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AASTRACT

fallure ot & rRACLOr DTESEUTS vesAe . anaer
SavVars sccigant conaiticns could resuit A
debris dispersal inte the containment LI the
/e888. wvers 4t an elevated pressurs T™his
srecess couid influence both containment lLoacing
and f.aplon product TreisAse from the core
debris Recant sodallag epproaches nave focused
on the potenctial for cebris sncrainment by high
velocity geases resulting from the primary syites
5L oweown This paper considars poth the potan-
ctial for entrainment, which alse results In
seceleration of cthe gas flov as the sncrained
dabris s accelerstsd. and the s Lmul caneous
socantial for displacing debris from the rsactor
cavity vithout fine scale parciculation. 1£
supstanctial amsoumcs of the gedbris weuld be
axpalled from the cavity Tegion as & relatively
continuous Sase, Limited asouncs vould be dis-
~ersed (ALO TNE CONCALNBANT ATBOSDNATS. and the
~cerfacial aresa availabie for nescing of the
.ontainment acmosphers and for reisass of fis-
sion progucts from the eelt wouid be sminisal
*he resuiting modal i3 compared with the recent
sirect containment heating sxPerimancs. inelud-
ing  thess ingerporating flssion proguct

s LAnTS .

INTROODUCTION

The spectrum of severs sccidenci irvolves
conditions whersin water is depleted {rom the
resctor core for ctens of minuces, tharedy caus:
ing tha core saterisls to overhest. oxidize.
se.t. and slump inte che iower head of the
resctor vessel At this pointc. core debris
couid fall the rasctor vessal through either
thnermal attack of lnstrument penatrations in the
resctor vessel wall. or through attack of the
vassei vall Losell 1f the vasse, vall were
penetrated. dabris would be discharged inte the
resctor cavity, follewad Dby blowdown of the
STLMArY IVELAR fasedus imventery 1¢ the bdlow-
sown i3 sufficient to cause encrainment of the
sceumuiated debris  wvithin the resctor cavity
“nig saterial could B sispersed into the lower
SontALNEANnt  coEDATrTRAnt Finely particulatec
sebris {rom Che entTainmant process. couid De
distridbuten inte one contalinment aTmosDhere
sotentialiv reguicing in 4 rapid heating and
sressurization Debria  cisperssl  vad fizst
scarsssed o the Ilen® and Indian Peint’

.
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?rovapilistic Safetv szudies and has dDesn Iur
thet considered in the (nduscrvy DJegrascea .ore
Aulemaxing IDCOR and NRC programs’-*' ana in
recent probabilistic risk asssssments such a8
“illatone-}* ans Seavroex * it has also dDeen
the subject of several experimental scusies
using beth simuiant flulds and precetypic
saterials. "-'' A majer question for applicatien
to resctor sYsteams i3 whather all the dabris
would be finely particulatad. er would it De
displaced from the reactor cavity &» & cospera:
tively continuous saes vith Limicec
parciculacien?

Parciculation would aise increass the
fisaion product Tealeass rate from cne oedris
T™is would Dbe scceiarated due to the ares
amplificacion ana could result L. a signiflcant
addition of nomvelatile figalon products to the
cONCALNMENT 4CHOSDNErN 4t Cthe time of resctor
vessel fallure

MODELING APPROACH

Consider the condition shewn in Figure |
{.0 the RPV  at a pressure P with a fallure
fite area A in cthe lower vessal hesd For
clevated STLBATY Ivetes pressures the gas flow
through the Ddresch would be chokad Lases
unasrgoing rapid dapresourization  «xpand
isentropically unless osufficient energy I3
cransfarved to the gas Gemerally, this energy
sranafer (3 & comparativeiy slow  Drocess
However . in the situation Deing sedeisd the
expanding geses vould rteceive heat frow Both
deposited ang entrainsd high Cewpsracurs core
debris. This additionai energy ctransfer could
oeeur within tne raactor vesssl during tne
t*puL.ion process 43 wvall as in the Treacter
cavity/instrusent tunnal AS an Approximation
Lo TRLE Process. ONG CAN AsSuBe ChAT  The  gas
expanas isotnsrmally (n which case the gas
vould receive sufficient ensrgy o Temain 4t 4
cOnstANt temDETATUCSE Under cthis condition. Inhe
gas mans flov rate ia given ov
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SRR ANEe e s
FISAL . SCHEMATIC CF THE MAJCR
ARIABLES N THE MODEL

L0 4 ChOomed LsotherBaL expansion, the Tatis ol
cre trroac ostessure (P ) and the vVessel pressure

\s approximacely O &

Given a sufficient gas velocity. entrain-
sent wouid sccur as long as the Bsoiten debris
reaidas in the cavity This ainisus entrainsant
velecity is given by Kutateladze'?

2 f 40.22
) Tgefaa - ) “

Uo 0.%
(*d

AS 40 examoiea. let s, = 7000 kg/e?. ¢ = 1 N/B
and s + ) kg/m'” For thess conditions the
entraihment velocity would bs apeut 15 s/sec.
whleh 13 Che sinimua gas velocity for antrain-
sent. As Liluscrated in Figure . wsovesent
dlsplacement) of tha debris would slse Dbe
Jnticioaced ous tOo Lhe LEDOsed Dressurs gif-
‘erentiai ? P ) creatsd Dy stagnacion of the
128 flovw sischarged f{rom the Drilary svaces
“ne eccesetetion of debris sieng tne rescter

cavity ane (Astrument cunne i (rnagliecting
friction) vail can be represences by
['n i '-D‘ ’n : ',
- " N

r
a~ - D‘ -
L] ‘3 - ‘o -
ASSusing the ecceleration o remAin conscanc
the time reguired for Cthe cors material 3
craverse the length of the flow path (L) 13

FICRE 1 SONDWATIC REPRISENTATION
OF DEBRIS DISPLACEMENT
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Jhile wall friction i3 negiectes, this is com-
sensaced DY NS ASSURDTLON INAL tne 4abCLS Nad &
long chATActaristic Length L) which is assumed
o remain constant. In  sctusiity, the asoicen
debris weould deform irte “roll-up wvaves® which
vouid shorten tne sffective cadris .engoh

The sctagnation pressure laposed by tna gas
SLTeAR ON Che SOilen debris can be evalusted DBV
considaring Che unbounded expansion snewn i-
Figure 2 Civen & choked {low condition &t =:he
APV fallure lLocation =hs one-dimensicna. somen-
UM SQUACION Te.Ating the gas flov rate sna he
sressure difference Detveen the throsc and tne
“3ing wnere CNE SXDANSLION 13 COMDIRtE .35 riven
oV

