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FUEL PENETRATION OF INTERSUBASSEMBLYGAPS IN LMFDRS*

{A Calculational Method with the SIMMER-II Code)

by

G. P. OeVault**

ABSTRACT

Early fuel removal from

quid-metal-cooled fast breeder

core-disruptive accident may

large energetic resulting from recriticalities. A

th: actlve core of a

reactor (LMFBR) undergoing

reduce the potential for

possible avenue for early fuel removal in heterogeneous

core lMFBRs Is the failure of duct walls In disrupted

driver subassemblies follo~d by fuel penetration into the

gaps betwen blanket subassemblies. The

modlofled to simulate flow

Calculations with the nmdlfled

capabilities of the method and

reduction in the active core.

betwen

SIttliIR-11

SIMMER-11 code was

subassembly gaps.

code indicate the

the potential for fuel mass

*Work perfommsd under the auspices of the US Department of Energy.
**Energy Ulvlslon, Los Alamos National Laboratory, Los Alamos, W 87545
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I. INTRODUCTIONAND SUH4ARY

Possible avenues for fuel removal frcnnthe

are important in considerations of hypothetical

actfve core driver regions

core-disruptive accidents

(HCDA) in liquid-metal-cooled fast breeder reactors (LMFBR). Earlier

SII+WER-lll calculations of the meltdown phase of such accidents in

heterogeneous cores2, such as the bull’s-eye core of the Conceptual Design

Study (CDS) reactor3, have shown that a propensity for fuel slumping

produces an active system response characterized by a s[’r’esof prompt- or

near prompt-critical power bursts. The number and severfty of recriticalities

are relat~d directly to the availability of mobile fuel in

Early fuel losses can eliminate or modarate recriticalities.

the core region to the axial blankets through normal coolant

the active core.

Fuel losses from

flow passages may

occur because of high pressures during and after power b~rsts. How~er, prior

cladding blockages and fuel freezing and plugging in those axial blanket

passages may limlt the effectiveness of that fuel removal path.

Another possibility for fuel removal is progressive failure of driver

subassembly duct walls by a combination of pressure and heat flow from the hot

fuel. To analyze the subsequafitfuel penetration Into gaps bet~en blanket

subassemblies, the SIMIER-11 code has been modified. The modifications wre

an attempt to model as closely as possible the proper heat-flow and

heat-capacity characteristics of the blanket subassembly duct walls and the

sod?um flow paths betwen adjacent subassembly duct walls.

To evaluate this model a preliminary calculation #as made for a whole-

cors simulation of the CDS reactor. In this simulation the reactor had an

outer annular driver region that had been dlsrlipted previously and that

contained a slumped pool of molten fuel and steel at 3100 K. The region
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inside the an:..larcore region was modeled as a nonparttcfpatfng regfon for

convenience; below the pool was an fntersubassembly gap regfon (that can be

considered as a tw-dimensional porous regfon wfth the gap channel befng the

porosfty) and radfally surrounding these regfons was another assumed gap

region--the radfal blanket. A sodfum leak path for the sodium fnftially fn

the gaps was provided at the top of the radial blanket to sfmu?ate the

resistance represenWd by the subassembly load pads. Melt-through faflure of

subassembly duct walls separating the core pool from the radfal blunket gap

region fnitlated the flow of pool materfal into the radfal gaps. Before thfs

some flow fnto the lowr gap regfon occurred. As pool material (consfstfng of

25% fuel particles, 25% lfquid steel, and 50% liquid fuel at the tfm of wall

failure) began mcwfng fnt.othe radfal blanket gaps, the lfquid fuel partfally

froze on the structure but mostly ft froze into parffcles. The partfcles Wre

able to penetrate far fnto the gap regfon. In particular, by 3 s after wall

failure, the total fuel mass in the slumped core had decreased 332. This WS

sufficient to decrease significantly the probabilIty of further

recrlticality. Thfs potential for fuel removal fs dependent on the variuus

heat-transfer processes that are acting slmltaneously. These processes

affect the amounts and timfng of fuel particle and fuel crust formation,

sodium interaction and vaporization, and the availability cf flow passages.

In sutmnary,a tool fs avaflable for analyzing possih’lefuel removal from

the active core region of an LMFER by fntersubassembly gap penetration tithln

a Mole-core analysis context. These escape paths for fuel from the core show

sufficient promise to mrit a more detailed and accurat~ analysfs of their

influence on the tiole-core nwltdown problem.
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II. FKNlIFICATIONS TO SIW4ER-II FOR TREATING INTERCONNECTEDGAP IFLOW

Typically SIWER-11 models an LMFF!R reactor core in cylindrical

coordinat with azimuthal symmetry. Usually a radial m:;h cell will

characterize several hexagonal subassemblies with a flow area representi the

normal coolant flow areas through the pin bundles. Howver, w wished to

consider, in the axial blanket portions of the driver subassemblies and illthe

blanket subassemblies, the flow paths represented by the inti:rconnectedgaps

betnen the subassemblies in those regions. Because SI!44ER-11can track only

one flow path within a mesh cell, flow within these subassemblies (the pin

bundles of the subassemblies) could not be treated simultaneously with the

flow in the gaps.

