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FASTER

Abstract

The current s a Eery scenarios of Liquid Metal Fast Brevier Rt-'ac^ry (l_'O'B-̂  i;r.Jt-r local

fault propagation include the a^'i.iy oi a hypothe tic.il accident initiated by z\,<i for~at ion of

an external debris porous block-ig-j in a furl subasaer.bly.

In this preliminary experimental and analyt i:al ir.ves ti -j t ior., a ncn-h*-.i :- f;.t :.<. r,i r ing

pcrous blockage vas postulated to cover 18 flow channels of a 37 pir. F.ii t 1 "st Reactor (FT?.)

type fuel subasscnbly. The ax ial extent of the blockade l-:> 50 HLTI. Tnt. hi ockare ~ i to^ ial is

stainless steel (SS 316) with 30 percent average porosity (percent void volumO-

The blockage and the pins were modeled with a fir.ite element technique a:icl the therr.al

field in the blockade was predicted. This therr..il field was utilized to do a planar therml

stress analysis of the postulated blockage.

To verify the analytical mcdeJ and also to better understand the thansal-l.ycraulics a*

such a porous blockage out-of-pil-i tests were conducted in a sodiun loop. Data frcr- the out-

of-pile tests was utilised to calibrate and improve the analytical r.odel .
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1. In_troduc t ion

The current safety scenarios of liquid metal fast breeder reactors (LMFBR) under the

loc.il fault propagation include hypothetical accidents initiated by the formation of a

blockage around thi.-? fuel pins In a given fuel subassenbly. Thcrnjohydraulic phenomena in the

subasswnbJy upon format ion of a hypothetical planar blockade have been the subjec t of nany

ex per iraental and theorot1cal s tudies to da te [1 to 6].

More recently, however, the matter of the hypothetical formation of no:.-plarar blockades

in su bass crib 1 i e.s has been brought into the R'iffjZy arguments [7 to 10] . Such b 1 or kn ?;«•--; car. be

heat-t'enerat in.- or iion-heat-r/'ru.-rar. ing dnpr-nd ing on the assumptions rej-.ard ir.;; thu- sou re.1 of

the hypo th •"•:-. i z>-<\ par t f cu la t*"- debris. The porusi ty is deter;ni ned by the si ?J? and the- shn;ii- of

the par t ii-u]a {.• ir.At.tfr. The rai] La I and ax I al extent of the pot. tul a ted hlon ka^y ib dot err. ir.ed

largely by pr.rT.ir.ic nr^utnent.^ on failure and/or detec t i bil i ty [8 to 10] . Presently, a 5') r.r.

1 on?, porous b loe:kap,f.- rover i n;/, f 1 uw channels around a has ic a even-pin cluster in a 37-p I n tei.t

bundle f 11 ] has b*-en favored in thu exper imerits . A variation of such a pos Cu la ted Mo;- '-;t ;«-

wlilch covers IS Flow channels in a "37-pin I-ast Test Reactor (FTR) type sub^.o^^r.hlv i-> shown

in Fi gurc 1 . The particular configuration rf the blockage was chosen to assure n p Lann-.-i pin

failure in a propused Sod iû i Loop Safety Vac ility (SLSF) in-pile exper inert t f Ih ] .

Unl Lkt"1 th.c case of (-ho p] anar blockades, therraohydraulic and therrj i stress asp*.*-: is of

such 3D porous blockades arc not well unders tood to as.~u.re successful ir--pile tes LS . First,

the norous nature of che sintered steel (SS 316) model blockade introduces uncertainties in

the mechanical and physical properties for pretest cajcalations. Second, non-boiling a:id

boilinp heat transfer in .such think porous redid immersed i*a a sodium stroan is virtually

unknown except for th'- not--so-mlovt-:nt case of sintered wick heat pipes. In the present

case, the heat is appl led to the blockage internally by the pins (Figure 1) as discreet

cylindrical heat flux sources. Third, as it is intuitively expected that rather large

thermal gr.id ira t'-: will be induced within the blockage both rad ially and nxially, thermal

stresses need to bo a':sessod so as not to cause a premature fa Llure of the blockage jeopard-

izing objectIVPS of any prospective in-pile- LMrftk safety test-

In order to find answers to some of these questions analytical and exp^rimenta1 efforts

have be^n undertaken and this paper reports the preliminary results from these efforts.

