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Procaollistte safety studies and nas oesn fur.

Failure of a reactor pressure vessel the r considered in the Induscry Oegraced Core
under

severe accteent conditions could result in
deerts dispersal into the containment if the Rulemasing (IDCCR and NRC prograns3.' and in

vessel were at en elevated pressure. Bis recent pronabilistic risk assessments sucn as
M111 scone.38 and Seacroon e It has also Dean

precess could influence botn containeenc locaing
and fission product release free the core the suoject of several esperimental studies

Recent oodaling approaches nave focused using botn simulant fluids and precocypic
materials.' 88 A major question for applicationdebris.

ene potential for debris 9ntratrument by high to reactor systems is whetner all the debetson
velocity gases resulting free the primary system would be finely particulated, or would it be
bloweevn. This paper considats each the poten.
tial for entratteent, which aise results in displaced from the reactor cavtry as a coscara.s

tively continusua mass with lialteo
deceleration of the gas flow as the entrained
deeris is accelerated, and the simultaneous particulattent !

potential for displacing debris from the reactor Particulation would also increase the
cavity without fine scale particulation. If

suostantial asevncs of the debris would be
fission product release rate free ene esorts.

relatively This would be accelerated due to tne eg .
,

'

espelled free tne cavity region as a amplification and could result ic. a significant
Limited amounts would be dia.continuous mass. addition of henvolatile fission products to the

ltersed into the containment stase9here. and theenterfactal area ave 11aale for neettng of the contatnment atmosonore at the ttee of reactor

contanneent staneenere and for release of fis.
vessel failure.

sten products free the melt would be etnimal. MODE 1.ING APIROACNrecentIna resulting medal is coegated witA the
contatrument heating czperiments, includ. Consider the conditlen shown in figure 1.direct

tag these incorporating fission proeuct
i.e. the RFV at a pressure F with a failure

staulants. site area A , in ene lower veelal head. For
elevated primary systes pressures the gas fisw

I.YTRODUCTION through the breach would be chokad. Cases

of severe accidents involves unear going rapid depres surts stion expano
isentropically unless sufficient energy isThe s pec tisse

conditions wherein water is depleted free the transferred to tne gas. Generally, this energy
core for tens of minutes, thereby caua,

ing tne core asterials to overness, cuidise.
transfer is a comparatively slew process.reactor

selt, and slump into the lower head of the
However. in the situation being sedaled the
expanding geses would receive neat free been j

reactor vessel. At this point. core debris '

deposited and entraired high cooperature core
could fail the reacter vessel threvsn eitner debris. This additional energy transfer could
enerwal attact of instrument penetrattens in the occur within ene reactor vessel during tne
reacter vessel wall, or throuln attack of the s*puuton process as well as in the reactor
vessel wall itself. If the vessel-vall were cavsty/ ins trument tunnel. As an approximation

pene tra ted. debris would be disenarged into the
reacter cavtty. followed by bleweswn of the

to this process. one can assume tnat the gas

primary svetse gaseous inventory. If the blow.
expenas tastneraally, in which case the gas
would recetve suf ficient energy to remain at a

of thedown is suffletent to cause entrainment constant temperature. Under tAls condition, the
accumulated debris within the reactor cavity.

f this satorial could tw aispersed into the lower
gas mase flow rate as given ey

a a

( Contatnment compartment. Tinely particulated
M)15 ,1 {"

% debris f rom the entratnment process, could be (;.

distributed into tne containment acessonere, g *

= 0 6 F, Ao -P A,
-

y

setenttally resulting in a rastd hescing and
treasurtsstion Debets dispersal was first

aoaressed in the 11on. and Indian Points

-
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come esseis (. y s

'.*h i l e wall friction is nellected. this is com. |

[-
s

\ penseced by tne assusrotton snat ene daarts nas a
long characteristic lengta (L) which to assumes

p U. |
co remain constaat. In actuality, the solten ,

| debris would deferu into * roll.uo waves * wntch j8 '

|
would shorten the af f acetve coorts lengta. '

4 )

the stagnation pressure imposed by ene gas 1wy,wemempumymammf oyeme/w
stress en the molten debris can ne evaluates by |

considaring tne uncounded expansion snown in I
,

'
.

\ Tigure 2. Given a chosed flow condition at see {_,
'-e Itrv fatture location. toe one dimenstonai somen.
jtua ecuation relating ene gas flow rate ano cne

. . . . .

pressure difference oorveen ene tnreet and tne
7:mt* T R nt wnere ene escansson is comptete :s given

g

in a cnoses anotneraal espansson, the ratto of
tne enroat oressure (F.) and the ve* set pressure ft I h.' * '. h,; * .. ) (!;

c g *t

as approntastely 0.6. *

Generally. F. D P,. n o nc e . : is can os 49

prostssted by'
C1ven a sufficient gas velocity, entratn.

sent would occur as long as the selten debris F A.,
*U (6)residae in ene cavtry. This minimum entratnment U .

g.

velocity is given ey Kutateladse'8 e i

b( ' ~ s[0.23 Furtbermore, assuming an asethermal process as3.7[ge(p,
(2) represented in Equation (* ) . this can ne reouceaU, - |(s]04

to:

g .30
t yf,sAs an esasoie, let s - 7000 kg/s , , .

)
,, _

) kg/a . For enese conditions the 1_ M t tsg
and s .-

. "sentratEment velocity would be aneut 15 sesec.
which as ces sinimum gas velocity for entrain. where the first ters in Ecuation (7) is tne flov |

sent. As illustrated in figure 2. Dovement velocity (choaad) at the enroat for tsotherBai
( dis p lac e ser.t ) of the debris would also be expaaston. Stagnation of this high velocity gas
antacteases owe to the tsposee pressure dif- stress would cause a pressure dif f erence to j

'

forencial ?. P.) created by stagnacson of the support flov aions the inver surface of the

gas flow assinarged from the primary syntes. reactor c avity/ ins t ruee nt tunnel conitguratten
*be accesaretten of doorts along tne reactor Pressurization oue to the s ta gr.ation can os

cavity ano instrument tunnel (ne glec ting e valua te d my integration of the comoresetble
frictions well can ne represented by Sernoulli equatten, again assuming the patn to

oe t a s che rmal . i . e . . ,

y ,y7* , p~ -W (3) P
a I- . o 0D' * #

sD D.e
I <gs

d{d
I

I Af . J '

Assuesng the acceleration to roastn constant.
.