R O

Canerally P. » P nence. this can be ap-
prozisated by -
P, A,
1" - —. "
v.. - o . ‘v= (%)
.
&

FUrthermore. ASSUBINEG an LI0CHheTEAL Drocess 4s
represenced in Equation (L, CtRis can be recuced
to:

0.5
U, = &zl s U, -2V 3
1 l'j ¢ t

vhere the first ctere in Eouation (7) (3 the flev
velecity (chokad) 4t the cnroat for lsothermal
axpansion. Stagnacion of this high velocicy gas
straam would cause a pressure difference to
suppoert flow aiong the .ower surtace =f <tne
resctor cavity/instrusent tunnel confiyuratien
Pressurizacion dua o tRhe stagnation can oe
evaiuaced by integratien of cthe compressidia
Barnoulli sguation. again sssuming the pach o
e Lsothersa., L. e

’o 0
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This vields & prediction for the pressure ratie
SCAENACLION Pressure ©o Cha Cavity pressure’
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v, = 20, z[ﬁz] 10)
v

the above esguation Teg8uces 2
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™is i5 the Orassure whlch .35 impessd
debris and SNOU.0 De used [N Eouation - “ence



A & resuiz. the time for svailable sncraiosant
fguation '« becomes

. 3

(2 Ly L #a)
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™is development snows Cthat cthe Jebris
displacepent siong the channei cAn be related to
Lhe TRaCLOr CAVLILY pressurs Therstfors, ' the
cavity pressurs i3 estisated. the Cime avelladie
far antrainment before the debris & displaced
syt of the reactor cAviiY and insTrumant tunne.

AN De evaLuALeS

™e rate of entrainment Osetwveen & canse
‘WO DRASS MLIETUre and LNhe IUTTOUNGLNE EAS A
Seen ssaressed by Lpstein and Fausse ? utilizing
An entrainment rAte relACionship caveiOPEc OV
Atcou ang Spelding '* in this approscn. tne
entrainment rate per unit surface ares of cne
GeDYis can Oe reiated to the EAS Veiocily OV

: y 0.5

a | P

- [ |- g (16)

L oto I 1
Eguation 14) can be celated to the gas flow
rate as

0.%
» ) >
; - 3 (1
a '(J x l‘ 3

By uring the sinisuas cross-sectional flov ares
the ®Doda. evaluatex the SiALEUS siXes which
~ouid be caveioped by hydrodvnamic {(ragmenta-
Tien LE% 1 fAnce IRe  BINABR TR UBMAL LY
sceurs 4¢ the exit of the inscrument tTumne.. oo
Bode . Accountcs for the petencial tO encrain
<ebris on the reactor cavity floor. deposit the
entrained waterial on the inclined Lnatrument
runnsi vall (dus cte curvature effeccs). ana
resncrairment of the wolten macarial dv the ges
SETHAR ™is spprosch sav overstats the peten:
t1al for cebris particulatien. As such, this
vill provide & conssrvative estimscs of .ne
containment losd potential Al Che dadris is
entrained. the acceisration of the  dense
sacarial toward tna gas velocity will alse cause
the gae valoecity o decreass Considering the
sosencum of the flovwing ttream to be conservec
the incTessed wmomencus of the entrained dabris
L8 obrained a4t the expenss of Che gas mementus
ASBumIng That the gas bSenaves reversidly after
the undounde d expansion  whan it JRaves the
TORCEOT vVeRse, conservation of momantus DeCwesn
thne gas and Gabris can O& writtan as

a U = (8 +a)V (16)
s U (8 0 &) :
T™he svesa of the enctrainsd debris i» A8suBed o

equilibraze with the LAz velocaty
veioeity h L8 eQuaL 13 twice uu et
vuut'v a3 deveioped in Egquatiens (. §). ene
" JETREr aSMUELINg TRAT Cha encrained dabris

sces Mot sccuby o sudbstantial fractiem of the
iross-sectiona. Low area teuation &) can De
«TLS58N a2

v ?
£ ¢ LI ‘v
.o;it )

A'l‘

n 4
in general 0 L A /A (pn/p 1" 7 3> | 16 Leuation
17) this can be fuithir Bpproximates ov

A f"}o 3

': . 0.0y 4 l' 'v"v is)
Oue 6 the spproximations inveived. this pres-
sure should De Limited to tne CALOAT  pPressurs
for choxed flow, or 0.8 P wWhen appiled to
cwpical “est geomatIies Ihls resULCE 10 sub-
1T LIST prassurizacion Secauss enCTALNmENC
siows TRe R88 VALIOCiTY dramaticaliv T™his
~ressurization reguires on the order of 100 msec
4N CGeoris 3i3DErsSa. aay ve f{.nisneq dercre tne
Sressure JnNcreades 2 AL save . “owever 3
AuASl SCAAGY VALuUS DIOVIGCES SOBe measure ol tne
savity oressurization wnich influences decn the
EAS 8T IVNARACE A 1T #X1TH CNE Vesse. ang ¢
potencia. for aeving debris a.ong Che cavicy
floor

The gas denaity which is & funecion of the
caviCy pressure. &ppesars on the n;n:-um sida
of the aspove sguation Howeaver since Chs value
on the right-nend side only varies &5 the souare
root of the cavity prassure, it vwill De sssumec
that this can be adeguately repressntsd DBy an
sverage velue of Cwics the pressurs in Che
resctor cavity immediately prier to ejection of
the core dabris ¥ith his expression <the
value of the reactor cavity pressure can then oe
substituted into tha expression for the saterisl
ejection time from Che resctor cavity contigurs-

tion. Equation (1} o vield
!:o-;.,;.az]“ .28
. o | —————— [ ¢ 19
| Pv %> | > “g)

sultiplying he entrain@ent rate given .in
Equation (13%) By this interval resuits .n an
sxprassion for thne COtAl Sass #ntrainec bv the
gas scream befors the remsincsr of the cebris is
‘pushed® out of the reactor CavVICLY 43 & COWpArs:-
tiveiy conerent |lguld mass a»

( .0.919-%
{

L
a,-OXOAvPv;,-o[] ‘ 0
- L o) ®y
™is is "he sass vhich could inctersct with the
gas atmospneare o rapidly exchange neat ang
pressurize Che containment suild.ng. % A o
direct containment Nesting Suecn predictions
zan ba coWpAred with the various airect contain-
Sent NEACINg experimencst