2. TheJBIockrije nnd_ tj;e_ _Test Jiec t_i onj^eori^t ry

The model blocka£;p is shovni in Figure 1. It is made of: sintered stainlesr- steel w:t!i

approximately 60 \im spherical particles with a ineasured average porosity of € = 3o + 2 per-

cent. The blockage is 50 mm Ion;;. It is machined to accommodate lh nominal size FTR tvpc

pins oF 5.SA zun diaj.'ictcr with + 0.0254 mm clearAncc tolerance at room temperature oo th.it

when it is heated to about 810 K temperature (the expected average operational temperature ir.

the reactor) the clearance closes up and no sod ium leakage between the pins and the blockage

can occur. The inner four pins are completely surrounded by the blockage whereas the peri-

pheral three pins have on! y 2/3 of. their per imeter covered by the blockage with the re:r.n in ing

nine are 2/3 exposed to the flowing sod ium (Figure 2a)*

The inner seven pins were heated electrically. The peripheral nine pins were dun:my

pins. The heated pins had a 305 mm long heated length at a maximum rate of 10 kU" per pin.

Each pin had four chromel-alumel thermocouples grojnded to the inside of 0.38 mm thick

stainless steel clad. Two of these thermocouples could be located within the blockage zone

with the remaini-ng two locatpd upstream and downstream of the blockage. Additional thermo-
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couples vere located s t r a t e g i c a l l y ex te rna l to Che pir.5 in the test, s e c t i o n t^ cc-asjrr u;y~

stream, downstream (wake) and the bulk temperature of the coolan t sod iur: along th-j s i j e ^ c. f

t he blockage.

The t e s t s ec t i on was made of a 50.S c=a r o s l n a l tube v i t h 50.£ era ID. Three thread r*d

s t a i n l e s s s t e e l rods with the sanie diameter i s the heated and d u = v p ins held the? b lnc ioce -

p i n a s se -b ly together uc ing three clapped templates t a r r craved i ron z'r.e b lockade r ._*,.; i on .

Addi t iona l thermocouples, pressure ser .scrs , two e lec tr c z ^ - ^ e t i c flo-nezers arui r.ir.c e>. r.er:;:il

acce le ro r . e te r s ( to decect bo i l ing in future t e s t s ) comprised the : - r ^ c •' the t e ^ t •»•-•; : i =r.

i n s t rumen ta t ion . This t e s t ' sec t ion w s ccr.r.ecced to an c x i ? : ir.g sid iu~: t c ; : Ic-c - . T!;e t e^ t

s ec t ion plenutn was f i l l e d with argor. gas vhich could be r e g - l a t e d to p::v:<:G ar.y d<_ s i r e d

p r e s s u r e .

3 . Out^of-Pi le T c t •=,

Out^of-p i le t e s t s were planned to rur. ir. rvo s t.» r,-:-s . The f Ire t ^t.2 "t c:.r -• i - : • ; o:

checkout runs and non-bo I Li:-.g low power t e s t s - Ozxce the c?&r& z ±cr. z: f..-> lc,c-;- ;•-.': ;.-.p he.it

t r a n s f e r v i i h i n the block^f-'e a r e well und^rs too , the i-:ccr..: szx~<: r* bz i l i r . ic - v.; 1 i be

conducted. To d a t e , only the f i r s t s tage r^.s been cci-.plott-- and cr.iy s-r.o : : - ! - . : .--•.r̂ .-

r e s u l t s a re a v a i l a b l e .

The low power t e s t s were rur. with 1.6 W*/a to 7.0 Vw'/z: p in p^-er at j--cdi:-.r. :"?LV r^.t-"^

ranging fron: 570 Kg/i:r to 1900 Kg/hr in the t e s t s e c t i o n .