2)J s
3

P*
Uthe cine reeutred for the care material to 1

traverse the length of the flow path (L.7) is This yields a prediction for the pressure ratto
t otagnatton pressure to the cavtty pressure s -

19'
F s l IU! M '
J , ,,pg[_'.,

'f

\ Aces creers ( v
,9)

c lc { , ,,, 2 R. ,I

/ (
Since

\ f |

-2f<0.3
,

(10)
\ P, U. U. - 2U

w

' ( o- )
- m the above eaustion reauce s to\ - ,

s

' =

O "o '-v
- .. ,. t.. .r....r. ..i.- .. ..o.... .n ..

TI M I : SCHEMAT:: HFUSENTATICN deerts ano snould be used in Ecuation (3) . .ence

OF CESAIS DI5FLACEMIFT
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C 6.As a result, the esse for avatlable entratament. 5

*n general 0.1 A /A,(sds P M 1 so EquationEquatten n> bece**e

,

(17) this can oe fuf thir Ipproxtmatea by*

,2 L,1. s g,3
J,'O.S It.

- (13) a
'

,'# PA (13)C P = 0.03
c A8 s vv.

31s development snows that the cabris ,L
'

displacement along the enannel can De related to Due to the apprestaatione involved, this pres.
ene reaccer cavtcy pressure. nerefere. If the sure enould be liattaa to tne entest pressure
cavity pressure is settaated, the etas available for enosed flow, or 0.6 F . When applied to
for entratnaent before the debris is displaced typical test geometries, this' results in suo.
aut of tne reactor cavity and instrsment tunns* scantial pressurization secause entratnment
can to evaluates. slows tne gas velocacy oramattcally. *his

cressurizacson reoutres on ene oroer of 100 asec
he rate of entratnsent ostveen a conse ano deorts otspersaa aav os f.ntsneo oesore tne

two.onase stature and sne sur r ounatets gas nas oressure snerosses to tats aavet. .,ovaver, tais

eeen sooresses av Epsteta and Fausse *8 utilising quast.stesov value orovtces some seasure of tne '

an entratrument race reistionanto covelopes av :svity pressurtsation vnten influences ooen ene
atcou ano spalding.8* in this approacn. ene g,, ),g gyn,,ge, ,, gg ,,gg, gn, ,,,,,, ,ng g3,

entrasnment rate per unts surf ace area of en* potenttal for sovtag debris along cne cavity
coorts can ce relates to the gas velocity oy floor.

. 0. 5 The gas donattv. which is a function of the.

h,g .b g cavity pressure. appears en the rignt.nand sida.;c ,g[ A e s
8 *L of the soevo equation. However. stnce the value

Eeustion (14) can be related to the gas flow on the right.nand side only varies as the souare
root of the cavity pressure it will be assumed

rate as that this can be seequately represented by en

A
average value of twice the pressure in the's , 0. 5

a - 0.1 a (15) reactor cavity tamediately prier to ejection ofJ
A I the core debris. With this eastossten the[g,'' c

* * * #*** ** I" """ *** ***" **
8y us tng the etnimum crose. sectional flow "" ** **' ' *" *"* **"'I*Iarea.

* * * * " * "****# ***I** **"UI*#**the mosel evaluates the statmus stses watch
could be aaveisped by hydroevnants fragments. tion. Ecuation (1. . , to vield

tien. Also, since the sintsum area usually

**#I0occur s a t t ne e a t t o f the ins trument curmel . tne '10.6 * *

3 210-
g '',,,,

sode l accounts for ene potential to entratn ..

ceerts on too reactor cavity floor. depostt ene
' F, A , a, fD # g)

' '

entratneo satorial on the inclined snatrument
cunnet vall (due to curvature effscess, and Multiplying the entrainment rate given in

r e e nt ra trument of the molten natorial by the gas Equation (15) by this interval results in an

stream. 31s approach saw overstate the poten. expression for tne total mass entratnee av the
taal for debris particulatten. As such, tais gas scream bef ore the rematador of the seerts is
will provide a conservative estimata of .no * pushed * out of the reactor cavity as e compara.
containment lead potential. As the debris is tively conerent lieute ease as

sattrial toward the gas veluity will aise cause f g < j g 0.5]o.5entratnne. the acceleratton of the dense

1 J 1 (20)
'

the gas velocity to decrease. Conside ring tne - 0.19 A Pv 'F :. sD A ,RT, s i*D
"

vsosencus of t.he flowing stream to be conserved. *E *'

the increased somentus of the entreined detris This is the sess which could interact with the f

ts ottained at the ergense of the gas sementur.
Aseustng that the gas Denaves reversibsv after gas a tJbe s pne r e to rapidly excnange heat ano
the unaeunded expanaten vnen it leaves the pressurtre the containment building. ..e.,

otract contatnment nesting. Suen predictions
reactor vessel. conservetton of momentus netween can ne comparea with the various otract contatn.ene ge8 and debets can oe written as ment heactng experteents,

(16)*

L'.-(& +g}U consider an example with system crocertiesa
II *

(*he snees of the entrained debris to assuses to like those useo previousiv with tne naditionas
eeut11brate . with the gas velocity.) The f eatures of a Zion.like reactor cavtrv as shown
vetocity ' . ' . is aquel to twtco the carest in Figure !. 1 s. a doorts enaracteristte

21 s.Lar.gtn of L - 12 a. a path Langen of '3 3velocitv sa developed in Ecuattens (1). (6). ano and a nortzental surface area of 5 e Tor
(7). Fartner assuming snat ene entrained aabris
aces not occupy a sumatanttal fraction of tae enese conct:1one ene entant of caerts wnten
:rese.secttenai flew area. Equation t i6) can oe could se entratnea av sne gas ts scout U.600

ag. .: snould be notes tnat tats anatvsts onav
.rtsten as

_- _



. _ - . . . - _ . _ . _ _ - , _

A-5-

O
LJ

gi
c ons ide rs the reactor cavity and ins trument .i

pp * ,_

tunnet, No constaeretion is given in enese y a *
calculattens for separatten of the debris frea
Che gas stroas ey structures in tne lover con * At this pressure, tes gas density in the reactor

cavity ans instrwent tunnel would be g
tainment compartasent.