Consider an sxample vith svatan oroperties
Like Ihose uSed Dreviously ViIIh The additiona.
features of & Zion-iike resctor cavityv as shown
n Faigure - 1.6 4 GedTLs cnarscteristic
Lergen of L o= 12 . a path lengon of o« il o
and 4 rorizonta. surfece area of 50 #f for
‘nese conditions thne extent ol debris wnicn
coulE 2@ entTALNES oY The fAs 13 soout 21 400
<t S+ snousd S roctad TRAT TRLS ANALYELE  3NLV



considearcs the resctor cavity and irstrument
Tanne 4 Wo consigcerstion L3 given in these
caileuiations for separacion of cthe debris from
the gas SCTSAS DY STrucTUres in the Lower con-
talrment compartmant

CAvITY

IR RBONE wETERS
MR BEL OwR w0 BeR3e

FICURE ) ZION-LIKE REACTOR CAVITY AND
IMSTRUXENT TUNNEL DIMENSIONS
T™he potential fer Dresking “p soilten
globules once thev are entriined can be relates
10 & critical Weber numoer (We)
s U @
e - e :“
¢
For this orger of Sagnituces asssssment Lt mav
5e assumed CHAL Cne entrainment occurs .a-
sedistuly a8 the gas (3 rolessed from the
teactor vesse. sueh that the initial ges
velocity in the cavity (s the aest appropriate

vaius Using Equation (1) and sssuming the gas

in the cavity behaves 43 an ldeal gas. this
velocity is given by
o6 P, (A wd. 9
{_!][‘m (2

3] - —
. '.GC l“Jt'Vj

the values ceonsidarsd Iin Nhe preavious
initial gas velecity wou.d ©oe
about 100 m/sec An initial cavicy pressur of
2 3 MPa is azsumed The oparcticle wize from
fquation 21). aspocisted vith this veiocicty i
about 110 e T™he saxisus velocity which could
e devaloped in the cavity vould be the wvelocity

Lsing
exampies . Lhe

of sowumd, Hencs. U should be limited <to
RT /™ 1f the donic velocity at the ini:
c1a) Cavity conditions (s not sufficient to vent

tme  incoming gas flov the reactor cavity pres:-
sute weuld increase over i1ts inicisl pressure o
a vaius sufficient to allov the cavity suit flovw

-5 egual the flov (rema tne vessel For tne
ssaumed lfothnearmai expansion. this veuld eccur
whien

&

1
w

)

s »p lod
g A

\ )
AL LRLE Pressvurs LN gas densitv in tha reactor
cEVATY ANG LnstTUmENnt Tunne. wou.d De

| A
- ot |k 4
T T A i)

Using this density in the ¥eber numder relstion:
snip. Eauation (21). with ctne velocity of sound.
the stable PArEICULACE SLZIE CAN DS CXPressed &8

a7 -2
o |2l

vik
L ¢

bE.
.

“ro extant of direct Neating reprasented b
“ne e ©of O8DrLs caALCuLACEd IO o8 LTV
JLgTriouted CAD  SA  EVALUACEA DY sasumIng tnat

‘nis CEDCLS echieves CNETMAL equilibriua  witd
che gas N CNRE  SLEULACEd CONCALNEANEt VOLume
nder such conditions the final cesperature

T, schieved by the GeBris and gas is given by
. c. Ta w0 8, T, * 93

g 8 c_°-° |

. T N

Assuming perfect gas benavior cthe final pres-

sure acnleved Dy tha oLrect heat exchange (rom

the Gabris o Tthe gas Phase can De escimaced by

P, r 34

ignores the Eas added to tne
the D.ow-

T™is relationshis
simuLaCted CONCALNMENT &% & Tesuit of
Aare process. ths oxygen removed from tne
scmosphars by oxidation., aenergy cransfer froa
‘ne remaingder of n debLls. ANG A.80 snergy
Liperated by furtner cebris oxidatisn nowever
Equation (17) does Previce 4 convenient chece on
rhe Sodel wvith respect o its firsc oraer
evaiuation of DSAK Dressuzes as & result of tne
dispersal process. ln particular, ths relacion-
ship deveioped for che sass dlspersec .
substantially less thnan che total mass Injectec
in many experiments end ctherefors provides 4
comvenient checx on the capabilicy of this sodal
to represent tHhE exparisencs performed to date

For sctual concainment configurations of 2
sore cowplex nature cthan that {lluscrated ir
igute .. the asbeve wmodal oversstimstes the
debris entTALTEMEnt sSince the shape of the reac
tor cavity has Nt been addressed. Ons wou.d
anticipate zhat the action of floving throuer
directional changes would cause antrained dedt.is
b4 ] re-ceponit on the cnanne . weile ™his
process Nas however not been included In this
Hemce. the resulting calculacion for tne

»Ooe .
resctor cers aheuld e sxpected o somewra
sverstate the 3ass of sacerial which couid e

fineiy particulates Thus . tne fissien product
release regulting from such enctraineent vould oe
Sverestimated oY The Soda.

sroduct reiease irnvelves éiffusier
2f the VATLOUS SACArials TO Zhe BO.LL surrace eng
—omvective removal oI TNOSe BACErials IIoe tne
surtace ‘m otRL ARALYSLS . . L3 ARNUMes CTaC

Fission



che rylease ls Limited bv diffusien through the
20.cen macerial sueh trat tne eoler flux of
species L L& given b¥Y

8 de
- ._'.] ()
A Loar) g

For diffueton (n & atatic droplet. the releass
can be reiated to an effsccive boundary layer of
1/3 the radius.  Conseguantly, Equatiem (28) can
Ue approxisated by

R, 9 W,
*.’ s e e e 4
« v k! Dlt-nrl‘-l (29)

which reduces to

99, N,
i, w s ety 30
34
N $0, =
‘"!T' o | 3 (31
o

The time during which debris may e~isc in the
entrained sCAte can be repressnced by tha tise
of flighc. This period can be estimacted as The
sum of the debris resoval time from the cavirty
and the Cransit time through the region abeve
the cavity (such &8 the lower compartment in &
resccor configuration) which will be represenced
a LN T™he paramecer L L1 the effeccive
neigh? of the comparcment. This resuies in an
sxpression for the dissolved species remaining
in the se.it as

. 0.3
90, (106 iy L A
e) i v s J

0.28 :a}
o # .
(o 2d" " * 7]
1f the diffuston coefficient i specified. the
fraccional relesses. ss dictated by diffusion co
the surfsce. can De avaiuatad