The sodium ordinarily within these subassemblies will thermally couple

the blanket pins and subassembly duct walls as well ss connectively remove

heat from the walls. Thus tha pin bundle fluid dynamics was sacrificed on the

basis that it is of importance only after the duct wall fails (gops and pin

bundles become connected) and as a boundary condition for the duct walls

exposed to the gap fluid. To s+mulate this means of heat transfer and the

effectively larger local heat capacity that results, that is, to keep the

blanket subassembly duct walls from incurring unrealistically 1arge

temperature increases and subsequent premature failure, the walls in the

porous regions here given an appropriate additional thickness. But because

flow into ths gaps of radial blanket was assumed to be initiated by Dartial

melting at the duct walls at the interface, the SIMMER-II wall-failure model

had to be modifimi to prevent unrealistic delayed failure.



III. ASSESSMENT OF GAP FUEL REMVAL POTENTIAL

A. Geometric Arrangement and SIFW4ER-11Mesh

The SIP@lER-11 cyl+ndrfcal mesh chosen for these calculations was adapted

from the CDS heterogeneous core (Fig. 1). The total calculatlonal system is

shown in Fig. 2. In Fig. 2 the cofidenser,voided core, and initfally slumped

core represent the active core of the third drfver ring of subassemblies.

Interior to thfs region is a nonparticipating ffller regfon. The radial

blanket and shield region, labeled as porous, fs a region fiere molten core

materfal fs allowd to flow fn the fntersubassembly gaps Men the drfver

subassembly duct walls have fafled. There are also porous lowr subassemblies

that provfde for in~rsubassembly gap flow. In additfon there are top and

bottom leak paths that, according to their specifisd hydraulic dfameters,

provide means of escape for flowfng materials.

B. Initfal and Boundary Conditions

A Aole-core calculation of an HCDA was perforawd recently for the

heterogeneous CDS reactor2. For our inftfal conditions (t = O s) in thfs

study w used coolant, claddfng, fuel pellet, and sub~saembly duct wall axfal

temperature proffles produced fn tie prevfous CDS calculation at a tfme Men

driver ring 3 had been severely dfsrupted. Its fuel was fn a slumped state

but the subassembly duct walls of the low-powr subassemblies at the radial

blanket it~terfacehad not

nre applied at the top and

Ffgure 3 illustrates

failed. Constant pressures of 0.1 and 0.122 MPa

bottom boundaries, respectively.

the spatfal distributions of the inftial states of

the (n) subassembly duct wall

ths liquid fuel macroscopic

density.

macroscopic density and (b) fts temperature, (c)

tiensfty,and (d) the lfqu!d sodfum macroscopic



c. Results

In Section 111 .A and 111. B a base case calculation is considered for

fiich there was only an upper leak path. Deviations from the base case in

vhich an additional leak path was provided and in With the liquid-liquid heat

transfer was reduced are discussed in Section 111.C.

1. Time Interval Before Mall Failure. Subassembly duct walls bet~en

the core and the radial blanket began to fail at t = 1.114 s by melting.

Howver, before this time some liquid fuel and “-eel in the slumped core began

to flow down into the porous regions below the core Were it interacted with

the sodium initially in the gaps. This fuel-steel-coolant interaction

generated local pressures (Fig. 4) sufficient to cause the slumped core

material to begin sloshing into the voided core and condenser regions

(Fig. 5). in addition, considerable liquid sodium in the porous lower

subassemblies vaporized (Figs. 6 and 7). Fuel particles wre formed in the

condenser region

the cladding on

unsupported fuel

subassembly duct

because the sloshing fuel reaching this colder region melted

the pln stubs thereby permitting the breakup of unclad,

pellets in this region. Also liquid fuel froze as crusts on

walls In the outer voided core and in the porous lowr

assemblies (Fig. 8).

-L. Time Interval After Wall Failure. Shortly aftel the subassembly

duct walls began to fail, high pressure (Fig. 9a) was produced by fuel-coolant.

interaction near the wall f~ilure site (Fig. 9b). This localized high

pvessure produced outward radial flow of liquid field material into the radial

blanket porous gaps (Fig. 9d), displcicingliquid sodium

The pressure distribution gradually flattened

Simultrmeously liquid fuel in the driver both slumped

(Fig. 9c).

with time (Fig. 10).

back to the bottom of



the core and decreased in absolute mount with tlm (Fig. 11) as it WS

discharged from the core and was converted to fuel particulate by the CO1d

entrained steel from the melting walls. After the wall failure, llquid fuel

moved out into the porous radial blanket; some froze on the blanket

subassembly duct walls war the failed wall opening (Fig. 12). Although some

of the liquid sodium (Fig. 13) vaporized (Fig. 14), its decrease (60%) was

mostly due to flow out the upper leak path.