' !

F'' M 'A'
* 2 _ (p _

,ss . RT- s ee ~ A i

' "' 1

r-- y as ; Using this density in the Weber nummer relation.
*

( mee. ,.

salp. Eeustion (21). vtch the venecity of eeune. *
' '

\, ., \ e .a .'n .

the stable particulate size can ne espressee as ;a
..,

, , , , .

's - ! d AA (23)
'

\ '. j j c mt? A,. ' a se
F, 7 ;'

%=es6ao ; >c
>

,

' a ,
:.

. !*he entent of direct neating representee av
- s es _a s t e.i- sne sees of deorts cascuistes to oe linaav

, 3, ststrtoucas can ce evaluates ev assumtng snat
snis coorts acnieves Eneraat eeu111bri a vtta
tas gas in the simuistes contatnsent volume .

A Uncer such conditions, the final temperature-
|# ~ ~~~ % (T,) acnteves by tne cobras and gas is given my

/
a sa a, c, T., + m , c T , * C,.

Tf- ~ -
y. tmsse _ . .

\g yg *v % %),

_

,

I

[ Assuming perfect gas behavior, the final pres.-*~
, , , , sure acnteved by the airect heat eacnange free ;

I.7,* ,",'fs e.,s. the denris to the gas pnase can be esttaatea ey j
+

,**
TICUEZ ) ZION.LITI REACTCR CAVITY AND Ia * #1f (III !,

Ut3TRUMDIT TVIO(EL DD1Dl510NS t

The potential for broening up setten This relationship ignores the gas added to tne j

globules once taev are encrsined can be related sisuistes contatnment as a result of the niev.
-

to a critical Weber numeer (We). sewn process, tas oxygen removed' free tne
'

acasoonere av enidation. energy transfer free
s U8 d sne remainaar of the debris. ano aise energv,

Gli liberated hv furtner cetris oxidation. However.Ve - '
# Eeussten (27) ooes previse a convenient enees on

for this eroer of magnitude assessment, it saw ene seest with respect- to its first erser

no ass m o that ene entratnnent occurs is. evaluation of peas pressures as a result of sne
mediately as the gas is released free CAe dispersal process. In particular. the relation.
reaccer vessel such that the initial gas ship developed for the mass dispersed is

velocity in the cavity is ene oest appropriate substantially less enan the total mass injecten
value. Using Eeustion (1) ans assuming the gas in many esperiments and therefore provides e "

in the cavity behaves as an ideal gas, this convenient checs on the capability of this model
to represent tne esperisents perf ormed to date. ,

venecity is given Dy

0.6 F 'A' Q.S For actual containment configurations of a
,L (22)
#v v

F,, A M more cemeten nature enan that illustrates iny
c ' , ' ' ,' Figure 1. the aseve medal overestiastes tne

Using the valuso cenaidered in the previous de b ris entra triment since the snape of the reac.
enamones. the initial gas velocity would be ter cavity has not been addressed. One veuld
aneus 100 m/sec. An initial cavity pressuU of anticipate that the action of flowing threVgn ,

0.3 MPs is assumed. Se particle size. free directional changes would cause entrained deorts i

Ecuarten (11), associated with this velocity is to re.eepeelt en the enannel wells. *his

about 110 as. The easious velocity which could process rias novever not been included in tais
ce oevalopee in the cavity would be the velocity mesel. Hence, tne resulting calculation for Cae

sewed Hence. sneund be limited to reoccer core sneuld be espected to seenvnet"of If the Ionic velocity at the ini* overstate the sass of sacerial which could be( RTMty * ' 3
etal cavity condittens is not sufficient te vent finely particulates. Thus. tne fissten preeuct
tv incoetng gas flew, the reactor cavtry pres * release resulting free such entrainment woula De
sure vauld increase ever its initial pressure to ove r e a t tna ted by tne sede l .

g a vah.a suf ficient to allow the cavity exit flow
to seual the flow free tes vessel. For the Fission croeuct release involves dif fussen
assumes teetbarsal exoansion, this would occur of the various sacerials to cne seit surtsca and

convective removal of tnose materials f rom trevnen surtate. ;n ents anaivsts, it is assumes tr.a t

t

n-, w n ,-,
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TA.BLE 1 3CH 1 INITIAL CONDITIONStne rslease to 11mited bv dif fusion t.hrough the

solten asterial euen taat tne seier flua of
spectee i is given ey

b.3 trenOmide"(Fe0)f6.2Thermite(24) 3
A 1 dr, g Cee.peettion Mass t Flue Alu imas

(Al) 23.8 Mase e
for diffusion in a static croplet. the release
can be relates to en effacctve noundary layer of Malt coerposition Iron (Fe) $$.2 Mame 4
1/3 the radium. Canaeoantly. Equation (28) can (rully Aeasted) Flue Alusina ( Al 0))g
be approximated by 66.8 Mase t

A, 9 N. Dopants tanthanus 0 side (14 0 )
3

(20 - 118 g. Sarium Mo19b.,,gs**Dg , , g, , g date ( SaMoo. ) 313 g,-

whien reduces to 41obius Fentomide
fNb.0 ) 143 s. Nickel

9D N 0 17 I 100 5I
5 (30)..

Aantent 26*
,, Temperature

9D tg
in p, - . (31) Anatent 0.08 MPs (12.0 pais)g,

e Pressure
3The time auring which debrie may swist in the Driving Cae Dry &cttled Nitrogen
-

entreined s tate can be represented by the time M)
of flight. This period can be estianced as the 2

eum of the debrie removal time from the cavity Melt Generator 0. W as m ,1 e,
and the trenait time through the regten above Cas Vohame Diameter by 156.7 ca

\ the cavtry (such as the lower compartment in a k"8)reactor configuration) which will be represented
as L /U . The parame te r L to the effective

Initial Cas 1.86 MPs (270 peig)heigh oE the compartment. ThIs results in an
Pressure

erpreeston for the dissolved spectee remaining
" *** **I* ** rualble Flug 6.8 cm

'' OI***E*I9D 10.4 ' 'A'''

A< (32)in
N R8 F A a. Chematiey M5 10 (1004 etnus 30 esen).

# #'' b. A14CA A toe tz e d Fowde r ( flake f o rm s .' ' , a

sj0.23 * 3,;e,'-(s
m .o ,jo ,

._

If the diffusion coefficient is specified. the
f ractional releases, se dictated by diffusion to , i|
the surface. can be evaluated. /

,,n . ..