COMPARISON VITH EXPIRININTS
SURTSES .llil

REM-L  The DON-1 ctest used 20 kg of solten
fren ctharmite (n the ®elt generater vith ap-
proximately 11 & kg baing disperses out of <the
reactor cevity ints the Largs tesc vessel. The
melt vas Geped with lantharus oxide. barius
solyhdate, nioblum pentoxide. and nicksl to
simulace dlsseived fission progucts Tabie .
(from Refersnce ) dalinestes ths experisenta.
(nitial conditions end the wmasses of flasien
product simuiants. The cest configuracion
which includes & chuts i(nacalled on the end of
the Inatrusent Cunnel s shown in Flgure «
T™e important dimensions for oodel appllcation
were canan from Reference

TABLE . SO

INITIAL CONDITIONS

Melt Mass 0.0 kg
Therwmite lron Oxide" (Fe,0,) g <
Composition Mass ¢ Plus Aludiius

(AL) 22.0 Mama

Malt Composition iron (Fa) 55.2 Mass »

(Fully Rescted) Plus Alumina (uzo,;
o § Mase b
Jepanta Lantharmus Oxide (la.0,)
118 g, Barium Mol¥b*

date (BaMoO ) - 113 g,
Nlobium Fentoxide

W.0,) - 14] g. Niekel
N{Y T 100 g

ARDient 35°C

Temperature

Lfeant 008 MPs (12 .0 psis)

Preassure

Oriving Cas Ory Bottled Nitrogen
"2)

Melt Cenerstor 0.109 a® (41.1 ecm

GCas Volume Diamecar by 156 7 cm
Leng)

Initial Cas 1.06 XPa (270 paig)

Preassure

Pusible Plug “« 8 cn

Dismecer

“hemalioy M3i-)0 (1008 minus 30 sesn)
ALCOA Atomized Powdar (flake forwm)

- TO® ot

L v rEa e

FICURE & SCHEMATIC OF THE DCH-1 APPARATUS
I8 THE SURTSEY OIRECT HEATING

TEST FACl

. .-y
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AS & resuit of hesting during the theraicte
re@BCLign. “he CTUCiDLe Dreseurs increesed o 4
SASiUS of 8Dout ! & MPa.  vhich viuid ~orrespons
to an aversge gas tempersturs of 306K, With che
(30eCTiCAL pATAmETErS given .0 Table i . the
Jebris PACTICULATION AN Do  evaiuated chtougn
the weber numper criteria. As shown in Table I
'nis resuits in & precicted size which Ll some-
SBELLEr ChAR tNe BEGSUIED RASS SAAN. This

what

s8all predicted GebrLis HLLs BAY be due to the
88 of the sminimum cross-sectional erss in che
sodsl. which usually occurs at the exit of the
\natrument Tunne. 1f & vaiue typical of the
~orizontal segment of che ctunnel (vhers the
entrainment initially oceurs) had besn usea. 4

Larger cepris size would have peen predictec

Teax
LR L
he

tre

credictes
SURTSEY

saiso Lists the
TABDETATUTSE LN tNe
along wiIn N8 Beasured ve.ued A snown
300e. Pregicts tNAC tne TOtA. BASS Used in
Beit generation couid De AlEDETrEES 48 fine sca.ie
Liscs the locations where

Tabie
Jressure ana

debris Peference
Jebris wvas cepositec and & significanc fraccion
-~ 0 %) was founs o be frozen .n Cthe @Seit
gONCreacor and Che resactor cavity T™his poten:
reacter cavity

tial for freezing dabris on the
\nstrusent tunnel valls ves not included (n

and

the thermai hvdraulic sodsl. As & resuit, =the
ariving potentisl is sufficient ¢o disperas
sssentislly ail of the meit in ths generator

T™hus. thete was sufficient potencial to particu-
Late and disperse tna available moiten

A=7

sacerials This condition of hagving the toten

ti4L 1O eNCrain enc disperss Wore mactsrial cnan
s aveilable in & 230iten scate i3 oniv ovserved
for the DCH-1 test ‘n whieh only 20 kg of
IherELite was  uaed For a.. 2uDseguUEnt experi-
sents (OQH-2. ) ane 80 kg of trarmite vas
WEed. aAnd the 2e.l Wass exceeds the potentia.
‘for entralrment and dlspersal

.,

spphled o cthe DOH-1 test. the socas.
prediction consistent wvith <the
(. &.. all the avsilable meit would
Since the rapidly frozen material
vas not dispersed The BAXLIUUR CANDErACTUIS AnC
STeSSUre CRLCULATIONS are CONDAIed 0  Seasurs
condltions OV USLINE THhe BEAsUrac asss dlaversed
from tne cavity 3v uBing thE  Beasursd  3eas
the appilcapilizv of the sodaling epprosch to
cepresent the energy ransierred o Ita gas
spece can De Testes AS cDSOrved dv the com:
sarisons shown .n ITeble . for Deax oressure anc
cemparatute the @0Ge. .3 cOnsiatent vitn the
DCH-1 test rasuils

As
resuits Ls &
ctearvation,
be disperssd

SAXINUS DIESIUrE ANG CeWLETATUTE
CLLOn NeAt VAS arsubed to De
emencs of oxvgen daplecion

folloving the DCH-1 cestc

For the
predictions. Lhe
negLigibin. Mea
from the atmosphers

woere not sufficiently sccurate to datermine the
sxtent of resction However the DCH-« ctest
was performed Ln an inert atmosphere. and the

PrEssure rise ANG PRAK Pressure vers not 'f..(LV

AOBEL CONPARISOAS FOR DCE TRSEY

TaMLL
Tant Fatsnstens.
rredastiens L12 B L1 BN ot~ ) 23 B
AL TR TR R L A
iesmartices Fatamecery
A8 Yasnes FIvsbuin
. . (B LY 2 20 @ m s 002
a 8 0y ,ot ' 0
'
- . i 12 18 i
»
PN ] 1,43 1.6 i 43 L4
A L LR 4 06 LR 1) s "0 L)
’ LLE) 1.3 L L ) “
. Semrin B
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different from tnoss in N SCH-) test which had
4h LT aCBOSPNATE in Lhe vessel onseguent.y
‘he oxidAtiOn WUST oSccur over an interval in
mich the vessel Neat Einks are a.se very Laper-
Lant Therefere. .n s.l of the adisbatic
rapresentations of psax Dressure and Campers-
ture. Zhe resction Nesc has been negiected.

