different cases were run for the solidification rates

of U02, UC, and UN.  From these calculations, approximate mixing time

constants were determined for the two solidification modes as mentioned

in the text of this report.  Of these calculations, only a limited num-

ber were used in the text. Therefore, to document the results for all

cases, Tables B.1, B. 2, and B.3 are provided.

A listing of the computer code used to make these calculations is

included following Table B.3

TABLE B. 1  Approximate Mixing Time Constants

for U02 (Tf = 2800°C).

TI (OC)t 1070 1144 1298 1552

Modest*    1      2     1      2     1      2     1      2

0.5 856    88    872    90    908    93 977 101
al
p-
0- 0.4 548 70 558    72    581    75    625     80

E & 0.3 308 52 '  314    53    327    56    352     60

2 YA 0.2 137    35    140    35 145 37    156     40
r- •r-

m v                                           35       17        36       18        39        193 & 0.1 34 17
2 0.05 8.6 8.1 8.7 8.2 9.1 8.6 9.8 9.2
-

0.025 2.1 2.2 2.3 2.4

 Fuel-coolant interface temperature (solid-liquid)

-                ttMode 1 - solidification of intact sphere
Mode 2 - solidification of sphere with particle breakoff
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TABLE B.2.  Approximate Mixing Time

Constants for UC (Tf = 2530')

TI(OC)
1569 171:5 1831           '

Mode 1 Intact Breakoff Intact Breakoff Intact Breakoff

0.5 149      16        169       18       191       20
0                                                                      -9- 0.4      95      12       108       14       122       16
-  E

1 30.3      54       9         61       11        69       12

2  5    0.2                      24                         6                                27
, 7.0       30       7.9

r- 1-
3.8

.LE  vm 0.1 6.0 3.0 6.8 3.4 7.6
+-) Of

'2 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 (Tf = 2860°C, Rf = 0.0064 cm)

TI(OC)
1884 2028 2143

Mode Intact Breakoff Intact Breakoff Intact Breakoff

0.5 140      15        158      17        178      19
(1)

'0- 0.4     90     12       101      13       114      15
•- E

 2    0.3                      50                      8.7                            57                      9.9                            64                      11

'- 9 0.2      22       5.7        25      6.5        28      7.3
- e

·21Jo.1                          6 2.8 6.3 3.2 7.1 3.6
+J Qi

E 0.05 1.4 1.3 1.6 1.5 1.8 1.7
/./

0.025 0.4 0.4 0.4



---

C                                       
                                        

    MAIN0001

C     THIS PROGRAM CALCULATES THE RATE O
F SOLIDIFICATION IN A SPHERE BY MAIN0002

C     THE ADAM'S APPROXIMATION. THERE IS A CHOICE OF TWO SOLIDIFICATION MAIN0003

C     MODES; SOLIDIFICATION OF AN INTACT
 SPHERE OR A SPHERE WITH A FIXED MAIN0004

C     PARTICLE BREAKOFF. MIXING TIME CONSTANTS THAT RELATE TO THE MAIN0005

C     CHO-WRIGHT MODEL ARE ALSO GIVEN.  
                                        

   MAIN0006

C                                       
                                        

    MAIN0007

C     INPUT VARIABLES
MAIN0008

C                                       
                                        

    MAIN0009

C FIRST CARD(FORMAT-6F10.4,2IS)
MAIN0010

C        SPHT=SPECIFIC HEAT(CAL/GM-C)
MAIN0011

C        SL=LATENT HEAT OF FUSION(CAL/GM)
MAIN0012

C        TM=MELTING POINT OF SPHERE'S MATERIAL(C)
MAIN0013

C        TI=INTERFACE TEMPERATURE(C)
MAIN0014

C        TS=THERMAL DIFFUSIVITY(CM*CM/SEC)
MAIN0015

C        Al=STARTING POINT FOR CALCULATIONS(0.00001)
MAIN0016

ISUB=NUMBER OF SUBDIVISIONS FOR NUMERICAL INTEGRATION(5)
MAIN0017

C        NN=NUMBER OF RADIAL SECTIONS (P
RINTOUT PURPOSES=30)

MAIN0018 1

C                                       
                                        

       MAIN0019 3

C     SECOND CARD(FORMAT-7F10.4)
MAIN0020

-       RI (I) =INITIAL RADIUS OF MOLTEN SPHERE( UP 00 7 RADII IN CM.) MAIN0021
&

C                                       
                                        

    MAIN0022

C     THIRD CARD
MAIN0023

C        ICHK=SOLIDIFICATION MODE(0=INTA
CT SPHERE,1=PARTICLE BREAKUFF) MAIN0024

C        RF=RADIUS OF FINAL PARTICLE IN 
CM. (NEEDED FOR BOTH MODES) MAIN0025

C                                       
                                        

    MAIN0026

C     NOTE: THERE CAN BE AS MANY SECOND A
ND THIRD CARDS AS NEEDED. MAIN0027

C           LAST TWO CARDS MUST BE BLANK.
MAIN0028

C                                       
                                        

    MAIN0029

EXTERNAL DTDAF
MAIN0030

DIMENSION   TIME (100) ,RATIO (100),RI (7)
MAIN0031

COMMON R,SPHT,TM,TI,SL,TS,Al
MAIN0032

500 FORMAT(6F10.5,2IS)
MAIN0033

510 FORMAT(7F10.4)
MAIN0034

520 FORMAT{I 10,F10.4)                  
                                        

  MAIN0035

530 FORMAT('1',9X.'SURFACE AREA GENERATION WITH TIME',/1 OX,'INITIAL PA MAIN0036



1RTICLE RADIUS ',F6.3/1OX,'FINAL PARTICLE RADIUS ',F6.4) MAIN0037
540 FORMAT(//16X,'TIME'.4X,*RADIUS'.6X,'AREA',5X,'RATIO') MAIN0038
550 FORMAT(1 OX,3F10.4,F10.2) MAIN0039
5 6 0  FORMAT (15)(,'(SEC.)*,4X,'(CM.)',4X,'(SQ.CM.)'//) MAIN0040
570 FORMAT(1 OX,'ASSUMING PARTICLE BREAKOFF') MAIN0041
580 FORMAT (10X,'ASSUMING NO PARTICLE BREAKOFF') MAIN0042