#
COMPARISCW VITH EIFE11MENTS .s w . me |

. eusseet etwsw.e

1"mTSf" ?eBfB - gg g_

IM2L1 The DCM 1 test used 20 kg of molten I i- r

l~~"*2
tren thermite in the sett generater vita sp.

|
*""prominately 11.6 kg being dispersed out of the |

reactor cartry into the large test vessel. The - uve6 s
,

I

melt was deped with laethanus eside, barius .. nm a t

! ;_ve6 s i . en,melybdate. niobium pentenide, and nicks 1 to .e -

* /staulate disseived fission products Table 1 | . - p
#

-
'(free Re f e rence 7) delineates the esperimental . cm,

, , , , , ,

initial condittene and the messes of fission p
'

product s tandants . The test configuracten.

which includes a chute installed on the end of ant W / I
' ' ' " * ' * |tne instrument tunnel, is shown in Figure 6.

The tweertant steenstens for nedel application |
|were tasen f ree Reference ? - .

'

( .. e ;

|
FICtJRI. 6 $CRDuTIC OF THE DCH.1 AFFAAATUS

IN THE SURTSEY DIKZCT HEATING .|
TT.3T TACI:!*Y 1

1

,

.-.
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! sacertals. ~his condition of having ene noten,As a result of besting during the theratteA

tial to entrain and disperse more material enanreactten, tne cructole pressure increasse to a
easteus of soout 26 MPs. vnica wo4 e aorrespono is available an a solten state is only ooservea |

to an average gas temperature of 344K. With sne for the DCH.1 test, in vnich only 20 sg of

geometrical parameters given in Table 2. the eneruite was usea. For all suoseeuent experi.

debris particulation can be evaluated tarouga sents (DCH.2. .) and .3 80 kg of thermits was

the Weber n e er critetta. As snown in Table 2.
used, and the seit ease excesas the potential
f or entratrument and dispersal.this results in a presteted sise which is some.

vnet smaller c. nan the measures asse asan. This
small predicted ameris size may be due to tne As applied to cae DCM.1 te c, ene .. 1

results is a prediction consistent vtta sne
use of the minimum crosa. sectional area irs the
model. which usually occurs at cae emit of the caservetten. i.e. . all the available melt would
ins t r.see nt tunnal. If a value typical of the be dispersed. $1nce the rapidly fresen material
notisontal segment of the tunnel (where ene was not disperses. tne sauteus temperature ano

entresnment initially occurs # had Deen useo, a pressure calculations are coseared to sessure
conditions my using the measures asas dispersesearger coorts stze would have oeen predictas. from cne cavtty. Av using cne esasures saas.

Table : also lists the credicteo pesa tne applicant 11tv of tne accoling approacn to

pressure ano tesoerature in tne SURT5CY vessel represent ene energv transferreo to tre gas

along witn tre es a sur ea veiwes . As snown. tse sosce can ce testeo. As coservae av ene com.

sonet prootets enat ene tocas mass uses in tre partsons snown in Taele 2 for osaa cressure ano
t oeroe r atur e tne moee l is cons tatent witn eneseit generatton could ce aisperses as fine scale

depris. Reference 7 lists tne locations wnere
DCH.1 test results,

sobris was esposites and a significant fraction
(. 0.$) was founa to te frozen in the salt For the nazieus pressure one testorature

generator and the reactor cavity. This poten. predictions, the reaction nest was assumed to be
tial for fressing debris on the reacter cavtry negligible. Measurements of orygon depletion

and instrument tunnel walls was not included in
free the acaesthere following the DCH.1 test

the thermal.nveraulic model. As a result, the were not sufficiently accurate to determine tne

driving potential is sufficient to disperse eatent of reaction. Moweve r , the DCH.s test.w

was performed in an inert atmosphere. and the
essentially sil of the sett in taa generator,q eners was sufficient potential to particu. pressure rise and pear. pressure were not greatly

-Thus,
late and disperse ene available molten

taats a nee:6 coneasssess ese ecs rest
i

sees eeeeeeeeens
eressessene, ses.a ses.: ecs.: us.e

e.seereseene

4.ee.seases eseeeeeees
ese seeses eteesene

e.ees e ses e.ses e.een
e is i

a ie+. e.s e.: e.s e.s*

J.s 2.2 La s.e*
e, .e.

4.49 L.el L.sl 1.el
6 ice
a ee's e.se 4.60 8 Se e e4

e seres 2.3 6.e 6.0 ee
[n

3 seeste asse
eteesetoe e.es let SS se 30

messesse asse mese e at sie set aeos&oe6e set aves &sene ses aesaaesae

3. mese esseessee se
Ptee re tt s ensat e
eteesesse sage le if 31 33

messesea segs an.e 33 1s.e 30

teses sepeestee est (mese seposasse es) Inese Sepeentee een
i tee bewee sees J ( ese Levet sees J t see seeer sees t

a toes *eeseessere
eteenstee *si esa leal ties 3JJs
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enute added to the ents of the instrument tun.

different free those an the DG.3 test vnich had 68A- I'#le. ; 11sts tne geometricas parameters
an att atmosonere in ces vessel. Cons e c uently, and the preetetes values for debris sise, sass

over an interval in pesa tesperature. and peaa pressure,the estaation suat occur cispersea,
which the veneel heat sinas are aise very taper, rAs snown, the escat predictione ete in streament
tant. Derefore, in all of the adiabatic with tne oceerves pean pressure and tosperature.
representations of pean pressure and toepere, Since the extent of particulated debris is not
ture. the reaction nest has been neglected. presently eve 11stle. the preetcted value is

comparse with that accumulated en the lever need
ML:1 This superteent provides a sore st*TSET vessel as it vu with the DG 2of the

meaning ul test of tne model since it used a As discussed previously, this represencetest.
larger melt inventory (80 kg) and higher the finely divined material which frose euring
nitrogen driving pressure (4.03 MPs). The throu6h the containment atmospnare whiletransitreactor cavity / instrument tunnel configuration also being decelerates .quickly after .netng

eisilar to DG 1 but did not use a chuts at discharged from tne instrument tunnel. Seth ofwas
snese would tone to uses this asterial in caetne end of the instrsaeont tunnel.
vessel atmospnere such that it vould eventually
settle on norttontal surfaces i.e., tne vessel3e artving pressure increased to a mastsue

of 6 5 MPs caring tne reaction votch corresponos lower neaa. De cosoarison snows tne ooses
to an sncrease an tne average gae casoerature to overTreatets tne emnerteentak resuat.somewnst
-91K. %stn6 these vaiues witn ene geoeetrical
parame te rs listed in ! anis : reeuits in a M 31s test was virtually taentitai
prootstes ease of finely particulacea debris of to DCH 3 (incluetng 80 kg of therutta one use of
27 kg at the staaeter of 65 wa the remainder
of the debris being dispersed without fine

a chute) except see St*RTS EY vessel atmosonere
was inerted. De sedel aoes not use rapia

particulation, oxidation to essess tne pesa pressure, hence.

