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ABSTRACT

A onc-uinensional deep bes peail for incipient dryout §e developed
which predicts ceep bes behiavier but not shallow bed behavior. A {Juid-
ization critericen results wiich fuuicates that a debris led cannot

be fluicized by the vapor 1low. Lowever, tie ma.ntenance o1 channels
within the bua is predictede A rop-subeuvsles bed nooel Is presentes
and ¢vidence (both experincutal ani calculational) is given that the
top-subcoolec zore removes nwal in scries (net in parallel) sith the
boilin, zonc for scdium-cooled systems. The Sandia D-2 anoe L-3 top-
subcooled dryout data is expressca in terws of non-subcooled drycut
and compared with experimental cala and nodel predictions frowm the
literatures  The data rees with several predictions depencing on
whether the drycut in the bolling zone is dependent on Lhe over-

lying subcooled zone thickness. A bottou~subcooled bed wodel is

also presented. A post-aryout noedel is developed to explain the
stable dry zone observed in the b-3 experiment and agrecment with

the data is found. Finally, the top-subcooled and post~dryout models
developed ére used to wake predictions for the upcosing D-&4 experiuent.

INTROLLCTICK

In the event of a severe accident in a fast reactor, molten core materials
may contact liquid sodiuvm, resulting in repid quenching, freezing, and frag-
mentation of the core debris. Particulatea fuel and steel ray subscguently
settle on available suriaces (including core catchers) within the reactor vessel,
forning debris begs. The fuel in these uebris beds will be heated by radiocactive
decay of retaincd fission prouucts and actinides. The hazard level which should
be assigned to thie resulting post-accident condition depends on the cxtent to
which natural cooling of the debris may be relied upon. 1his cooliny depends
partly on whether the ligquid above the bed is at the saturation tewperature
or subcooled below that temperature, and whether the bed is resting on an
insulating base or on a base with significant downward heat removal. This paper
considers incipient bed dryout for all these cases (non-subcooled, top-subcooled,
and bottom~subcooled beds) and also considers conditions beyond incipient dryout.

NON-SLBCOULLD BLES

host work on debris bed dryout has been concerned with bottom-insulated beds
vhere the overlying liquia is at the saturation teaperature (non-subcoelia beds).
In these beds, heat reroval is entirely by latent heat transport.  Lxtensive
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experimental work has been perforacd with vsrious materials, for both botton and
vohuyoetric heating, and with the neat rource both in the lignid and in the parti-
1t hal been obterved that for deep bels, the heat tlux at dryout as

AU redanes

cles,
independent of bod depth, bat for shallow beds, tae dryout heat flux
with decreasine bed deptin.  Vapor channels free of particles have been obuerved
in the taop portion of the beds, and it has beun apested that Lne resulting
enhancement of vapor removal 1s the Lasis for the shallow bed behavior,®”

uodels have heea developaed to explain deep and shallow bed

wver none of the deep-bed wodels included deptn depens nce
explicitly in their derivation, Thus it remained to be seen wictuner a vnc-tdiacn-
sional decep bed wasel could describe shallow bed behavior as depth decreaneld,

Yae decp=id model derivotion ol Hardve and Nilson” was cxpandid Lo ofe dinenslon.,
Defining ¢ nelght above the bottoem of the bed and as Lhe fraction of

Lthe spacwe n particles which is liquid (with the other variables as Pisted

in the Noaencloture), the depth-dependent conscrvation equations ave:

Various
behnviords 3

frow.

8 = (vvy) )
Vl = - (2)

;o= a2
\v u T g4z (3}

v
< (1 = ylp, ¥, 4y, V) = o “)
dz - vy Y1vy
he ecquations reduce to
5 = o.h L (5)
1 dz Vl + yvv~\l - 7.

With a uniforas source 8, equation (5) may be integrated and a«n caplicit form for
the liquid fraction Y is obtained:

Y=Bj_ﬁ‘x’['32—sv

vhere

B 1/2 - (\Jv/\)l - l)svlz/(?plgﬁh) (7)
This {unction is plotted in Figure 1 for a bed at the dryout power and at one-
half the dryout power. Each power has two selutions, one¢ where the heat re-
moval is limitcd by liquid downflow and one limited by vapor upflow. Oaly the
vapor-flow limiting condition (where ¥ = 1 at the bed bottom) is theraally

stable against perturbations in Y., As the power is increased, the liquid frac-—
tion in the stable solution decreases to allow more space for vapor rewmoval, Dry-
out occurs when the increasing vapor fraction hegins to choke off the downward
liquid flow. The neat flux which exits from the top of the bed may be determined
by integrating equation (5) from the bottom to the top of the bed, and the dryout
heat flux is then obtained (similar to refarence 5) by maximizing the heat flux
with respect to variation inm the liquid {ractisu. The result is:

v1/vvd' (8)




saturated beds and does nol show length dependence, Note that the permeabilicy
is evaluated at the top of the bed, Siuce the permeapility 14 proportional to
the gquare of the particle diamcter, cquation (8) implics that the dryout _{luz
for a deep stratified bed, in which the smaller particics are at the top,’ will
be less than for an unstratificd bed. This effcet may be aitisaled by channeis
penctratiug the small-particle zone, but the eftect should prevail o the lirme
of very deep beds. Exactly the same dryout flux is obtained if Joulw-heating of
the liquid only is wmodeled, as has been verifiod experimentaliy for deep beds,®

The fact that cquation (8) does not predict a depth-dupendent dryout {lux
sugpests that another mechanism is required to explain 1ilow bed veaavior,  As
mentioned earlier, Lhir und Cattonds?d developed a model involving vapor chanpeis
free of particles within the bed,  They stated that {luidization would eccur an
the upper portion of the bed, and indecd the nudel depaended on the achicvenent of
an optreal potential eneryy in the fluidization process in order to ohtaiu tl.
proper depth dependence observed in shallov beds,  However, the wolbel depicten
the regivn bebween particle-tres chimnels as being fluidired with biquid tlovsn,
dovnward, which is obviously 1upouvsible,  Furthermore, one may nse the one=disen=
sional vadel to caleunlate the potential for o deep bed to fluidize. The vapor
velocity in the bed way be deterwined to be:

Py
Vo= Lo~ 2
VP 1 + \“,,/Vl)('Y""'\] - ¥)) 9)

The vapor velocity at dryout may be combined with the bed (luidization eriterion
of Wallin” te yield the fluidization condition:
— o
> (1 - )1+ 2 1 - ¢ d
oy >0, ) Vv, /v,) op( ) ($19]
As can be seen, the bed permeability cancels and Lhe equalions are reduced to the
requirem.ul that the {luidized particles be supported by the pr ure peaersicu
from thw weight of the liquid in tie bed, This cendition requires wnre
large inter-particle volume fractions . $3% for sodium—UOz sysleas and G0 1or
wvater-steel systems, Thus the beds for which fluidization is assuncs, fail to
meet the above fluidization criterion by a wide wmargin,

sonabi ¢

Even though debris beds may not fluidice, the formation of channels nas beon
observed by several exparimenters, The mechaniswm for channel fovaation is as
yet uncertain., However, oncte a channel is formed, the vapor velocity throunh
it would be greater for a given pressure drop than through a packed bed.,  This
higher velocit; could then levitate and remove any particle which entered the
channel, thus maintaining the channel. Using the Hagen-Poisculle law for pressvre
drop in a pipe and the single particle terminal ve'ocity foraula from Wallis®,
the criterion for a channel of diameter d; to allow levitation of a particle
of diameter dp is found to be

a, > ("/3)\’%/91 dp (11)

For a water-uU0, bud, the critical channel diameter for chavnel maintenance is four
particle diameters, or about 2.0 wmw. Channels of 2.5 mm diamcteor in water-U0,
beds have beea noted in reference 1.

TOP-SUBCOULED BLEDS

1f the liquid overlying a debris bed is below the saturation temperature (sub-
cooled), then the heat removal will be enhanced and the dryout flux inereascd.
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Rivard® observed that the high conductivity of sodium and Lthe large resistance

to flow presentued by a debris bed makes conduction a dowinant heat reaoval wedians
ism. He sugiested that there would be a zone of subcooled debris above tue bhoiling
zone In wirich heat removal could be modeled by coaductiung o sertes wita beat
removal from the boilinsg rune, Aurmentation by single-phase convection couly

be accoamodated by use of on ephanced conductivity, Thoe relation between the

total dryout flux in a tup ubcooled bed and Lthe dryout flux for a non-subeooled

bed is then

2

- T,)5 12)
qd,ts dann ) (

. [¢ . . . . . -
Le Rxnolcur) zluo considered heat remeoval by conduction in scrivs amd in addition
considered heat rvemoval from the subcooled zone in parallel with that 1rem the
boiling zone.