In Figure 2, t yp i ca l da ta obtained b> therzacouplcs ir. p.rji arc_r. i thr- blorj-r.-c a r e

shown. The Figure 2a d e p i c t s schcr.ot i c a l l y a top vio-- of rhu c'ir^.;; i. t i Jn c: i u - : •> rr .o-

couples wl th in the blockage. The thermocouples a r e sh.t-Ti with c i : :>--rer.t sy-bc Is - : t'-..?, t r'̂ .cy

can be xJpnt i f ied in Figure 2b, which i s a s i d e view. Frcz ch--se f i b r e s C-Q err. .-=-.- : '-?.:

the center plane of the blockage conta ins t h r ee p^ir.-? cf pin thc-rr.occ^plf- ; . 0r.-= : : • er pa i r

i s loca ted 19 vzr. below the center piano ar.-i t h r ee other pa i r s respe c t iv-i-ly s ; 13 r.r, I ^ rr.

and 22 cm above the center p lane . Two thermocouples r.ea:-.:red upstre:-.~ ar.J dc- r .? ; r i r f l cv

temperature c lo^c tc the s ide surface and t h r ee e t h e r s vcre lcca:_e; in t:-.t- wV-x r.-.. ;•':-, v i t h a

p a i r of these only 1.6 en away fron the downstream face zrJ. ch-: rer:.-»ir.Ir.r, cr.c 25 r_". a-"•?-.- f r c^

it.

Comparison betwerr: the measured ar,-l the prodic t e i t-^-per^ ture.~ -withir; the : ; r : , s blcci--.ir,t;

w i l l be d iscussed in a l a t e r sec t ion fo l l cv ing & d e s c r i p t o r , cf tr.-> a r - i l y t i ca ! n:cce".

^ • Analy t ica l Model

The blockage and the hea ter pins vere modelled usir,^, G ccr.ver.t irr.^1 f ix. i te t!c~;r.p. t cade

with an autoniatic nede genera t ion c a p a b i l i t y [ 1 - j . The b l c t r ^ p e has 6-iclz f-.-rr*- :r • 2r.d the

nodel sir.-.ilates one s i x t h uedjje of the t l cckage as i Z l u s . r s : o c i- " . . ; - • c ^-s. ••• - : • ; : . - . . :

ve r s ion of the same vedge i s shown in F ig- re 3 . The co r . ; : ^ ; : heat ;!-.-:<; ; P appli^.i - - ~'r,c

i n s i d e of the clad m the c e n t r a l seven heater p i n s . Iho r*-o dun-v ;• i r. . -v.-itr.ir. ihv •-•;:,•;? in

Figure 3 a re r ep re sen ted , r e spec t ive ly by the lover pin ar_i the In i i c . i t c J ; : i i 'v . i is r j ^ : i J i r y

to the r i ^ h t of i t . The upstre. ia face of trie blockago i s subject: to ir.;- ir.^crrr. t h*--»t rr^r .^fer

whereas the downstream face i s cooled by a rec i rcu la t i r . r ; v3k.c f lcv 4' 13] . The r i ^ : O: the

toodel surfaces a r e a s s u : : ^ ad iaba t i c except those surfaces s--ept by the soci i r ; f l c - . *"ic

blockage i s represented by f ive a x i a l segments r e s u l t i n g in a 26Cur.Ddo bodel- lr.tcr:i.il to

the porous blockage only conductive hent t r ans fe r i s al lowed. The thermal conduct! .-ity c:

the sodium s a t u r a t i o n s in t e red s t e e l blockage i s computed by
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1c - k
8t P + ,, Q.33, 0.33 , " I

Here, k and k are the tenperature dependent thermal conductivities for steel and aodiun
st s

respectively. All thercal properties for materials in fhe bloclcage assembly are temperature

dependent. The coolant temperatures at the upstream ar.d the downstream faces of the blockade

were obtained from the experimental measurements.