2CH.2 This sxperisent provides & wors
seaningtul cest of cthe sodel since LT used &
.arger malt laoventory (80 g) and  higher
nitregen  driving pressurs (& 0} Kre) The
resctor cavity/instrusent Cunnel configuration
vas sisilar to DCH-1 but did neC use & chute &t
tne eng of tha Lnstrasent tunne.

The driving Pressure Lncreased o & Raxima
2f 4 8 WMPs during the Teaccion which corresponas
5 an imeresse in Che average gas CeEDeTALUrs ©3
9Lk _SANE These Vaiues witn e geoMectrica.
catameters iisted in Table I reswaLs in 4
pregicted mass of finelv particulated dabris of
(7 kg At the diametar of 65 wa the remaindar
of the debris being disparsec witheut fine

particuiation

T™he DCH-2 dabris characterizacion i
greacly different from that in DCM- 1 Large
quantities of dabris were found {rozem on the
verticai valls and the upper head of the SURTSEY
vessel Such obsarvations sre consisctent vith
the wodsling appreach in that 27 kg is predicted
to be fine particulats’. enctrained and disparssd
while the ressinder of the saterial weuld be
dispersed as & relatively conersnt mass. Molten
debris dispersed s & comparatively continueus
aass could i@mpect the vesssl vertical wall.
freeze &8 & crust, the thickness of which would
ve dictaced by the hest transfer inte the stesi.
and  tne remaindar could continue to flow uowvare
10 tha head Finelvy pArticulated materisl vouid
rapidlv exchnange heat with the vessel ACmos-
snere. (resze ang fall 2 the lower nssd
Thus. sass recovarsd {rom the .ovwar hesd (33 k)
can be comvarsd to. ang i3 In  agreement vith,
the predictad vaius of 27 kg

The predicted pesk pressuran and Compars:
tures are in agreement vith the cbserved valuas
DUt Sowewnhst Underscace the results. T™his say
e dus to eighar limitad oxidetion during the
EXDULELON DrOCEss OF 0@ heat cranafer o the
stmosphere from the fraction of dabris which ves
not fine perticulated but nonathaless vas ex-
pelied frem the i(natrusant curme L, ispinged on
the SURTSEY vessel wall. and froze. Neither of
‘hesa are currantly ircliudad in the sodel. The
DCM-4 cast vith 4N LNErt scwosphere. which s
discussed latar. shows tne same general bensvier
as DOM-2 This Indicates oxidatien of the
frageented sacterial in cthese testE is not a
first-oraer process in tarss of heating the gas
AUBMOSDNATS Hence g 4 L3 ressonable that tre
sodel Lgnore oxidation

oK) This cest has not been [ullv
rc urteac snd the excent of sIperiBantalL cDserva
rions .3 Limitead ' conditions used for I®
2060, DONCHMATE AT AN LNiTiaL BALT ipvencary ol
i3 wxz ana a configuration Like DCH-1 with 3

A-B

-nute added to the exit of the instrusent tun.
ned Table . Li8T3 CNe GEOMECIICAL PArABeters
and the predicted vVaiues Ior dabris  si2e.  3ass
dispersec SeAE TEEDETATUTE AN DeAK BIesSUre
AS shown,K the S0Ge. Predictions ete in sgresment
vith the o0SAIVEC DEAK DIESIULS ANG TempPerscure
Since the extent of particulated dedris s not
presenciy 4vallablie. cthe predictad vaius s
comparsd with that scoumuLaTed on the lower hesd
of cthe SURTSEY veseel a8 1T vas vith the DK -1
tanc As discussed Dreviousiy. this representcs
the finaly divided macarial wvhich froze suring
sranalt TRTOUBh the CONCALNBANT AtBosphers walie
siso Deing ocace.ereced quickly efter Dbeing
discharged from tne instrument runne i  Both of
snese would teng o keep this sacerisl In the
segsel atmospners such that it wouid eventuallv
jetrie on nRorizoncal suriaces .4 ne vesse.
,ower nesd “.8 COMDATLEON shOWSs Ihe Bode.
sosewnat OVETDIEGICTS CNE €XDELIBONTAL TesuLl

- . “nis rest vas virtually identica.
co DCH-) (inciuding 80 kg of thermite and use of
s chute) except the SURTSEY vessel atmospners
vas inertec T™He wodel does not uss repic
sxidation tO EEBeSS INe PeaK pressure Hence
the predictions for this cCest are very close to
those of DCH-D Table I lists ths paramecars
for Lhe DOH - & cemparison T™he Df.dletiﬂ and
ssasured values of the Vvesse. prassure and
COMPSTATUTS A8 LN AgTeesent with the ctest
resuits. Also. the sasd of dabris removed from
tha vessel lower Aead Agress with the sacterial
sass predicted o be finely particuiatec
Comparisen of these results vith those of DON.)
say indicacte the level of reselution for the
data in perticular. the Bessursd pess tempers:
tures are in agresment yet wne finsl
dispesition of dabris on che lower head differs
oy 0N Wence, tnis is likelv the reseiution of
he experimental informatiocn at IRis Time
subtect to sors setsilea reporting of the ex-
parimencal TesuULLY of tasce DCH-) ang DCH-«

1n susmary. thess cowparisons vith the feur
DCH tests rmum in Cthe SURTSEY facility show the
sroposed Bodel 3 be consiscent with the <est
sbservations “hese comparisens includs tne
sass which could be finely particulated. the
pesk vases. yressure angd the peax vessa. tem-

peraturs

T™he OCH-1 tast used flssion preduct
timulantcs te represent the dissoived .ov
volatiie species in the dabris 1f the time for
fission pProcuct Treleass 18 the time of flight
the approprisce time for the DCH-1 tast wouid de
the cime the material is resident in the cavitv
. 0 .04 seconds) pius the time of fiignt decwe.n
the cavity wouth and the upper nese (- 0O e I
teconds *he resuizs in a flight time of sdout
2 L seconas 1f cthe, ciffusivities 4are com
sidered to oe adout IO a’/sec spout 10V !
cne fission Sreduct would be reiessed from the
fine particulated saceris. Since cthe fine.iv

icapeented and 4ispersed Sass vas about 0V oo
:ne cebris in DOM-L smig  COTTEIDONGS T 4D
sroximateiv 43 of ths Lnventary Tabie st

s
3

chE MEABUTRD TR, SASS tractions fer tNe FATLIOW



sateria.s .n  cnis test e asCimACAD Te.save
sius crarsctariscic of the overail .nvencory of
isproxi@ately SN L3 AN genersl sgreesent with
TCase cata Lseh varLiaTions Are wei. YiIhin IRe
LEerCALnLY Sounas of the L.alted CACA Dase 3!
ffusivities in the weit