The DG 2 debris characterisation is
the proeictions f or this test are very close to
these of DG 3. Table 2 lists the parameters

greatly different free that in DC U 1. Large for the DQ 4 comparison. The proeicted and

quantities of debris were found frasen en ene esasured values of the vessel pressure and
vertical wells and the upper head of the SURT!EY cooperature are in agreement with the test
vessel. Such oneervettena are consistant with Also, the mass of debris removed freeresults.the nedsling approact. in that 27 kg is predictog the veneel lower need agrees with the esterial
to be line particulated, entrained and disperseg mass predicted to be finely particulatea,
while the remaineer of the sacerial would be of these results with Chese of DCN,)

Malten Ceeparison
dispersed as a relatively coherent asse. may indicate the level of resolutten for the
deDrts dispersed as a comparatively continuous In particular the measured pesa teseers.data.mass could impact the vesset vertical well, tures are in agreement, yet the final

freese as a criast. the thickness of which would disposition of debris en the lower head differs
be dictated by the heat transfer into the steel, Hence this is likalv the resolution ofDv hot,
and tne remainder could continue to flow uovard tee experimental information at this cima, 1

'

finelv particulates estarial would suoject to sete estalled resorting of sne en-:s ene neas,
residiv esenante heat with the veseek atnes, Perteental results of tests DG.2 and DCH C

'

onore. freese and fall to the lower naso.
Thus, mass recovered f ree the .ever nose (33 kg) in ausenery, these cessertsoas with the four .

can ne cossared to and to in agreement with, run in the $URT3ET f acility snow eneD3 testa
with the. testtne predicted venue of 27 kg. preposed model to De consistent

esse rvations . These c ompar t eetts include the
The predicted pesa pressures and tempera, mass which could be finely particulates, the '

are in agreeennt with the esserved values pesa vessel pressure, and the pesa vessel tee.curse
but seeswnat ushnerstate the results. This asy

Pereture,be due to either 1141ted saidation during the
f*""*?4**" VI?h I'' " P?"8"f' '*''''' S'''espulsion procese er sees heet transfer to the -

atasephere f ree the f raction of debris which was *

The DCH.1 test used fission product ,not fine particulated but nonetheless was es.

pelled free the instrument tunnel, impinges en simulants to represent the dissolved low
-

volatile specias in the debris. If the ties forthe $URTSEY veneel well, and frose. Neither of
are currentiv included in the nedel. The preeuct . release is the time of flight.fiselonthese

the appropriate time f or the DGal test would beDO 4 test with an inert atmosenere, which is
discussed later. Shows the same general behavter time tne matettal is resident in ene cavtrythe '

as DG 2. This indicates enidation of the b 0.04 seconds) plus the time of flight betwean
the cavity south and the upper need b OSfragmented material in these testa is not a

first ereer process in terse of heatind the gas *he results an a flight time of soeut8 conds).
c'.1 seconaa. If ene diffusivsties are con.atmospnere. Hence. It is reasonable that tne g e /sec. ateut 100 of ;8

socal ignore outdacton. sidered to se about 10
tne fisoton treauet would be released free see .[m fine particulates asterial. Since tne finesv

~

t 2CL.1 This test has not been fally
disperses ease was soout $0e of ,

rcierteo and the entent of esserimental ooserve. fragsented ano
tiens is liattaa.* :enditions us e d for tne tne coorts in 00 1. tats correscenas to so. '

prostaatelv $t of the inventerv. Table J .istssooal benenaara are an snitial melt inventerv of
f3 'I *no a confiluration like DCN.1 with a :ne seasures re4 ease tracetons f or tne vartous

. _ _ _
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sacertais an this test. Se estimated release REFERINCES

ratue cnaracteristic of tBe overall invencerv of
4:orossmateiv 54 is in seneral aareement vttn ":::n 'rscanalistie Safety ;tasy.

.

;ommonweasta :.:a s on :spany Septesoer.
:.eee cata. Leh wartettons are weal within tne
.ncercatncy counas of the limited data case for 1981).

:a f fusivities tn ene sett. 2. ' Indian Point Probabilistic Safety Stuav.

TA.BLT. J MEASURID ElixINTAL AERos0L
Preparea for Power Autnortry of the state

RELIAJE TRACT CN3 IN DCH.1
of New Yorn and Consolidated Edison Company
of New Yors. *nc.. .Marca, 1982).

3. " Technical Support for Issue Resolution *
Mase in

Relocatgd Mase ig Release, IDCCR Technical Report g$.2, ago gg
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(g) (g) (t)
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D. Uncertainty in aerosol mase = 536. Hassanire and Yankee Atoetc Electra

c. Resulting uncertainty in release Company. P:4 0300. (Oecernoer ;983),

fraction - : 546. 7. V.V. TARSE11.. IT A L. , "Results From the

DCH.1 Empertsent*, Sandia National
SUMMARY OF FISULTS AND CONCL"$10NS Laboratory Report, .WRIC/CE . 44 71, (June.