Tae choice betweon keat removal in serjes or in parall- " with 1he heat fros
the beiling zone suggests a model in wvhich the risin, vapor eitaer
quickly in the subcoolvd zone or penetrates Lo the overlyies 1i
tion rate at a given point in a chonnel way be Jdetormined from the conionaatiog
flux and liquid-metal condensation coefficient given in Collic: and Lhe seni-
empirical foruula for sodium saturation pressurc:':

eRne s

PR IT ) (e R

"O/TJ
R e (13)
5 T,
where the dircunsions are S1, o = 2,39 x 101! pa Kl/z and G = 12819

wrated Jdryout LJux® of 1 #W/m* and
od du water-U0, cyst
Once would thus expect conduction in

the maxir observed sodiun-U0,
meter channcels spaced cvery 400 1w
vapor flux would condense in about 5 o
series to be the appropriste wodel for .tist subrtooled beds in sodium.

The only particle-heated subcooled sodium-Ud. dryout experiments
to date hove been the in-pile fissien-heated b-series experinents pertor
Sandia.$> 12 One may use the temperature measurements in tnose exper
to comparc the series and parallcl conductitu woedels, In all or tue v
conducticn zone length predicted by the parallel model execeeds the lensin ot
the subcooled zone as determined by the temperature measurcments n the otho
hand, the serics conduction wmodel fits the weasurcd temporatures at dryont fai
well if an enhanced bed conductivity (due beo conveetive eifocts) is weed.® Toa.
the series conduction model best agrees with the experimental date, Tae enhano
conductivity f[or the cxperiments was estimated to be 31, 36, and 43 wW/»-K fon
bed depths of 586, 106, and 158 um, respectively, This leads to an cupirical
relation for the effective conductivity at dryout as a function of bed depth:

Lh

L = /
k, = 24 + 120Lp (14)
This is sowecwhat higher than the values suggeited by single-phase convection
correlations,

One may now derive relations for top-subcooled dryout based eon scerics conduc-
tion and non-subcooled dryout dat However, there is anbiguity avout the appropiate
bed deptl to vse to determine 94 ns in cquation (12): the lenpth of the boiling
zone alone, or the toral bed deptu. For exaaple, 11 channels within the boiling;
zone dowinate the hest ramoval, then the apprepriate length would be the boilin,
zoue lenpth. Conversely, if the Lotal bed weignt dictales dryout bepnavier, then
the appropriate leagth would be the total bed depth. Therefore, two models for
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top-subcowoled were developed, called the dependent and fudependent madole (for
bolllng-zene or total-acpth Gependence, respectivelys) bor viry deep beds, Loth
models ive the sawe result since then Lhe non-subcooleu dryout $lux is indopengent
of lengths .

The nun-subcooled drycut flex may be expressed as a lincar relation over
the region of 1neres

- - ‘
qd,ns,v y va (15)

(For dvep beds, b, will be zero)e  Then the bed depth yiclaing, dryout with the
indepenaent suboclea tiodel is

L=/t 4 b)) o+ s Uy = T s (1)

snd the depth which yields gryout with the dependent nodel is

woEk (0= TR, - ) an

(fhe ponitive root is used {or bf'hv anc the negative root for §- bv.)

¢ mwy now ure the series conuuction model to ¢ iare non=subeooled drrout
data ara wededs with the banaia subcooice dryuul data. tor convendence, rother
than inscriing the ron-rubcocled dryout ralations inte equations (1L) ana (17),
the subecolio data can be uniclded via equaticns (12) and (14) (ano the Nclonald-
Connolly 1clation fer the bound layer towperature drop in the sodiun) to ohrain
non-subconled aiyout tluxes for direct conparison. The untolded data Is prosented
in Fijure wi cach eryout tlux pletton at tvo possible dryout lengths (tota!l
bed depth @ng boilin, depth)e  Shown o "conparisen are curves titting the catu

of refercnee 1 (in which Joule heating of socium with LU, rarticles was used), the
shallov beoe mowdd preaictions ot reterence 3, anc th doZp bed hqpulqprvui\liuns
of references 3 aua 5 (using a nominal perneabizrity of 1.9 x 167*Y o). fduere are
three dryout wata points (1 2, and L=3h) and one darsout lower limit (e
"post-mainturbance” 1 ~Xb).  Three of the poifits apree with the retoerenee bodata

if the copendent nocel 1s usea, three agree with the reference 3 shallow bed

woueld 11 Lthe independent nodel is uscd, anc three agree with the deep bed nadels
of refervices 5 and 5 (using ¢ither subcooled modeld) it the beu permeability is
1.0 x 10730 e 7.2 x 107HG w*, respeetivelyv.  (These perteabilitics correspunc

to eflective particle diaweters of 271 and €3U 1, respectively). Thus the data
does net clearly Incicate at this point which subcuoled model should be used.