TABLE YEASURLD ELEMENTAL AEROSOL
RELEASE FRACTIONS IN DCH-1

Heas 10

loluu,l “ase L felosse

Liement Jabris Aeroso, fraction
‘g) s (%)
Fa 5610 153 6.3
Al 630 e L8l
o $1.3 L 1%.0
N{ 1.0 . -
& 1.0 298 2
ia i i o 1. 5%
- 3.9 ). 35 D 68

4 "NCOrCALINCY iN TE.OCAteO mass = = LN

-1 Uncertainty in ssrcsc. sass = = 5%

- Resuiting uncertainty in releass
fraction = = 540

SUMMARY OF RESULTS AND CONCLUSIONS

The Lssus of fizsion product reissss during
the primary syscam 5 Lowadewn folloving
seicthrough of the reactor vesssi lowar head has
been sddrassed by developing & wsodel for che
extant of fine scale detris parcticulation ana
rne resulcant diffusion of lov veliatilicy 7 »-
sion products in the seit fragmencs. This sodsl
2.350 relaces to the Lasus of direcc concainmenc
neating ™e aodel has been benchmarxasd vith
“me resuits of the DCH tescs performed at SNL.
“uch comparisons have desonstreted cthat cthe
so0el predictions egree wvich the ocoserved jesx
Sressures and CAWDErACUraes. sspecially the tests
SELNE & LATRAT BeLC  Aase The current sodsl
s0aressss only the ree~tor cavity and inscrument
cunnel configursc'- na lgneres the \over
cospArTEeNnt SEruct e Consequanzly. the ®ode.
represents & COM *vwitive assecsment of the
sotencial .nflusncy of direct containment heat-
.%g on current containment configurstions.

T™he wodel alse predicts the scale of dabris
sarticulation and the diffusien of fisston
sroducts to the surface of this finely dividad
debris ™is wodal was compared with the
cesuits of the SNL DCH-1 test. A comparison of
-<s mocel predictions to the data show Agreesent
vith the test results with the sajor uncertainty
veing the diffusivicy of cthe filssieon products
or their simuisnts) in the finely parciculatec

dedris.
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AFPPENDIX B

An important consequence of vessel failure is an increase in contain-
ment pressure Direct containment heating by core debris expelled at vessel
failure may be a sign.iicant contriburor to the total containment pressure
increase. This appendix provides a wmethod for estimating the energy
released to the contairment atmosphere by the core debris released due to

high pressure melt ejection following vessel failure.

aAlthough the level of DCH is determined from the amount of energy that
is transferred to the containment atmosphere, there are many factors that
can affect the actual amount of energy <transfer. Overall, the physico-
chemical and thermofluid dynamical processes leading to DCH are highly
complex These individual factors and processes can be summarized as fol-

lows:

1) The mode of reactor failure which determines

1.1) reactor vessel pressure at the time of vessel failure,

1.2) fajilure size,

1.3) fraction of core mass that would be ejected into the

cavity

*o
~s

The amcunt, temperature and size of the ejected mass that would
be dispersed intoc the containment atmcsphere by the follow-on

high velocity steam/gas flow which are affected by

2.1) quenching of debris by water possibly present in the

cavity prior to vessel failure,
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2.2) enhanced dispersal of debris by water possibly present in
the cavity prior to vessel failure due to vigorous steanm

generation,

2.3, dispersal process including displacement and entrainment

of molten debris.

1) Redirection and subsequent de-entrainment of debris particle

due to structural impediment (such as seal table structure).

4) Shortening of particle flight time due to redirection of debris
onto floor at the tunnel exit and due to structural barriers in

the lower compartment
5) Deposition of debris on structures.

6) Extent of chemical reactions which include oxidation of met-
allic constituents with steam and oxygen and hydrogen

combustion.

The method to be used to estimate the core debris energy release that
could contribute to direct containment heating is based on "he assumption
that the debris mass successfullv entrained into the containment atmosphere
equilibrates thermally with the containment atmosphere. The evaluation
includes the debris superheat, the debris latent heat, the debris sensible
heat, as well as rthe energy produced by oxidation of corium constituents

(Zr, Fe, UOZ) and by combustion of hydrogen.

The final atmospheric temperature (Te) is the solution of the following

energy balance based on thermal equilibration:

debris super heat latent heat of fusion

T . 3 S . ,
fe"‘b[_‘c; o W T cm)”fe"Dthj bl

-4



B-3

sensible heat heat of reaction with steam

o
. .
+ fe ey Z‘ ch wJ (.ch ‘f) + fe mD }: fj wj AEj
H20

heat of reaction
with oxygen heat of hydrogen combustion

H,0 J

il , 8, vy
+ £, mp é— fJ vy AEJ + [mH v 2my £, 2. s ij AE,
2

2

+ HEAT LOS5S (assumed zero) (B-1)

where ;

¢}

c
Ve
vs
AE,
J

AE'
J

AE

= specific heat of corium species j [kJ/kg + K],

- specific heat at constant volume of air [kJ/kg « K],

= specific heat at constant volume of steam (kJ/kg ¢« K],

= heat of reaction of corium pecies i with steam [MJ/kg species

PR

= heat of reaction of coriur ‘ecies j with oxygen [MJ/kg species

b
o 4

= heat of combustion of hydrogen [MJ/kg| (set AEH to zero if no H,
burn is assumed), -

= fraction of corium entrained to containment atmosphere,

w1 - a (a= de-entrainment fraction due %o structural impediment
obrained from Equation (2-1)),

= traction of corium species j reacted with steam

= fraction of corium species j reacted with oxygen,

= latent heat of fusion of corium species j [MJ/kg]|,



?, = molar ratio of hydrogen produced to reactant corium species ]
} consumed during steam oxidation (see Table B-1),
n, = total debris mass entrained from cavity [kg] (determined by
Equation 20 of Appendix A),
mCj - mass of corfum species j in the pressure vessel [kg],
ms = initial mass of air in the containment,
@, = mass of hydrogen expelled from RPV during high pressure melt
ejection,
m, = total mass of steam in the containment prior to high pressure
melt ejection [kg],
msps -~ steam mass expelled from RPV at vessel failure [kg).
= PpsVps/RTps:
Hj = atomic mass of corium species j [kg/kmol ),
PPS - primary system pressure at vessel failure [Pa],
Tc ~ temperature of corium prior to vessel failure (K],
Tcmj - melting temperature of corium species j [K]
Tf « final containment air temperature (K],
TPS - primary system temperature at vessel failure (K],
T = temperature of air in t} tainment prior to high pressure
£ melt ejection [K|,
R = universal gas constant = o .l4 [kJ/kmol+K],
” : S
Vpg = Primary system volume [m™ |,
wj « mass fraction of corium species j.
2ubscript
j = refers to corium species such as z:oz, UO,, Zr and stainless steel
(Fe, Ni, Cr). ’;
summation

R

sum cver species reacting with steam,

sum over species reacting with oxygen.