READ (5,500) SPHT,ST.,TM,TI,TS, A 1,ISOB,NN MAIN0043
10 READ(5,510) (RI(I),I=1,7) MAIN0044

READ(5,520)ICHK,RF MAIN0045
DO 100 'I=1,7 MAIN0046
IF(RI (I).EQ.0.0) GO TO 12 MAIN0047
GO TO 14 MAIN0048

12 IF(I.EQ.1) GO TO 999 MAIN0049
GO TO 10 MAIN0050

14 WRITE(6,530)RI(I),RF                                                         MAIN0051
IF(ICHK.EQ.0) GO TO 20 MAIN0052

15 WRITE(6,570)                                                                 MAIN0053
GO TO 25 MAIN0054 1

20 WRITE(6,580) MAIN0055 X
25 WRITE(6,540) MAIN0056 '

WRITE(6,560) MAIN0057
R=RI (I) MAIN0058
T=0.0 MAIN0059
AREA=0.0 MAIN0060
LI = O MAIN0061         1
ISTOP=0                                                                    MAIN0062
VOLl=4*(3.14159)*R**3/3. MAIN0063
END=R MAIN0064
AREAF=3*VOLl/RF MAIN0065

30 START=END MAIN0066
J=J+1 MAIN0067
IF(ICHK.EQ.0) GO TO 40 MAIN0068
R=END                                                                    ·    MAIN0069
END=START-2*RF MAIN0070
IF(END.EQ.0.0) END=0.00001 MAIN0071
IF(END.LT. 0.0) GO TO 55 MAIN0072

.- - -



1          ..

DVOL=4*3.14159*(START**3-END**3)/3 MAIN0073
GO TO 50 MAIN0074

40 X=FLOAT(J) MAIN0075
DVOL=VOLl/FLOAT(NN) MAIN0076
SVOL=X*DVOL MAIN0077
IP(SVOL.GT.VOLl) GO TO 55 MAIN0078
END=((VOLl-X*DVOL)/(4.*(3.14159))*3.)**0.33333 MAIN0079
IF(END.EQ.0.0) END=0.00001 MAIN0080

50 DT=SIMPS (START, END,ISUB, DTDAF) MAIN0081
T=T+DT MAIN0082
TIME(J)=T                                                                  MAIN0083
AREA=AREA+DVOL*3/RF MAIN0084
RATIO(J)=AREA/AREAF                                                          MAIN0085
WRITE(6,550)T,END,AREA,RATIO(J) MAIN0086
IF(ISTOP.EQ.0) GO TO 30 MAIN0087

55 DO 70 J=1,80 MAIN0088
IF(RATIO(J).GT.0.632) GO TO 60                                        ·    MAIN0O89
GO TO 70                                                                     MAIN009O 1

60 FRACT=(0.632-RATIO(J-1)) / CRP TIO (J) -RATIO (J-1) ) MAIN0091  
TAUM=TIME(J-1)+FRACT*(TIME(J) -TIME(J-1)) MAIN0092 '
GO TO 80 MAIN0093        '

70 CONTINUE MAIN0094
80 TAUM=TAUM*1000. MAIN0095

WRITE(6,590)TAUM MAIN0096
590 FORMAT(//10X, 'THE VALUE OF TAU SUB M =' ,F9.3,' .MSEC') MAIN0097
100 CONTINUE MAIN0O98

GO TO 10 MAIN0099
999 srop                                                                         MAIN010O

END MAIN0101



FUNCTION DTDAF(X) DTDAO0O1
COMMON R,SPHT,TM,TI,SL,TS,Al DTDA0002
DEL=R-X DTDA0003
IF(DEL.LT. Al) GO TO 10 DTDA0004
Y=X DTDA0005
GO TO 15                                                                     DTDA0006

10 Y=R-Al DTDA0007
15 DENOM=2.*TS*SPHT*(TM-TI)                        '                             DTDA0008

Z=1.0+ ( (4. *R*SPHT) / (3. *Y *SL) ) * (TM-TI) DTDA0009
DENUM= (S L* Y - ( SL*Y**2.) /R) * (1. 0+SQRT (Z) ) DTDA0010
DTDAF=bENUM/DENOM* (-1.0) DTDA0011
RETURN DTDA0012
END                                 -                                         DTDA0013

-
...'

T

\

.

\

...



FUNCTION SIMPS(D,E,N,F) SIMP0001
TWOH= (E-D) /FLOAT (N) SIMP0002
H=TWOH/2. SIMP0003
SUMED=0.0 SIMP0004
SUMID=0.0 SIMP0005
DO 10 K=l,N SIMP0006
X=D+FLOAT(K-1)*TWOH SIMP0007
SUMED=SUMED+F (X) SIMP0008
SUMID=SUMID+F(X+H) SIMP0009

10 CONTINUE SIMPO010
S IMP S = (2. 0*SUMED+4.0* S UMID-F (D) +F (E) ) *H/3. SIMP0011
RETURN SIMP0012
END SIMP0013

..'

../

..J



-118-

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 work potential at slug impact, it is necessary to input a single

final fuel particle radius into the FCI-B version of the ANL parametric

code (see Appendix A).  This input parameter is one of the most important

inputs to the model 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 resulting energetics.  For a given mixing time

constant, the smaller the fuel particle 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 radius and mixing time constants

can be seen in Figure C.1.  Given smaller fuel radii, mixing time constants

need not be as small or the overall mixing of fuel and sodium need not be

as rapid to produce equivalent work potential.  Essentially, if no lower

bound is established for the fuel particle size, any mixing time constant,

given an extremely small fuel radius, could produce the limiting work

potential at slug impact.  Therefore, to provide a conservative (highest)

estimate of the mixing requirements for the limiting case, without using

unrealistic values for the fuel particle size, a lower bound for the final

fuel particle radius must be established.
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In actual FCI conditions, fuel fragmentation results in a fuel par-

ticle size distribution rather than a single particle size. Therefore,

the finest particle size distribution must first be determined from which

a single equivalent fuel particle size can then be determined.