5- Cooparison of ProdlcteJ and Measured Trrppraturgq

The analytically predicted temperature fi«ld in the mid-plar.e of the block^f- corres-

ponding to the exper ir.pntal ca^c of Figure 2 is depicted in Figure U. This san.pl e case is

typical of all the res>ul ts obtained so far for variou 3 f lov-pover- inlet temperature- cc-tina-

tlon. In thl". particular cis--, the fl?w is 1900 Kp./hr, pin power is 7.0 YMz; an: the ir.let

sodium temperature is 7 0b K. The predic'.ed temperature of 931 K. tor the center pin differs

fron data by abjut 10 Y • Tlie two thermocouples in the next pin '-hich are also er.bvdd̂ d in

the blocka^i' i::;licaL>-J respectively 9^', K and -S95 cl cor.:,a:'ed to the computed temperature bt'->

K for the former and 865 \\ (n\ ora^e value berwec-n the two larg,; r.ode3 in the codcl) :'cr the

latter- The other t'--o th^-mociiples in the remaining heater pin read 952 K and 9J7 *•; res-

pec tively. A^ain aver:jf,ing thf two nodes we ">bc#iir. a predicted temperature of 913 ?'.. From

these comparisons one can com_]ude than although the agreenient betvtcn the data, ar.d predic-

tions is reasonably ;.-ood, overall the radial temperature gradient in the center plnn- is

somewhat over estimated by the nodel. It should also be noted that the n;.3xir;-_:r, tenpera tures

ia the bloct'Ji£e should occur downstream- of the center plane. This is due to thermal axial

asyrmietry in the blocr.ap;e .largely because of the existence of a warmer wike region cocparei

to a cooler scaj^nntion region at the upstreari face. Secondly, the axi^l convective ht_-3t

transfer on the rides uT the blockade also contributes to this phenomenon. The z\odel. indi-

cated this rather well. The axial nodes above the center plane for the central rtgicn of the

blockade are at sonewh.'it higher terr.peratures.

It ir, also expected that temperatures at tfhe central region cf the blockas;p should not

be very sensitive to the na^nitULC of the convective heat trarsfer nssu.-r.ed at the ends of rhe

blockage. The core temperatures are somewhat core sensitive to the side;,*.?. 11 h---at. transfer

coefficient since the blô I-'agc has an aspect ratio of L/D ^2. A 50 percent increase in the

sIdavail copvective hoat transfer coefficient reduces core re£icn temperatures by "-3 to 10 K.

A decrease of the nodel blockage length frou 50 TTJTI to ^0 tra has no affect on the computed

center plane temperatures.

The suwccsr, of the analytical model is borc tested by a comparison of the r-câ r̂r-d axiil

temperature gradients against the predictcd onon. The magnitude of the axial terrora.:ure

gradient relative to the radial gradient is also important in justifying the use of a plane

strain as sump t f on in the calculation of thf: thcrnal stresses. Fran the lirr. t ced caz.i available

it seems that the upper half of the blockage has relatively flat axial ter.pnrature profiles.

Much greater axial temperature gradipnts exist in the lover half of the blockage- This iq in

good agreement with the predictions.

Prediction of the pin power level to produce boiling in tl.e blockage Is another objective

of the tests. This power level is regarded as a "failure threshold" since continued increase

'n the power level beyond the threshold will presumably initiate pin failures. In the non-
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boiling testa, the pin power level was gradually increased In stepa of 0.5 kW for rr.ver

thermal hydraulic test conditions. The temperature rise in thu center pin (hoctt^t *f\ L-~,v.,t)

correspond ing tG the power seep vas extrapolated to pred ic t the power level vhero boili:.,; i r.

the blockage could occur. Extrapolation of the experL-atntal data ylp.ldod a pir. p^wcr of

11.40 kW/c which is within 10 percent of the analytically predicted value of 12.7S kV/r,.

These will be verified by future boiling tests.