Figures 15-17 give the tim histories of several variables for various

regions +n the calculational mesh. The outer core driver subassembly duct

W-ll began to fail at 1.1 s and was completely melted through by 2.1 s (Fig.

158). Mhen these walls failed, that liquid fuel tha~ had frozen on the wlls

as a crust broke up into particles and became a part of the liquid field

(Fig. 15b). The averaqe pressure over this failed region reached a maximum of

3.6 MPa because of the interaction of the molten fuel and steel with the

sodium coolant in the porous gap region (Fig. 15c). The fuel mass inv@ntory

in the disrupted core decreased by one third as it floved into the porous

regions (Fig. 15d). The llquid fuel mass in the gaps was continually cooled;

about tvm-thirds formed particles in the flow stream and one-third froze on

subassembly walls in the porous gaps as crusts (Figs. 16a-c). The total fuel

r,lassinventory for the complete system decreased by 6% (Fig. 16d)--indlcating

that very llttle flowd out the upper

sodiun in the gaps was ejected during th’

Steel also flowed into the porous

leak path although 60% of the liquid

s tlm.

gap region Acre a small amount froze

onto subassembly duct walls but most formed additional particles (Figs.

17a-b). Bzcause of the freezing and plugglng In The gaps the effective

hydrculic dlmeters in the porous regions decreased with time (Figs. 17c-d).
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Ho~ver, this decrease was small and amounted to only 14% In the porous radial

blatiet.

3. Effects of Leak Paths and Liquid Heat-Transfer Coefficients. Some

additional complete cases wre calculated to investigate the following:

(a) the effect on the driver fuel removal produced by an additional leak path;

(b) the effect of reducing the liquid-liquid heat transfer on the possible

over-pred~ction of the fuel-coolant interaction.

A leak path was added at the bottom outer radial mesh cell by givfng

that cell the properties of the porous regions. A SIPWR-11 calculation

through 4 s of problem time showd that, as compared to the base case, this

additional leak path gave a 50% loss of fuel from the driver region; over

tw+ce as much fuel flowd out of the system; half as many fuel particles

remained in the porous regions; and 50% more refrozen fuel remained in the

porous regions. Also only half as much liqufd sodium remained fn the system

as did in the base case. This indicates that the ease of sodium ejection may

be significant to this fuel removal process.

In another calculation, the liquid-liquid heat-transfer coefficients

~re reduced by a factoc of one hundred. In this case the SIMMER-II

calculation sho~d that although almost as much fuel was removed from the

driver core as in the base case, considerably less was removed from the system.

A calculation was also m~de that incorporated both the above ch~nges.

Rather surprisingly this calculation fndfcated that 58% of the fuel was

removed from the driver core and 22% of the fuel left the system. Tl,eresults

of these three cases, relative to the base case, are gfven in Table I.



IV. CONCLUSIONS

An improvement to SIF@lER-11 has been developed for analyzing fuel

removal from LMFBR active core regions by intersubassembly gap penetration.

Preliminary calculations generated initial coolant interaction with molten

fuel and steel after subassembly duct wall failure creating pressures of the

order of tens of atmospheres. This was followd by driver core fuel and some

steel being driven into the porous gap regions. The mixture of fuel

particulate and liquid steel flowd deep into the porous regions. Some of the

particles flowd out through leak paths but most remained in the gap regions.

Because the fuel throughout the porous regions was in a particulate form and

the liquid steel was generally above its freezing temperature, extensive

plugging did not occur. The results gave a strong indication that fuel escape

from a severely a~srupted core via intersubassembly radial blanket gaps may

indeed be an important means of limiting further recriticalities.

Future considerations of this method are planned to include ~ole core

analyses of heterogeneous LMFBRs such as the Clinch River Breeder Reactor.
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TABLE I

COMPARISON OF CALCULATED RESULTS FOR MODIFIED
ASSUMPTIONS RELATIVE TO BASE CASE

(b) Liquid-Liquid
(a) Additional Heat Transfer (:~ma)ml~b)

Base Case Leak Path Reduced by 10-2

Fuel Removed 1. 1.48 1.34 1.70
from Core

Fuel Removed 1. 2.67 0.56 3.89
from System

Refrozen Fuel 1. 1.55 1.77 2.74
in Gaps

Fuel Particles i. 0.51 1.06 0.49
in Gaps

Steel Particles 1. 0.45 0.06 0.01
in Gaps
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