3o0lving Equation (B-1) for Tf yields

l + B A T -®
‘rf-c 4 C o P\-'C L ((Sl‘¢52 D-‘EH*CVG A8¢7Cv. APS)
vg Tys . Z‘ ey j
(B-2)
where :
1Y C ¢ H
S1= L Gy Tt LB Y
R T ,
+ Z- fj wj AEj + Z. f“ wj AEJ
H,0 0,
- £, w,
S, = 2 ) == §. 4E
2 Lo Hj j TH
H20
‘vs
¢ = entrained mass ratio = temD/ mg + ms cvg -
Svs
p = primary system hydrogen mass ratio = mH/ ms +o cvz '
Cus
Yy = primary system steam mass ratio = msps/ mg + ms cvs ;

Information necessary for calculating terms in Equation (B-2) is
provided in Tables B-1, B-2, and B-3 Note that S; in Eguation (B-2) repre-
sents a collection of properties of corium such as heat capacity, heat of
fusion, heat and extent of reactions, corium composition, and corium super-
heat 52 represents heat of combustion of hydrogen (per unit mass of
corium) produced by steam oxidation of metallic contents of debris during
high pressure melt ejection. Given large uncertainty in our knowledge of
corium properties under postulated severe accident conditions, it is
reasonable to view S1 and S: approximately as a constant for plants of
similar design under similar accident conditions. On the other hand,
parameters like ¢, S and y, which represent dimensionless mass of entrain-

ment, of hvdrogen and of steam, can vary from plant to plant. However K if




values of ¢, B and vy are made the same for two plants, a calculation of Tf
from Equation (B-2) for one plant will also be for another plant. These
parameters will be helpful in scaling results from one plant to another

plant without having to repeat similar calculations

The containment final pressure (Pf). assuming the applicability of the

ideal gas laws, is determined from the knowledge of T, of Equation (B-2) by

containment containment blowdown

air steam mass
TR [ % "sps |
P | |
P T + v e R I T it
¢ ca L & 5 s
where

M = average molecular weight of dry air,

B
Hs - molecular weight of steam,
Pf « contairment final pressure [Pa,
. : . -3
vc = containment free volume [m

.
Y = cavity/tunnel volume [m~



Iable B-1
(Adapted from [Pilch, et al., 1986]
and [Spencer, et al., 1988]

QXIDATION OF DEBRIS CONSTITUENTS
IN AN OXYGEN ENVIRONMENT

Heat of Reaction
Per Unit Mass of

Reaction Reactant [MJ/kg]
Zr + 02 R < 2r02 11.8

Fe + 1/2 0, ---> FeO 4,78

Q’L'O:, + O: “walx 1.'308 0.483

OXIDATION OF DEBRIS CONSTITUENTS
IN AN STEAM ENVIRONMENT

Heat of Reaction
Per Unit Mass of

Reaction Reactant [MJ/kg)
2r # 2H:O s ZrO: + ZH: 6.74

Fe + H:O -+-> Fel + H2 0.43

iFe + uH:O -. aHz + Te30; 0.98

2Cr + 3H:G .o 3H2 + c:203 4.2

Ni + H20 ««=> NiD #+ H2 0.04

HYDROGEN COMBUSTION

Heat of Reaction
Per Unit Mass of
Reaction Reactant [MJ/kg]

x
o
+
-
(]
o
v
x
- ]
o
—
()
et
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Table B-2
PROPERTIES OF CORE DEBR1S CONSTITUENTS

Specific
Density Thermal Heat Melting Latent Heat
P Conductivity Capacity* Point of Fusion
Material (kg/m3) k (W/m K) (J /g K) (K) (MJ /kg)
Carbon Steel §,000. 50.0 7974 1,800. 0.250
8647
Zircaloy 6,500. 18.0 356 2,098. 0.225
Zircaloy Oxide 35,600. 3.0 645 3,000 1.196
Uranium Oxide 10,100. 3.3 4911 3,413 0.274
6987

! At temperature of 2501 K.

‘ At temperature of 3001 K



Table B-3

PRIMARY SYSTEM AND CORE DEBRIS CONDITIONS FOR DCH ASSESSMENT
(In accordance with NUREG-1150, Vel. 3, Appendix J.5)

Reactor Coolant System Pressure (Pp.) 600-2400 psig
Reactor Coolant System Temperature (TPS) Corresponding Saturation
Temperature

Melt Temperature (TC) 1800-2500 K

Fraction of Core Melted and Ejected 20-80%

Unoxidized Metal Conternt 20-70%

Hydrogen Generated in Core (my,) Propq:;ional to Fraction of
Oxidized Metal (30-80%)

Completeness of Chemical Reactions* 50-95%

. *Large uncertainty remains in estimating the extent of oxidation reactions

with steam and oxygen which depend strongly on the debris temperature. As
ballpark figures, the analyses of CWTI-DCH experiments suggest the follow-

ing
0.7 for fully wet cavity regardless of water in
£ - the lower compartment
i
0.5 for dry cavity and wet lower compartment
and
( for fully wet cavity with Zion-type impediment at tunnel exit
0.05 for fully wet cavity without impe:.ment at tunnel exit
fi: =
J

for dry cavity with Zion-type impediment at tunnel exit
for dry cavity without impediment at tunnel exit

4

oo
o w2

1
These values represent the conditions for the small scale (33\) mockup, and
shoild be considered as the lower bouna for a reactor scale. The effects of

presence of water are made clear in the values of fJ and £,
o
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APPENDIX C
itydrogen Combustion Limits

Numerous experiments have been performed to establish the combustion
limits of hydrogen as a function of hydrogen concentration and inert gases.
One such study [Benedick, 1984] provided a demonstration of the inerted
cavabilities of carbon dioxide. The results for these experiments peformed
in the VGES test vessel at Sandia are illustrated in Figure C-1, which is
taken from Reference [Benedichk, 1984]. This also shows the results of other
experiments at Lawrence Livermore and Sandia using steam as the inerting

material. As shown, the atmosphere becomes inerted at a CO, concentration

of 52%.