At this time, no analytical method can accurately predict the smallest

distribution of fuel particles.  Various methods exist that predict fuel

particle sizes (1,2) but none can be expected to provide the entire dis-

tri bution. However, a review of the experimental . fuel fragmentation  data

has resulted in a mathematical formulation for the finest fuel particle

size distribution.                         _

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 results of 30 additional experimental runs by the

PNC was compiled (Figure C.2).  From this data, Mizuta fitted by a least

square method a log-normal distribution to the finest (worst case) fuel

particle distribution in the range of 20-90% mass of particles smaller

than the indicated diameter.    This is shown  as the darker straight  1 ine

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

fM(R)      58.1 exp   - (C-1)F  (log 2R - 2.27)2 
0.944

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

sentation of this density function can be seen in Figure C.3.
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FIGURE C.3  Mizuta's Finest Fuel Particle Distribution
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C.2  Translating the Finest Particle Size Distribution

to a Single Particle Size

Having an equation that represents the finest fuel particle distri-

bution observed following an FCI, the next step involves the translation

of this distribution to an effective single particle size.  To be consis-

tent with the parametric model, the single fuel particle should match the

heat transfer characteristics of the particle distribution, namely, the

surface area per gram of fuel.

One means of doing this is to establish from the distribution the
-

surface area of all the fuel particles.  This value can then 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 of particles having a radius

Ri .  The volume of these particles can then be described by

(C-2)
Vi  =  Mi/Pf   '

The  surface  area  can  al so be described  by

3M.

Si         1    4 Ri
2 (C-3)

4PfwRia

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

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

This equation can be reduced to

-                                                 3Mi
S. .    =    -           .                                                               (C-4 )
1    pfRi
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To  determine the total   fuel   vol ume and total surface  area  of  the  di stri -

bution requires the summation 
over all radii  Ri  of Eqs. (C

-2) ahd (C-4).

This results in

r. M.

total         Pf
i

and

3M.

Sto,al - I pit   ·
1

The volume-to-surface area. ratio
<  }    i s   ther„ore

.- M.
1

1 .-     Ef=                           ((-5)
1

  3M7
1. PfRi

which reduces to

-   Mi

CVS}

i

  3Mi

i       '

This can be further simplified
 to

  } =   1                      ((-6)
Er Yi

3 Z' F:-
i 1



-125-

where Yi , the mass fraction, is defined as

Mi       Mi                        (C-7)Yi -     MT  .  Mi
i

Transforming the volume-surface area mean, <   , into
an equivalent

radius particle, R , requires the additional relation
VS

A l)   =           'S
4TR 3/3

\ S           4AR   2
VS

(C-8)

R
VS
3

Equating Eqs. (C-6) and (C-8) yields

R          1                                (C-9)
VS

 I ;11·1

This method of averaging is known as the Sauter mean or volume-surface

mean.  It is often used in such surface area determinations (4).  For the

continuous case where  y , the mass fraction, is a continuous function of

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

1

Rvs     R2                              
       (C-10)

f f '11'

(Precaution should be taken in applying the above formulation to make sure
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that  y  represents the correct mass fraction for the range of radii  Rl

and  R2 •)

Equation   (C-10)   is  used to determi ne the,equivalent fuel particle

size for Mizuta's final fuel particle distribution.  25 and 750 microns

are used as the limits of integration because they represent the range

of particle radii through which Mizuta fitted the log-normal distribution.

Normalizing Mizuta's function was first necessary so that the correct mass

fractions would be·used.  This was accomplished by dividing  fM(R)  by the

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

58.1 exp  -(log 2R - 2.27)2/0.944 

fMN(R)  =                                           .   ,   (C-11)750

1  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 technique, the resulting form for

fMN(R)
is:

fMN(R)  =  0.001 exp  -(log 2R - 2.27)2/0.944  . (C-12)

Using this form for  fMN.(R)  in Eq. (C-10) produces the following form

for  the vol ume-surface  area  mean   radi us :

4750                                                                                                        ) -1

Rvs  =   )C  0.001  exp  -(log 2R - 2.27)2/0.944 
dR 

. (C-13)

(25
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The result for the equivalent Sauter mean particle radius for Mizuta's

distribution is 180 um .

This,  however, represe
nts only 70% of the tot

al distribution.  To

account for the 20% of 
the fuel particles belo

w a radius of 25.Um and

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

Eq. (C-6) is used.  Fir
st, the remaining parti

cle sizes (above and be
low

Mizuta's distribution) was chosen. The particle size distribution below

the 25 um is a very imp
ortant number and can d

rastically affect the o
ver-

all volume-surface mean
.  This is due to the f

act that the surface ar
ea

per gram of fuel goes u
p inversely to the radi

us of the particle.  Th
ere-

fore, an extremely small particle would tend to shift the final overall

mean down considerably.  To be conservative, but in a realistic fashion,

a single radius of 17.3 um was chosen to represent this lower particle

size distribution.  Thi
s is approximately the 

smallest particle size 
used

by Armstrong to describ
e the fragmentation res

ults of his U02-Na drop
ping·

experiments (4,5).  As 
it turns out, his parti

cle size distribution i
s

very close to Mizuta's 
finest particle size di

stribution and should p
ro-

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

of the spectrum, a valu
e of 1000 pm was chosen

 as the highest particl
e

radius.  Again, from Mi
zuta's compilation of t

he fragmentation data, 
this

value represents the lo
west upper bound to all

 the data (see Figure C
.2).

It appears to have been
 produced in the Japane

se experiments.

Table C. 1 indicates th
e choice of particle si

zes for the calculation

of a single fuel partic
le size to represent th

e entire spectrum.  Usi
ng
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TABLE C.1.  Finest Fuel Particle
 Sizes

yi,  Mass Fraction Particle- Radius  (um)  
Range (% Mass)-

0.2 1·7.3 < 20

0.7 180 20-90

0.1 1000 790

1                              
     1

R
--

*  64 pm

VS

  Yi 0.2       .     0.7    +    -0.1

4, r 173 f 180 1000

i      '

.