6• Therr.il Serenes

An assessment of the thermal stresses in the blockage is needed to prevent a p'tr.-ir.ure

failure of the sintered steel blockage in the in-pile or out-cf-plle sn:'*.ty tercs. A:,

earlier analytical simulation [ in ] without the benefit of the present c :t-of-pile t.-.o *. ::,/.i

to "fine-tune" the analytical sodel result*..: in the te=".prruture distrih --z i o:\ as ••:.:•-•;; i:,

Figure 5. The temperatures aro for a croas-sc-ciioa slightly above the cer.:ur ?!£:.• c* t:n'

blockage where the ^.axiziua temperatures v.:rt r-evicted to occur at the tir.r> cf the -•-•!:•„-.

boiling in the blockaee under FTR conditions.

This above tenperature field was us^d lo do a them.1.1 stre >_> ar..ily;.: :, or. t:.-- r. •: • 1

blockage. For this purpose a r.od It ied version of the ' lr.: ic eieir.er.t cc:. :••_: i. r c -.:•_• „;-. : ; -

PLAST [15] vas used. Tnie r.oJel consists c: 177 trij.-^-jlar ele.T.o.its a-.J 1 J 2 r.cioj.. ::..r,e

strain was a^suuied and the por 'JUE bloctc1.^^ r.ac-jrial wc,^ CTL 2 Led a.i a c" :.*. : :,JU:.. . T::L r..: Je 1

and the computed stress field corresponding to the cerr.pcrr. cure dir.tr i: J tic:, ir. Fir-jr-j ? i."

shown in Figure 6. To maintain clarity in the- figure, th-, stress c' i^tr i'z J Lic.'i i°. :c;-r- c. or. tod

by shaded areas. The location cf calcular.i-'M r.;xi".u:r, strec -; i3 in bi tv* •--:;-. the ou tc-r r.-R tcr

pins. Currently available limited test dazi on 30 percent porous, SS 3IC< r.ir.tcr-i r:,i:.rial

reveals that the yield stress is highly temperature dependent r.r.d teprc ;er,:?.:[vr v.-, :.•: ^ arc

as follc-'s: G3.9 MJ\I at 311 ". and 11.7 to 12. i K?.i at 13no K. In vi^v cf this in*" :r=--.t ion

it is clear fro:z Figure 6 that, the planar thermal strer.GC^ induced in th-- por-;:.- tl̂ c'-..-i.;c-

are below thr yield stress at the corre^pen^- int; teniperc- ture ,"r.d thcr* fore the thc-rr.. il T« iresse ̂

will not caubc premature failure of tm; block«.-;c. Failure c:" the blocV-.-^c vilZ c-,cp:f. how-

ever, through ciQltinc of the pin claddinj-. and possible fuel release at el^vat-.v. p;v-:: 1̂ .-«.!•:,.

7, Conclusions

Several co;ic Lus ion." have been drau-n f roc; the current stato cf the c jL-c f- J: ilo b2 r ?--.ar;e

tests and tlic analytical predictions:

The radial temperature rradients in the block.3r;e arc so:.;:U;I,-JC s/iallrr than thc:-v pre-

dicted. The upper half of the blockage exhibicu substantially r.ore uni f cirz axi.il r •. :::p-r: a tur e

profiles. The lover half of tho blockage if,, however suV joe ted t • q I •.-::: i ienn: z/.i .-.i •rc-pern-

ture gradients. Vith tho bcr.pfit of expe-rir.cntaj. cata ohtuiricd fror z'.;c sc-Mv.r cjj 1 • ; r.ven

heater pin out-cf-pile porou" blockage tests, a previous analytical rjod*:-l h.i« been "•':•'. i-

brated" to bring the pred ic t-vl in-block^-e Zc:r,pcrazures in 5ubst.mti.il a.:;r e.r?.,-::t vi;:. t'\ ̂-^

observed in the tests.

Ac_knowl PC* £ e::. <••!'• ts

This work is conducted under the auspice? of U . S . DCC. Careful typing Vy Trrri Aihiord

is appreciated.
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