The issue of fission product release during 1987).
p

the primary systea blowoovn following
8. V.V. IAR3E11. ET AL. *DCH.2 ; Results fromg eeltthrougn of the reactor vessel lower head has

a sodal for the the Second Expertsent Performed in enebeen addressed by developing
entent of fine scale debris particulation and SURTSEY Oirect Heating Test Facility *,

the resultant diffusion of low volatility Ps. Sandia National '.anora tory Report.

s ton products in the melt f ragments. This model NUREC/CE.4917. (January. 1988).

also relates to the iseum of direct containment
nesting. The sedel has been benenaarmad with 9. V.V. TAME 1.1..' ET AL. *0CH Emperiments and

tne results of the DCX tests perf ormee at SNL. Analyses at Sandia National 1.aboratortes*
Such comparisons have demonstrated that the Presentation to the NURIC.1150 containment

Loada ano Molten Core Contatnaent Expe r tsocal practctions agree with the ooserved pesa
;tessures and temperatures, especially the tests Opinion Meeting, (Oecesoe r 15 18. 1987).
astng a larger melt name. The current model Albuquercus. New Montco,

andresses only the reettor cavtcy and instrument
tunnel configuretP.. ino ignares the lower 10. 5.V. SPENCER. ET AL., ' Cerium Water

c orsa r tment struct.res. Consequently, the model Dispersal Phenomena in Ez. Vessel cavity
represente a cost N ative asessement of the Inte r sc cions * , Proc. Incl. Mrg on Light

Vater Reactor Severe Accident Evaluation,potential influencs si direct concainment heat.
ing on current containment configuratione. Canaridge. Maasacnusetts. (August 28

Septencer 1. 1983). American Nu.:le a r

The model slee predicts the scale of dabris Society Publication. Vol. 2. pp. 15.5 1

particulation and the diffusion of fission througn 13.3*I.
products to the surface of this finely dividad
cetris. This model was compared with the 11. 8.V. $ PENCER. ET AL.. * Hydrodynamics anc

results of the SNL DQ.1 test. A comparison of Heat Transfer Aspects of C o rium.nia t e r

Interactions. EPRI NF.5127. Electric Power:ne socal predictions to the data show agreeeent Research Institute. Palo Alto. California,w i t.h the test results with ene major uncertainty
being the dif fusivity of the fission products (March. 1987).
for their simulants) in the finely particulates

11. $.$. KUTATE1A0EE. *Elteents of the
debris. Hydrodynamics of Cas. Liquid Systema *. Fluid

Mechanics /$oviet Research. 4 1. (1V72).
AC33t0VLEDCEKE2f7 p. 29.

Prepared for ECM Idaho. Inc. Under
- Subcontract No. C85 100740 and the U.S.

Oeoertment of EnarEy Under Contract No. CE.AC07
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T e rs 'J; gas velocity af ter ene ensanssonv
;:. .< . g . rAusxZ and M. !?$T12.9 'yource

.n Conneetton .t:n Cheetcat ,

acetoents and VADour * loud . *odeltns * > ienstty of tre ;Vo*onase fiswsnq streaa:enstcarattoce

;ourr.ai of Loss ?revention Process
' tabris conste.

* nous t ry . $Aprit. 788). ;p. ! 83. ;;
.

;.. T g. RIO V ano D.8. SPAL:150. ~*easurseents
s gas censity

3

of Entratnsent ey Amtsvasatrical Isroulant s *isuid (debris; to gas surface conston*
..eenantes,* ..J e t s * , . J ou rna l of fluid

(1961), pp. 21 32 I debris depen

4CMDiCIATUR.E'

surf ace area of a droplet of rastus R4
i

sinimum cavtry flow area
A,

merizontal surface area of tes reactor4, cavity and instrument tannoi

4, RPV failure area

: stech of the cavnty

:oncentration:

constant vosuae
, gas specific heat at

debris specific best
e.s ,

D dif fusivity (or diffusion coef ficient) of
fission product 1 in the seitg

E, entrainment coef ficient

acceleration of gravity
3

L effective lengen of the detris .

1, gas selecular weight

zase of gas in the volumeS
,

5 ;as sase flow rate
i

?, pressure in the reacter cavsty
tne start of the

P,, pressure in the cavity et i
blowdown

P, Rrv pressure

0, heat of reaction

s univoresi gas constant

r droples e.csius

! absolute testerature
,

T initial temperature of the gas
g

initial temperature of the deDrisTD

homogeneous sisture velocity of the ses andU the entrained debris in the esector cavity
.

gas velocity over the molten esterial7

0 reistive velocity

s
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(u./ APPENDIX 5

Calculations of DCll Ternerature and Pressure Rise

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 significant contributor to the total containment pressure

increase. This appendix provides a method for estimating the energy

released to the containment atmosphere by the core debris released due to

high pressure melt ejection following vessel failure.

Although 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 f actors and processes can be summarized as fol-

lows:
,m
i i
(. / 1) The mode of reactor failure which determines

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

1.2) failure size,

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

cavity.

2) The amount, temperature and size of the ejected mass that would
be dispersed into the containment atmosphere 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,

j

('~) |
t- / l

1

1

|

l
!

* 1

!

- - - - - -- - _ _ _ _ _ _
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() 2.2) enhanced dispersal of debris by water possibly present in

the cavity prior to vessel failure due to vigorous steam

generation, ,

2.3) dispersal process including displacement and entrainment -

of molten debris.

3) 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 the assumption

that the debris mass successfully entrained into the containment atmosphere
equilibrates thermally with the containment atmosphere. The evaluation

includes the debris superheat, the debris latenc heat, the debris sensible

heat, as well as the energy produced by oxidation of coriu:n constituents
(Zr, Fe, UO ) and by combustion of hydrogen.

2

The final atmospheric temperature (T,) is the solution of the following
energy balance based on thermal equilibration:

debris super heat latent heat of fusion

'e "D C I c' cmj} 'e "D N
fj "jcj "j +

OV

. _ _ _ _



-

B-3

r

f'
Q)-. sensible heat heat of reaction with steam

f, SD ej "j cmj ~ f) + e "D j "j jC+

HO
2

heat of reaction
with exygen heat of hydrogen combustion

f w

e "D j "j j+ "H + "D 'e 'j0 O* H.