A substantial experimental program was performed in the FITS vessel at
Sandia to clearly define the combustion boundaries for a hydrogen-air-steam
mixture both in quiescent conditions and in a turbulent environment (fans
operational). This set of experiments is particularly meaningful to acci-
dent management evaluations because (1) steam is the inerting medium, (2)
the boundary is clearly defined and (3) the experimental apparatus took
greac pains to attempt ignition of the mixture Figure C-2 taken from
Reference [Marshall, 1986) illustrates the test results for both the “"fans
off" and "fans operational" conditions, Those conditions which are repre-
sented as "no burn" represen: the mixture state in which neither repeated

spark initiators nor a glow plug was capable of initiating a burn.

The experimental information was subseguently formulated into a cor-

relation to represent the combustion limits. This is given by

.0.007% H, -0.488% H,
 Steam ~ 100 - % H, - 37.3e © . 51Be (€-1)

and 1is compared to the experimental results in Figure C-2. This result is
particularly meaningful to accident management guidance since it
demonstrates that containment buildings could be absolutely inerted against

hydrogen combustion with a steam concentraticn of approximately 53%. This
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means that {f sufficient steam 1s released to a non-inerted containment
building to produce a steam partial pressure of slightly over one atmos-
phere, hydrogen combustion would be precluced regardless of how much
hydrogen was accumulated in containment. Since steam would be produced as a
natural consequence of the accident condition the containment could be
completely inerted prior to vessel failure. This should be assessed, where

necessary, on a sequence specific basis




APPENDIX D
Scaling of Entrainment and Displacement Rates

For scaled experiments to provide a meaningful representation of the
reactor condition, the experiment should exhibit the same relative rates of
debris entrainment and displacement, i.e. the ratioc of the rates should be
the same As discussed in Appendix A, we can use the Ricou-Spalding cor-

reiation to represent the entrainment rate.
- ] .
@, Cy A, JpD ps U (D-1)

where A_ is the cavity floor area available for entrainment. The displace-

ment rate can be viewed as the mass of core debris over the displacement

time
Wy = mc/tD (D-2)
Assuming a constant acceleration (constant pressure differential), the
displacement time {s given by,
iZL i2 Pl L
t - i-J pes J—Q—L (0_3)
D J a AP

where a 4is the acceieration (a = 4P/(p.L)) and the terms L and Lp are

defined in Figure 2-10

The pressure differential can be related to the gas dynamic head,

p US
sp = Bt (D-4)
such that
b
= [ 1 (D-
e 0.3 6b lL 10 pg - 0-3)



D-2

Formulating the ratio between the two rate dapendent processes yields,

¥ g')? Jlfl:ﬂ [?J (D-6)

cf. L‘g.

Where H 1s the height of the horizontal portion of the cavity/tunnel and §
is the height of the debris layer on the cavity floor. This shows that a
linearly scaled model preserves the ratio of the relative rates for debris

removal from the reactor cavity/instrument tunnel region.



Scoping Calculation For De-Entrainment

A scoping calculation is developed here to establish the amount of debris

de-entrained &t the 90° turn from the cavity instrument tunnel to the lower

containment compartment,

As shown in Figure E-1, the cavity instrument tunnel is assumed to have
cross-sectional area L and the opening into the lower containment compart-

ment is assumed to have a cross-sectional area ww.

The equation of motion for a spherical drop of diameter d and mass m in a

gas flow is:

, 3
m Y = mg - CD % ” [g] ¢ ¥V - u‘(E - M) . (E-1)

where g is the gravitational constant, CD is the drag coefficient, y is the

gas velocity and fq is the gas density.

Equation (E-1) may be re-written as

Y - yl(E - W+ g (E-2)

wvhere L is the density of the drop and

J3iM1) & -
A % [d oy CD' (E-3)

For the regime of gas velocities of interest CD = 0.44 and the effects of
gravity on the particles may be neglected. The equation of motion then

becomes

V- xly . gl(\_/ . g) (E-4)



E-2

Integrating the equation of motion gives

(Yo - sy)
1+ A|go- ”1“

V(t) = y, + (E-5)

where yo is the initial velocity of the particle and y, is the velocity of

the gas as it leaves the instrument tunnel.
In terms of the coordinate system displayed in Figure E-2 we have

r & % % 1 _6‘
5’.0 g X (E-6)

while y, is calculated from y using the continuity equation
¥ - [&f]“ 4 (B-7)

and for convenience we define

. {é}-ﬁ] E-8)

In order to separate the equation of motion into its vectcr components, we

simplify the denominator of Equation (E-5) as

- -~ !'—"'_"'"'_"

i, - “‘I B l ug o+ oyuy| = wl + ¢? (E-9)

and for convenience we define
[

' = ;14.71 (E-10)

Now Equation (E-5) becomes
(¥, - 4)
Vi - 4 - {F -
x(®) 21 1 + Al'ut it

Separating Equation (E-1l) into its vector components gives

V () = e (E-12)
X A *+ Al Ut




E-3

and,

Y - .., | . (E.
vy(t) Lo 1 + Alut (E-33)

Integrating Equations (E-12) and (E-13) gives

x(t) = j% In (1 + ATut) + X, (E-14)
and
- o I i .
y(t) yut \T In (1 + ATut) + 5 (E-15)

For simplicity we assume that the gas velocity in the tunnel changes from -
ug to yuy along the line y = G X. The initial conditions, (xo, Yo): are

=

then related as y = X

‘0 W o
For some (¥ xo) there will be a time te at which x(tf) = 0 and y (tf) - L.
Let this (yo, xo) be (yl, xi). All particles at positions Yo < Yy at time

|

will not make the turn. We define a = ™ as the fraction of particles

o -

not making the turn.

Equations (E-14) and (E-15) are solved for a. Substituting Equation (E-14)

into Equation (E-15) yields
y(t) = yut + y(x(t) - xo) g (E-16)

At time, L Equation (E-16) becomes

Legy ute + y, {1 » 'y %), (E-17)
Solving Equation (E-17) for t, and plugging this expression into Equation

(E-16) gives

I%: In (1 + AfL (1 - a (1

=

7)) (E-18)

Qg =-



. This expression can be solved for a iteratively for different cavity dimen-
sions and particle sizes to find the fraction of core material de-entrained

at a 90° turn
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