)
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these values for the specified mass ratios, the equivalent volume-surface

mean radius is calculated to be 64 Um.

C.3  Discussion

The effect of establishing this lower bound of the fuel particle

size can be seen in Figure C.1.  With this lower bound, mixing time con-    _

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 value of 40 MW-sec for the FFTF.  This

methodology can be applied to the CRBR as well for the work potential

curve of 70 MW-sec.

For the speci'fic case presented in Figure C.l,mixing time constants,

if shown to be greater than 27.5 msec in a particular accident situation,

will provide calculated work potentials of less than the limiting value

of 40 MW-sec.  In all further calculations, 64 Um is used as the final

fuel particle radius. Determining the mixing time constant that produces

the limiting w6rk potential 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  pm. This point represents the limit-

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 mixing time constant, calculated work potentials will be less

than the limiting criteria.



-130-

REFERENCES (APPENDIX C)

1.      A.W.   Cronenberg, M.A. Grol.mes, "A Reviewof Fragmentation Model s

Relative to Molten U02 Breakup when Quenched in Sodium Coolant,"

paper presented at 1974 ASME Winter Meeting, New York, Nov. 17-21,

1974.

2. Michael Corradini,."Prediction of Minimum U02 Particle Size Based

*
on Thermal Stress Initiated Fracture Model," COO-2781-4 TR, August

1976.

3. Hiroshi Mizuta, "Fragmentation of Uranium Dioxide after Molten

Uranium Dioxide-Sodium Interaction," J. Nuclear Science & Engr.,

11( 11  ),    480-487    (1974).

4.    W. L. Chen, D. H.  Cho, M.S. Kazimi, "Recent Additions to the Para-

metric Model   of  Fuel   Cool ant Interactions," ANL-8130,   Sept.   1974.

5.   D. R. Armstrong, F.J. Testa, D. Rariden, "Molten U02-Na Dropping

Experiments," Trans. Amer. Nucl. Soc. 11, 660 (1970).



-131-

APPENDIX D:

HIGH TEMPERATURE THERMOPHYSICAL FUEL PROPER
TIES

Fuel s

UOR         UC         UN.-.

Melting Temperature 2800° 2530° 2860°

(°C)

Boilina Temperature
- 3400° 3250° 4540°

(°CJ

Molten Density 8.74 11.2 11.0

(gm/cm3)

Solid Density 11.0 13.6 14.3

(gm/cm 3)

Thermal Conductivity 0.005 0.053 0.066

(cal/cm-sec°C)

Liquid Viscosity 0.08

(poises)

Specific Heat 0.11 0.08 0.09

(cal/gm°C)

Heat of Fusion 67.0 47.2 52.4

(cal/gm)

_ Thermal Diffusivity 0.0041 0.049 0.051

(cm2/sec)

The above table of fuel properties were take
n mostly from references

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

- pheric pressure.  A more complete 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.

»

- 1
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APPENDIX E:

HYDRODYNAMIC BREAKUP OF A MOLTEN FUEL JET

E.1  Introduction

Various fuel fragmentation models have been proposed to explain the

observed fuel fragmentation following  a fuel -coolant interaction  (1).

One group of these models assumes that the initial fragmentation of the

hot molten materials can be caused by hydrodynamic forces.  The measure

of merit for these models is known as the Weber number, and is defined as:

PNav2 Rfuel
We                                        (E-1)

afuel

where  V  is the relative velocity between the fuel and the coolant.

This dimensionless number represents the ratio of the sodium velocity

pressure, PNaV2 , to the surface tension pressure, afuel/Rfuel ' of the

spherical globule (2).  The splitting of a liquid globule is assumed to

occur when  We  is greater than a critical value, We .  A similar
crit

formulation for the Weber number has been used for investigating impact

fragmentation in FCI dropping experiments.  In these cases, the Weber num-

ber was alternatively defined as (1,3):

 2
Pfuel Dfuel

We  =                                         (E-2)
Gfuel

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

a ratio ef the inertial forces to the surface tension forces.  In the
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latter analysis, the range of critical Weber numbers as observed by Hinze

were used. The results of Hinze's experimental work coupled with Eq.

(E-1) are also used in this appendix to evaluate the hydrodynamic frag-

mentation of a molten fuel jet.  Such a fuel jet can be postulated to be

a result of an overpower situation in a reactor system where fuel melting

occurs with the subsequent rupture of the pin cladding.  A picture of the

idealized fuel jet model used for this analysis is shown in Figure E.1 .

Fuel squirting velocities were calculated for a range of pressure di ffer-

entials; the range of the pressur-e differentials assumed for these scoping

calculations is from 0 to 200 atmospheres.  This range should represent

adequately 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):
li

G            0.·61  < 2gcpfuel   AP    x     1034 4
gm/cm2   (E-3)

'   atm  1

where  G  represents the mass flux of liquid fuel (gm/cm2sec) 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 cladding rupture be
cause it

yields a higher mass flux, a higher We , and smaller resulting
 particles

than if a critical flow were established for a length-to-diameter ratio

greater  than   zero. To determi ne the velocity  of  the   fuel   jet,   Eq.   (E-3)

is divided by the fuel density to give

V         19.6 <2gc8p/pfuel        '          (E-4)
fuel

where V is expressed in cm/sec.  For this analysis, the pro
perties

'fuel

of U02-are used. The results for the fuel velocities as a function of

AP  are presented in Figure E.2.