0 NO
2 2

gas and staam sensible heat

y y g ,C, (T - T)- (m, C , + m C )(T -T) -m
y p3 f

+ HEAT LOSS (assumed zero) (B 1)

where:

specific heat of corium species j [kJ/kg K],C -

C - specific heat at constant volume of air [kJ/kg . K],y

C , - specific heat at constant volume of steam [kJ/kg K],
y

AE - heat of reaction of corium pecies j with steam (MJ/kg species
j],

AE}-heat of reaction of coriur ecies j with oxygen [MJ/kg species
j],

AE - heat of combustion of hydrogen [MJ/kg] (set AE t zer n H
H H 2

burn is assumed),

f, - fraction of corium entrained to containment atmosphere,

-1 -a (a - de-entrainment fraction due to structural impediment
obtained from Equation (2 1)),

reacted with steam,f) - fraction of corium species j

fj-fractionofcoriumspeciesj reacted with oxygen,
H - latent heat of fusion of corium species j [MJ/kg],g



B-4

.eg
-t n corium species j1) - molar ratio of hydrogen produced to reactant( /

consumed during steam oxidation (see Table B-1),

total debris mass entrained from cavity [kg] (determined bycg
Equation 20 of Appendix A),

.

m - mass of corium species j in the pressure vessel [kg),

m - initial mass of air in the containment,

- mass of hydrogen expelled from RPV during high pressure meltmg ,

ejection,

m - total mass of steam in the containment prior to high pressure
8

melt ejection [kg),

vessel failure (kg).m,p, - steam mass expelled from RPV at

pg pg/RTpg,-P V

M) - atomic mass of corium species j [kg/kmol),
P - priman system pressure at vessel fanure [Pa],pg

T ~ temperature of corium prior to vessel failure [K),
c

O T - melting temperature of corium species j [K],
g cmj

Tg - final containment air temperature [K),

T - primary system temperature at vessel failure [K],pg

T - temperature of air in tr ;tainment prior to high pressure
8 melt ejection [K],

R - universal gas constant - e.314 [kJ /kmo1 + K] ,

V - primary system volume [m ],pg

- mass fraction of corium species J.w

Subscriet

- refers to corium species such as ZrO , UO , Zr and stainless steel
2 2) (Fe, Ni, Cr).

Summation

sum over species reacting with steam.

HO
2

sum over species reacting with oxygen.

/ D
2(

-
_ _ _ _
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I

-pg
I, ) Solving Equation (B-1) for T yieldsg

i

T (<S1 + (S2 + B AEH+ *7 PS)fC + yC , + c C
vg g vs

cj "jyg y

(B 2)

where:

y- v) T
C +S

fj "jc

+
f w) AE) + f} w) AE}

HO 0
2 2

fi "i
2 f) AE

5 -2 g
HO

2

, ,

- entrained mass ratio - f,m I *g * *s ce '

D,

,

"'
B - primary system hydrogen mass ratio - m / mg + m, c ,

vg,
>

, ,

"*
7 - primary system steam mass ratio - m,p,/ + m, cm .

vg,

Information necessary for calculating terms in Equation (B-2) is

provided in Tables B-1, B-2, and B-3. Note that S in Equation (B-2) repre-
t

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. S represents heat of combustion of hydrogen (per unit mass of
2

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 S and S approximately as a constant for plants ofy 2

similar design under similar accident conditions. On the other hand,

parameters like e, and y, which represent dimensionless mass of entrain-
ment, of hydrogen and of steam, can vary from plant to plant. However, if

-
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(/ values of 4 S and y 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 (P ), assuming the applicability of theg

ideal gas laws, is determined from'the knowledge of T of Equation (B-2) byg

containment containment blowdown
air s tea:n mass

~

T, R m a m
^ J d # (B-3)+ +P, V + \, M M M.

c ca g s s,

where: ,

,

M - average molecular weight of dry air,

M, - molecular weight of steam,

O P - contairaent final pressure (Pa],
f

3
V - containment free volume [m ),

3
V , - cavity / tunnel volume (m ].

i

4

;

O '

;
1
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Table B-1.
' (/^ (Adapted from [ Filch, et al., 1986]

and [ Spencer, et al., 1988]
.

OIIDATION OF DEBRIS CONSTITUDITS
IN AN OIYCEN ENVIRONMENT

Heat of Reaction
Per Unit Mass of

Reaction Reactant [MJ/kg) '

t

l1'8Zr + O2 ---> Zr02 '

Fe + 1/2 0 ---> Feo 4.78
2

0.483
3UO2+O2 ---> U 038

OXIDATION OF DEBRIS CONSTITUENTS
I

IN AN STEAM ENVIRONMENT

~ Heat'of ReactionO Per Unit Mass of
Reaction Reactant (MJ/kg)

,

,

0*7Zr + 2H O ---:. Zr02 + 2H22

Fe + H O ---> Fe0 + H 0.43
2 2

'93Fe + 4H O ---; 4H2 * r*3 42
.

. 4.22Cr + 3H O - > 3H2 + Cr 0232

Ni + H O ---> NiO + H 0.04
2 3

HYDROCEN COKBUSTION

Heat of Reaction
Per Unit Mass of

Reaction Reactant [MJ/kg)

->HO 121
H2 + 1/2 02 2

>

k

s

|
1

-- -
_ _ . -_

>
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Table B-2

PROPERTIES OF CORE DEBRIS CONSTITUENTS

Specific

Density Thermal Heat Melting Latent Heat
p Conductivity Capacity * Point of Fusion

Material (kg/m ) k (W/m K) (J/kg K) (K) (MJ/kg)3

Carbon Steel 8,000. 50.0 7978 1.800. 0.250
8642

Zircaloy 6,500. 18.0 356 2,098. 0.225

A Zircaloy Oxide 5,600. 3.0 645 3,000. 1.196
g
L

Uranium oxide 10,100. 3.3 4912 3,113. 0.274
6982

2 At temperature of 2501 K.
.

2 At temperature of 3001 K.

O

.
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Table B-3

PRIMARY SYSTD( AND CORE DEBRIS CONDITIONS FDR DCH ASSESSMENT
(In accordance with NUREC-1150, Vol. 3, Appendix J.5).

Reactor Coolant System Pressure (Ppg) 600-2400 psig

Reactor Coolant System Temperature (Tpg) Corresponding Saturation
Temperature

Melt Temperature (T ) 1800-2500 K
c

Fraction of Core Melted and Ejected 20 80%

Unoxidized Metal Content 20-70%.