E.3  Critical Fuel Particle Sizes

Based on his experimental studies of several different liquids in

free-fall experiments, Hinze determined that a majority o
f the materials

tested had critical Weber numbers of around 10 with only one exceptional

value of 20.  Translating these values to critical Weber nu
mbers that

apply to the disintegration of liquid jets, Hinze sugges
ted that the cri-

tical Weber number of 10 corresponded to a lower value of
  6  for liquid

jets.  Using his method, a We of 11 was determined to be equiva-crit

lent to the original value of 20.  Using this range of 
critical Weber

numbers for liquid jets in Eq. (E-1) with the results o
f Section E.2,

the largest stable (critical) fuel particle size was determi
ned as a
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function of the pressure difference.  To accomplish th
is, Eq. (E-1) is

fi rst  sol ved  for    Rcrit   i

R         Wecrit
CUOR (E-5)

crit
FNa VU022

where V2 was replaced by V,- 2 and R represents the critical
UU 2 crit

fuel particle radius in cm. Using the definition of V in Eq. (E-4)
fuel

with U02 fuel properties, Rcrit can be expressed as a function of the

pressure differential,

Wecrit CU02 BUO2

Rcrit                              
              (E-6)

768 PNa gc   

The results for R are presented in Figure E.3.crit

During an actual pin failure,,the overall pressure dif
ference will

be initially high but will quickly decrease.  This is 
due to two compet-

ing processes: the relieving of the internal pin pres
sure by the fuel and

fission gas ejection, and the pressurization in the FCI zone due. to sodium

expansion and vaporization.  Figure E.4 shows such a 
pressure-time his-

tory of the overall pressure difference by showing bot
h the pin pressure

and FCI zone pressure with time. This figure represents a calculation

performed for an HCDA in the CRBR (5). Because the overall pressure dif-

ference  AP  changes with time. for a failed fuel pin, 
fuel squirting

velocities will also change with time, producing a rang
e of critical fuel

particle sizes.  Based on Figure E.3, the critical fue
l particles will
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FIGURE E.3  Stable Fuel Particle Radii.Following Hydro-

Dynamic Breakup of a Molten Fuel Jet
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range from a few microns to seve
ral thousand microns.

This range of calculated critica
l fuel particle sizes is well wi

thin

the distribution of fuel particl
e sizes that has been observed i

n molten

fuel -jet type experi ments   (6). To determine the actual distribution  of

critical fuel particles produced
 by this fragmentation model, ho

wever,

would require incorporating.a  A
P versus time history into the a

nalysis.

E.4  Discussion

The question arises in the above
 analysis if the hydrodynamic br

eak-

up of the fuel jet can occur bef
ore the fuel jet impacts the sur

rounding

fuel pins.  Hinze provides a mea
ns for calculating the splitting

-up time

for liquid globules initially at Weber numbers in excess of their criti-

cal values.  His equation for th
e splitting-up time in seconds i

s

8' Rcrit - 1 Pu02 /i)  1:i
t                               

               (E-6)

V        535  T- \R)       |
fuel _ r'Na Crit J

where (6/R) = 0.17 We
crit crit '

The value of 11 for the critical Weber number was used because it

will provide not only the large
st value for (6/R) but also thecrit

largest stable fuel particle.  T
hese factors combined will provi

de the

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

for the fuel jet to impact the s
urrounding fuel pins can be calc

ulated by

---



-142-

assuming the fuel pin rupture takes place at a point closest to any of

the surrounding pins (Figure E.5) and that the fuel jet does not slow

down.  The time for this impact (assuming the jet velocity is constant)

can therefore be calculated by simply dividing the gap width (0.055 in E

0.140 cm) by the jet velocity.  Figure E.6 presents a comparison of these

two times; the splitting-up time and the impact time over the range of

AP used before. From these results, the liquid jet is expected, ih

general, to split up before it impacts the surrounding fuel pins.

The only 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 disintegration 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 significant particle breakup, the

final stable particle sizes will be characteristic of velocities slower

than initial fuel ejection velocity.  This.will have the effect of pro-

ducing larger stable fuel droplets than is calculated using the initial

ejection velocities.

-
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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-

tures had to be determined.  For a pure liquid-liquid system assuming

perfect wetting (1), the contact temperature at the liquid-liquid fuel-

coolant temperature is (2):

T     TH(klt/la  + TC(kc/' 6E)
I                                               (F-1)

-              (kH/'/S ) + (kc// E)

where the subscripts  H  and C refer to the fuel and sodium coolant,

respectively. The above equation for the interface temperature is derived

for two semi-infinite slabs initially at  TH  and  Tc ·  For both U02 and

the advanced fuel, UC and UN, solidification is expected to commence imme-

diately upon contact with the liquid sodium (3,4).  For this case, where

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

TM(kH/Ta-H7 + Tc(kc/Ta  erf A
T                                                   (F-2)

I                                                                                '

(kH/'/SiI)  +  (kc/T) 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 fusion as the fuel

solidifies.  The  X  is determined from the following equation when the

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

C  T                    A, /kH TaC_21 = xe + erf X (F-3)

1.'F                                    1
  'C TaH                               .)     

        ·

where the temperature
TE

represents a relative temperature (5):

T  T -T (F-4)E M C'

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  cool ant temperatures   are   used

in determining the interface temperature.

F.2  Results

The fuel-coolant interface temperature was calculated for three

different fuels: U02 , UC, and UN.  All the fuels were assumed to be at

their melting temperatures.  The temperature of the liquid sodium was

varied in all cases from 200°C to 900°C.  Table F.1 presents the results

of these calculations for both liquid-liquid interface temperature and

the solid-liquid interface tempe rature. A compilation   of the sodium   pro-

perties that were used (6) is found in Table F.2. Fuel melting temperatures
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TABLE F.1.  Fuel-Coolant
 Interface Temperatures

U02

Na Temp.
(°C)

TI(solid-liquid) TI(liquid-liquid)

200
951

786

600· 1365 1188

900
1644                  146

2

...                                    11
UC

200
1569

1314

600
1882

1631

900
2069

1828

/                                      
    UN

200
1883

1578

600
2193

1897

900
2373                   20

92

I
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TABLE F.2.  Sodium Proper
ties

200°C 600°C 900° C

k t_ cal  _   0.196 0.149 0.120

\sec-cm°C /

p    t 1-) 0.904 0.809 0.736

\ cm3 /

/ cal \
Cp  (18'95 /

0.320 0.300 0.308

-   i (mi j 0.678 0.614 0.529

-    \ sec  /



.
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and fuel properties used for the
 molten and solid conditions are

 those

listed in Appendix D.

F.3  Discussion

In the present fast reactor desi
gns·of the FFTF and the CRBR, th

e

nominal operating temperatures for the sodium range from about 300°C to

600'C.  For this range of sodium temperatures with U02 at its melting

point, the corresponding range o
f fuel-coolant interface tempera

tures

are well below the spontaneous n
ucleation temperature for liquid

 sodium

at atmospheric pressure.  Even i
f the coolant temperature was to

 rise to

its boiling point of - 900°C, th
e calculated interface temperatu

re would

still be less than the spontaneo
us nucleation temperature.  [On 

Figure

F. 1, two sets of temperatures a
re given for the critical temper

atures

and spontaneous nucleation temperatures   (1,7). This discrepancy reflects

the present uncertainty of the e
xact values for these Sodium pro

perties.]

On the other hand, it appears po
ssible that the interface temper

a-

tures cal culated  for the advanced  fuel ,   UN, can reach the spontaneous

nucleation limit for the normal 
sodium operating temperatures of

 the

reactor systems mentioned.  On t
he other hand, the interface tem

peratures

calculated for UC and Na are not
 as high as those for UN and Na.

  However,

it is possible that the UC-Na in
terface temperatures can be cons

iderably

above those shown in Figure F.1.
  This is possible because UC ha

s a much

larger temperature difference be
tween its melting point and its 

boiling
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FIGURE F.1  Fuel-Coolant Interface Temperatures
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--I

1

1 -152-

point than either U02 or UN (see Appendix D).  Therefo
re, the initial tem-

perature of UC can be considerably higher than UN or U02 even though its

melting temperature is below the melting temperature o
f the other fuels.

The attention that has been paid toward whether or not
 the inter-

face temperature exceeds the spontaneous nucleation tempera
ture concerns

the possibility of energetic vapor explosions.  It is 
generally believed

(8) that one requirement for energetic vapor explosion
s is that the tem-

perature of the sodium be above the spontaneous nucle
ation temperature.

A comparison of the present interface calculations wit
h those of Cronen-

berg (4) is presented in Figures F.2 and F.3 for the l
iquid-liquid and the

solid-liquid fuel-coolant interface temperatures.  In 
general, the present

calculations provide somewhat higher interface tempera
tures 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 U02 density from a liquid to a solid
 state.

F.4  Derivation of Fuel-Coolant Temperature Distributi
on

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 c
onduction .
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equations must be satisfied within each region:

for x<0: 32TO 1 3To =0;
3x2 ao 3t

for  0 <x< X : 32Tl _  1 3Ti 0 ; (F-5)

3%2 al )t

3*T2 1 aT2 = 0
f                     for       x>X:

3%2
ae Dt

The two internal boundaries have the following boundary conditions:

(1)  x = 0 ;  Ti = To (F-6)

ko  l _ 3x I +k i    Tl   (F-7)

X=0 IX=O

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

on both-sides of the interface.

(F-8)(2)  x=X;  Tl=T2=TM'

k. fill kz ALL          dX         (F-9)
*     a x          1                                                3 x                           ·             L p t     BE

ix=X X=X

These boundary conditions indicate that at the solidifying

front, the temperature in both phases is equal to the melting

temperature, and that when the solidification surface moves a
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COOLANT FUEL

T(°C)6 t=0
T
H
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*
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.
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FIGURE F.4  Fuel-Coolant Temoerature Distribution

NOMENCLATURE

TH -.initial temperature of hot fuel

T( - initial temperature of cold sodium                          '

TI - interface temperature

T  - melting point of fuelM
V  - relative initial temperature of fuel E T. - T

H     C

TM'- relative melting temnerature E TM - TC

TI'- relative interface temperature E TI - TC

X  - position of solidification front

t--'
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distance  dx , the heat of fusion (Lpl dx) is liberated (cal/cm2)

and must be removed by conduction.

The only other boundary conditions that must be satisfied are those

at  x=too , namely,

X = -co To = 0 (t 2 0) (F-10)

X = +00 T2 = V (t >. 0) . (F-11)

The initial conditions for this problem are

x<0;  To =0  'at t=0 (F-12)

x »0; T =Ti=V att= 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:

T o                A  <1    +   erf         x
11. (F-14)

2 Ta-ot  /

Tl     B + C erf  x                     (F-15)
2,/SI"E

T2     V  -  D erfc   x                        (F-16)
2 2€-

Equations (F-14), (F-15), and (F-16) can be shown to be adequate

forms that can satisfy the boundary conditions. For example, the boundary./

conditions for region 0 are such.that as  x + -co ,T o+0. Putting
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x = -co  into Eq. (F414) we find that  To  does in fact go to zero.  On

the other hand, when  x+O,T o approaches a fixed value  A.  (The

fact that the interface temperature remains fixed with time will, be shown

to be true.)

Assuming these forms to be correct, the constants can be determined

by utilizing the necessary internal boundary conditions.  Plugging Eqs.

(F-14) and (F-15) into one of the boundary conditions at the fuel-coolant

interface, represented by Eq. (F-6), we find

A(1 + erf 0)  =  B+C erf 0

or

A=B (F-17)

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

-                   -

3 1 X 1
k. - A  1 +

erf
k' 2 {A + C erf    X    '1V 3X

2/got- /-
x=O

2/EE /
-                                                    X=0

-    1"A iii {er' 2.St- 11

kic -1 4 erf     x    \
X=0 X=0

3x
C 2,/ IT  /

2 -(x/2,€o  2 1 2   -(x/2/SIE)2    1
koA - e klC -e           ·

,/;F                                 2,/S f                            ,/F                                 2,/57f    x=oX=0

which reduces to:
-
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koA  =  kiC

/6;-

or

koA,/57 = kic,/57 · (F-18)

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

Ti     C / kiTao· +  erf   x   \1     ,             (F-19)
\  k 0/67 2,/ IT /

and from Eq. (F-14),

T o              k i 'Go     C   1   +   erf        x        J . (F-20)
ko,/57 \ 2,/GoE-   1.