Hydrogen Generated in Core (m ) Proportional to Fraction ofg
Oxidized Metal (30-80%)

Completeness of Chemical Reactions * 50-95%

*l.arge 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 CVTI DCH experiments suggest the follow-

ing
,

'

'0.75 for fully wet cavity regardless of water in
the lower compartment ,

f ,j
,0. 5 for dry cavity and wet lower compartment

and
,

O for fully wet cavity with Zion-type impediment at tunnel exit'

,

0.05 for fully wet cavity without impediment at tunnel exit
f' - !

d 0.31 for dry cavity with Zion type impediment at tunnel exit
,0.67 for dry cavity without impediment at tunnel exit

(3ft) mockup,andThese values represent the conditions for the small scale ;

should be considered as the lower bound for a reactor scale. The effects of

presenceofwateraremadeclearinthevaluesoff)andf}.

O !,

.- - - , - _ , -
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V APPENDIX C5

Hydroren Ca=hustion U nits

.

Numerous experiments- have been performed to establish the combustion
limits of hydrogen as a function of hydrogen concentration and inert gases.

a demonstration of the inertedOne such study-[Benedick, 1984] provided
capabilities of carbon dioxide. The results f or these experiments peformed

in the VCES test vessel at Sandia are illustrated in Figure C-1, which is-

taken from Reference (Benedick, 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 CO2 * "**"t#8Ci "
of 52%.

A substantial experimental program was performed in the FITS vessel at
Sandia to clearly define the combustion boundaries for a hydrogen-air- ste am
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" represent the mixture state in which neither repeated
spa rk initiators nor a glow plug was capable of initiating a burn,

The experimental information was subsequently formulated into a cor-
relation to represent the combustion limits. This is given by

i

2 2 I518e (C-1)% Steam - 100 -!,% H - 37.3e -

2

and is compared to the experimental results in Figure C-2. This result is j

particularly meaningful to accident management guidance since it

demonstrates that containment buildings could be absolutely inerted against
hydrogen combustion with a steam concentration of approximately 534. This

O

_ _ _ _ _ . . _ __ .______ _ -
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AICC Calculation For
j7 400 -toer Air + 150-toer -

Hg 4 CO,
o = 25*C/77T ,Rh = 0%6 T- '-

+ _

+5 - _

4
,

- ss _

k hN
4'- AICC Calculellon For N"

_

E 400 -toer Air 150-torr 69 steem N'
a To =110t/230T. Rh = 0% \

\

3 9: VGEs 27.3% g in Air.Co2 - 9\
' "

O 27.7% HE: LLNL 2 a Alt.53% steem gsi

S \f: WHITESHELL~ _

29.9% Hg in Alt.20% steem \p
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Figure C-1 Normalized peak pressure (I'ma x / P ) for hydrogen: air: diluent mixtures, comparing -
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Ct)2 and steam (AICC = adiabatic isochoric complete combustion, Rh = relative
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/mV) means that if sufficient steam is released to a non-inerted containment
'

butiding 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. ,
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A APPENDIX D

Scaline of Entrainment and Disolacement Rates
,

i

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 ratio of the' rates should be
Lthe s ame . As-. discussed in Appendix A, we can use the Ricou-Spalding cor-
relation to represent the entrainment rate. 1

i

E, - C (D"1)
y A,. p D #g c, ,

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. j

E " "c/C ( )~ '

D D
-

,

f
-

, Assuming a constant acceleration (constant pressure differential), the j

displacement time is given by, ;

!
,

2L 2pbb
D (

f
~

t ~ ~

D a AP, ,

- r

AP/(p L)) and the terms L and L arewhere a is the acceleration (a -

D
,

defined in Figure 2 10. .

t

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

e

2 '
9 U

AP = ~f (D-4)
2

!
l

such that

:
_

b2* ( ~D = 0.5 6b, L D #g#m
c,
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) Formulating the ratio between the two rate dapendent processes yields,!

_

E C L1- 2 11.
r

t
0. 5 , (D.6)

"D
,6L-

'

Where H is the height of the horizontal portion of the cavity / tunnel and 6

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.
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() APPENDII E

Scooine Calculation For De-Entrainment

A scoping calculation is developed here to establish the amount of debris
de-entrained at 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 L1 and the opening into the lower containment compart-

ment is assumed to have a cross sectional area W.

m in aThe equation of motion for a spherical drop of diameter d and mass
gas flow is:

4 'g'3
m $ - mg - CD3" ,2, G# E-y (2 - 9) (E-1),

O
h where g is the gravitational constant, C is the drag coefficient, y is the

D

gas velocity and p is the gas density.g

Equation (E-1) may be re written as

$-A 2y (E - 9)+ g (E-2)

where p is the density of the drop andg

A-f C. (E-3)
D

For the regime of gas velocities of interest C - 0.44 and the effects ofD

gravity on the particles may be neglected. The equation of motion then

becomes

$--A 2-g (y - 9). (E-4)

a
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A
Integrating the equation of motion gives

(2, - us)
(E-5)2(t) - gi + 1 , y ,

I t
o

where 2, is the initial velocity of the particle and 9: 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

2,--uh
.

(E-6)

while gi is calculated from y using the continuity equation

- , .

uv (E-7)Mi - g

and for convenience we define

tp , ,

(E-8)Q 7- .g

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

simplify the denominator of Equation (E-5) as
i

uk-yu -uIl+7 2 (E-9)2, - Mi -

and for convenience we define j

i

P - }l + 7 2 (E-10) ;

Now Equation (E 5) becomes

+ ](V
-u)

l
(E ll)V(t) - 9:

Separating Equation (E-ll) into its vector components gives
,

|

(E-12)V (t) -
.

a
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'V and,

V (t) - yu - (E 13)p

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

x(t)-hin(1+Arut)+x, (E 14)

and

y(t) - yut -yin (1+Arut) + y, (E 15)

For simplicity we assume that the gas velocity in the tunnel changes from -

-

us to 7uy along the line y g X. The initial conditions, (x,, y,), are

thenrelatedasy,-hx,

For some (y , x,) there will be a time t at which x(e ) - O and y (tg) - L.g g

O Let this (y,, x,) be (y , x ). All particles at positions y <y at time
g g

b
We define a h. as the fraction of particlest will not make the turn.g

not making the turn.

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

into Equation (E 15) yields

(E-16)y(t) - 7ut + y(x(t) x,) + y,-

g, Equation (E 16) becomesAt time, t

g+y,(1-y[). (E-17)L - 7 ut

Solving Equation (E-17) for t and plugging this expression into Equationg

(E 16) gives

(1-f7)) (E-18)a- In(1+ (1 - a

O
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D
5 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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