To determine the other constants, the boundary conditions at the moving

solid-liquid fuel interface are applied.  Using Eqs. (F-19) and (F-16)

in Eq. (F-8) produces

C   i  k, Tao       +        erf             X
j

V  -  D erfc   X    =  TM'  .  (F-21)\ ko,/57 2,/E;E / 2,/EIT

We can see that this equation represents a constant value of the tempera-

ture at the liquid-solid interface, T ' .  For this to hold in the above

,             equation, X must be proportional to  t4 , that is,

X              21   ,/STE             ,                                                                    (F-22)

»              where  X  is a numerical constant to be determined from the remaining

boundary condition represented by Eq. (F-9).  Before determining  X , the
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constants C and D can be solved for in terms of  A  and  TM'  from Eq.

(F-21):

TM' (ko/67)
C                                                  (F-23)

ki/67 + ko,/67 erf A

V -T '
D             M                                 (F-24)

erfc (Alai/az)

Using now Eqs. (F-19) and (F-16) in Eq. (F-9) to solve for  X , we"

get, at  x=X,

3 Fr / ki/g: -.:

+ erf
x

\1
-   k2    <V   -   Derfc    x    1ki  ,x L C k o,/67 2/KIE 1 1 2,/ it I

X=X X=X
.-

=     Lp 1   -1  (21,/SIT)
3t

This reduces to

2   -(X/2 STE12    1             2                  1
-(X/2/GR)2

kic·-  e             ·           -  k2D -  e
,/;i'                                   2/67€                      ,/f                                    2/ f

Lpi 1(,GITE-)

-A2
kiC e -  k 2 D e -A2(al/a2) /21.  31 = Lpllal'/f . (F-25)

  a 2

Substituting the results of Eqs. (F-23) and (F-24), we get                        '-'
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TM' (k,/ED -A2
/ V - T

'

  -12(al/a2) '21. iki          e  - kz<   M   e    <02/
k i ,/ao  +   k o ,/EI- erf A \erfc(A/al/az) /

= LpiAaihi . (F-26)

Dividing Eq. (F-26) by  ki. and  TM'  and r
educing gives

(k 0,/aD  . e -1
2  V  T   -A2(al/62)

k.,Go   +   1...Gi- er, A    -   E  l     ·,M·M   1. '   er,c  (Ai,2, a'

AL 49
(F-27)

C,TM'

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

above equation.  This completes the determin
ation of all the constants.

Substituting the results of Eqs. (F-23) and (F-24) for the numerical

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

temperature distributions in all three zones:

TM'(ke,/67)                   <To     ki Ta-o-
·  1 + erf   x   

k o Tai- ki,/ST  +   ko,/57 erf x 2,/got-      /

ki/&7     TM' < 1  + erf     x J (F-28)

ki/57  +  ko'/57 erf x \ 2/Sit- /

.

--1
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TM, (ko/al)
k  i  '/           +             e rf                   X                  JT1

k i Tao      +      k o ,/SI-  erf   A                <   k o Ta-i- 2/&TE  /

T'
M                  ki,/So  +   ko'Gi erf    x   \1     (F-29)

kijao  +  ko,/ST- erf A \ 2Tait 1

T2     v - V - TM'     erfc   x                        (F-30)
erfc (A/ai/a2) 2,/g;f

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
./

V=T' (F-31)
M    '

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

k o,/ST- e AL 4/
(F-32)

-12

kijao       +         k o /67   e r f x ClTM'

or to the form used in (2) of

C,TM' = xeA:  i  ki Tao      +    e rf   A   (F-33)

LS \ ko,/57

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

tr,

6r (F-29) at  x=0 -to be
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T M'k i Tao
TI,                                            (F-34)k i '/57  +  ko Tai- erf A

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

fore

TM (k i Tao)       +       TC (ko,GD    e r f   A
TI

(F-35)
ki'/57  +  ko/ai- erf A

By dividing the numerator and the denominator by  'Goai, this is con-

verted again to the form used in this appendix for the interface tempera-

ture:

TM(ki/'/SD  + TC(ko/,/SD erf A
T                                                       (F-36)
I            ki/Tai-  +    ko/,/Si erf A

..



-lt

-164-

REFERENCES (APPENDIX F)

1.      J.G.   Eberhart, "The Wettability of Reactor  Fuel   by  Mol ten Metal,"

ANL-RDP-22, November 1973.

2.      R. B. Knapp, "Thermal Stress Initiated Fracture  as a Fragmentation

Mechanism in the U02-Sodium Fuel-Coolant Interaction," 31-109-38-

2831   TR,   May   1975.

3.  A.W. Cronenberg, H.K. Fauske, "U02 Solidification Phenomena Associated

with Rapid Cooling in Liquid Sodium," J. Nucl. Mat'ls 00 (1974).

4.       A.W.   Cronenberg, R.L. Coats, "A Compari son of Solidification Pheno-

mena  for  U02,  UC,  and UN Relative to Quenching   in  Sodium  Cool ant," ..,

to be published in Nuclear Engineering and Design.
I.

5.   Von C. Schwarz, "Zur Rechnerischen Behandlung der ErstarrungsvorgNnge

beim  Giefsen von· Metallen," Zeitschrift fUr Angewandte Mathemati k

und Mechanik, 13, 202 (1933).

6.       G.H.   Gol den,   et al., "Thermophysical Properties of Sodium," ANL-7323,

Argonne, Ill., August 1967.

7.   Personal communication with Michael Corradini, MIT, October 1976.

8. Hans Fauske,  "The Role· of Energetic Mixed Oxide Fuel-Sodium Thermal

Interactions in Liquid-Metal Fast Breeder Reactor Safety," paper

presented at 3rd CSNI Specialist Mtg. on Sodium-Fuel Interaction in
--...

Fast Reactors, March 1976, Tokyo, Japan.
M

9.   H.S. Carslaw, J.C. Jaeger,  Conduction of Heat in Solids,  Oxford

University Press, London, 1959, p. 288.



-165-

APPENDIX G:

TABULATION OF FCI COMPUTER CASES OF ANL MODEL

Reactor Fuel Heat Expansion WorkR
Run System Mass Transfer     tm       f    at Slug Impact

No. (Fuel ) (kg) W    Cutoff   (msec) (Um) (MW-sec)

1   FFTF (U02) 1250 6.38    No       10 117 104

2   FFTF (U02) 1250 6.38     No        10 1000 38

3   FFTF (U02) 1250 6.38 NO 0.1 585          69

4   FFTF (U02) 1250 6.38     No 0.1 1000         47

5   FFTF (UO2) 1250 6.38     No         5 117 105

6 FFTF'(UO2) 1250 6.38     No         5     585          61

7   FFTF (UO2) 1250 6.38     No         5    1000          42

8  FFTF (U02) 1250 6.38 No       25 117 100

'                                                                              *(Near Critical
9   FFTF (U02) 1250 6.38     No        25     23.4 Point)

10  FFTF (U02) 1250 6.38     No        25     585          47
.-/

11   FFTF (UO2) 1250   6.38     No        40     117          94

12 FFTF.(U02) 1250 6.38     No        40     585          41

13   FFTF (U02) 1250 6.38     No        40     585          41

14   FFTF (UO2) 1250 6.38     No        60     585          36

15   FFTF (U02) 1250 «6.38 No       60     117         88

16   FFTF (U02)     1250· 6.38 Yes         1 117 109

17   FFTF (UO2) 1250 6.38 Yes         1     585          23

18   FFTF (U02) 1250 6.38 Yes       20    117         18
(Near Critical

19   FFTF (UO2) 1250 6.38 Yes        20     23.4
Point)

20   FFTF (U02) 1250 6.38 Yes        20      40          85

21      FFTF (U02) 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 (UO 2) 300      10        Yes               5          64                 73

25   FFTF (U02) 300 10 Yes  1- 64  90

Continued
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Reactor Fuel Heat Rf  Expansion Workt

Run System- Mass Transfer      m        
  at Slug Impact

No. (Fuel) (kg)     W
Cutoff (msec) (um) (MW-sec)

26   FFTF (U02) 300 11.5 Yes       10     64     
 47

27   FFTF (UO ) 300 11.5 Yes       15     ·64    
  33

28 FFTF(U02) 300 11.5 Yes                    1
0                64     

            109**

29   FFTF (UO2) 3000    11       Yes   
    20      64  (Near C

ritical Point)

30   FFTF (U02) 600    11       Yes    
    1      64  (Near Cr

itical Point)

31   FFTF (UO2) 2000    12      Yes    
   40     64      47

32   FFTF (U02) 1250    11       Yes   
    40      64       34

33   FFTF (U02) 1250    11       Yes   
    30      64       44

34   FFTF (U02) 2000    12       Yes   
    50,      64       3

7

35   CRBR (UO2) 7000          13
Yes 50.     64      126

36   CRBR (UO2) 5000    12       Yes   
    50      64      101

37   CRBR (U02) 3000    12       Yes   
    40      64       93

38   CRBR (U02) 7000    13       Yes   
    90      64       61

39   CRBR (U02) 5000    12       Yes   
    80   .  64       57

                  .

40   CRBR (UOi) 3000    12       Yes   
    70      64       53

41   CRBR (U02) 1000    11       Yes   
    30      64       58

42  CRBR (U02) 1000    11       Yes   
    20      64       76

43   FFTF (U02) 3000 11.5 Yes       60      64    
   34

44   FFTF (U02) 3000 11.5 Yes       50      64   
    43

45   FFTF (U02) 3000    10       Yes   
    50      64       37

46   FFTF (UO2) 3000    13       Yes   
    50      64       48

47   CRBR (UO2) 7000    12       Yes   
    70      64       80

48   CRBR (UO2) 7000    12       Yes   
    80      64       66

49   CRBR (UC) 5000    12 Yes 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

54   CRBR (UC) 7000    15 Yes 600      64       88

Continudd

------------
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Reactor Fuel Heat Expansion Workt        R
Run System Mass Transfer      m       f     at Slug Impact
No. (Fuel) (kg)     W     Cutoff (msec) (Rm) (MW-sec)

55  CROR (UC)  4000    15 Yes 400      64          103

56   CRBR (UC)  4000    15 Yes 450      64           92

57   CRBR (UC)  1000    15      Yes        50      64     ***(Unstable)

58   CRBR (UC)  1000    15 Yes 300      64     ***(Unstable)

59   CRBR (UC)  1000    15 Yes 150      64     ***(Unstable)

60   CRBR (UC)  2000    15 Yes 300      64           87

61   .CRBR (UC)  2000 . 15 Yes 360      64           75

62   CRBR (U02) 7000 . 12 Yes        80      58           82

63   CRBR (UO2) 7000  . 12 Yes        80      70           53

64   CRBR (U02) 7000 12 Yes        80 64
49   (Tf  =   3600°K)

65   CRBR (U02) 7000    12      Yes        80      64     85 (Tf = 4400°K)*

66  CRBR (U02) 7000..A..12 Yes        80      64     58 (T = 727°K)Na

67       CRBR   (U02)   7000  - . 12 Yes        80      64     75 (T   = 889°K),-                                                                                                                                                 Na
68  CRBR (U02) 7000™ -..10.8 Yes         80      64            52

69   CRBR (UO2) 7000 13.2 Yes        80     . 64           81

70   CRBR (U02) 7000    12      Yes        72      64           77

71   CRBR (U02) 7000    12     .Yes        88      64           57

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

**Fuel Temperature = 5000'K (All other U02 runs are

at Tf = 4000°K; UC runs are at Tf = 5000°K)

***C6de is unstable at this small value of UC fuel mass

Note:  Na Temp 840°F (FFTF) unless otherwise noted
Na Temp 8080 F (CRBR)

n