BOTTOM-SUBCOCLLL BLLS

1f the debris bed is 1esting on a structure capable of removing heal downward,
significant additional heat rewoval can be achicvved, Kivard proposcd’’ that a sub-
cooleu zune will cxist @t the bottom portion of such a bede Beceause the vpper
portion ol the zone will be at a higher temperature, the sodium will not convect
and the zoune may be wmodeled with conduction independent ot the upper zores. 1f
the supporting structure is scveral centincters ol stecel, allowance wunt he made
for the signiticant temperature aroup which N ooeeur gacross ite  keducing the
comduction equations, the dryout depth 1o a bed resting on a plate of thicknens
Lpl iy be deternined to be

L'I = l'bs + LU . (1&)
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where the hottaursubcooled zoue thickness Ly le

L = ~Qely /i) g Ghylpy P )7 % 2,0 = 1,07 (19)

and the wpvard heat flov zope thickness Lo is deternined by cquations (1t) or
(17) for the judependent and aependent top=vubc oled nodels, respoctively.

Figwte 3 alsplays the paver veas total bed depth at dryost tar a sodina=16, bed
on & <U-tan thicl steel plate subcooled above and bolow by GCUL uaiag
(upper ) and jnocpenaent (Jower) top=subroolea pocels (with the :
drycul curves of 1 ierencen () and (3), respectively)s The v
without buttein Subeeoling are wlso shown (usning, cquations (1) wna (17)).
be seen, bottow cooling can increasce the dryout bed depths or powers by vp to @
factor of twoe bin do a strong, incentive tor the investipation ol bottoi-coojed

At bea qopthe
Y ran

in=vetsel cure caleheis.

FOST JuGLT
8,13 a stable dry zone at the totton
inta

In the Sendia nodivetva b=3 enperiven
of the Led (Vitn o stable Letling zone abuve 1v) was
slipghtly aboic dryoute This cltect can be understood in ternn uiog
behavior, since a thinner boilirg zone can transport norc beat ihre
A nodel s owevelopod with g conducting dry encerlying o boll
Since Lhu heat generatoed in the dry =zone is ocliverad by concunctio
of the bolling zone, the boiling zoue §s part boutlun=hicated ang )
heatcde huwever, the diyout tlun oy non-subeooled button
than that for volune-heated Luds (soe Fivure 4). 0 tiwe dryout 1l
wined by liucoaly conbind the non-subeovoled volu
dryout rolations in projortion to the boiling and d

incd al dopower leved
tallow ted
1teelra

the bolton

voeluero
uirrezent
P deter=
walue ane battou—hented

hiatoa beds id

W,

zolic thichicrscs, Yo pectively:

I.d
51 + o g , 20
]’_’ l.,j, (‘d,n:',l\“b) (21

To sing lily the algebra, the dryout flukes were assuncd to vary lincarly vith leng ol
detcernined by equation (15) ane

over !;' L S TOTH 1 intoroet :1 l Il
er Lhe regior ol Jiptcrovt, with qu,n::,v

ap - bbL (21)

¢
. td,ns, b

The dry zone length (For non-subcoolod beas) was then determincd Lo be

(22)

L, L,J, ns
where
)\”5 = (a\, - oay - bbl"l /(.'Z(b\, - bb)) (23)
Ial
- < ) - 9
Roo = (u.DJ,T - SLT)/HV bb)) (24)

For a top subcooled bud, one may fold in Lhe dependent and independent top-
subcoolcu nodo L previously deseribeds LWith the dindependent subcooled nodel, the
dry sone lenpth o is

(25)

1, =) -
by AY ],,1,

where Xy ooand f o are dedined dn equations (£5) and (20). With the dependeut sub-
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cooled woduel, the dry zone length i

= - : 20
Ly = by = Ay 20)
where
= (o = A Y o{v -t 27
Mg = Qoy = ay = by = v b /Gy oy (27)
Rig = Gigly = aylyg = Sy = L )8/, = 1) (2¢)
L = 1L - DX -/ (29)

L

te 5]

These motels aay now be coupared to the L=5 duL;;b. To adequalely accutdotate
the cifect ol the vessel bottouw heat losses and the noncentral lecation of the
bottan thorwocouple, the D=3 onditions were nodeled with o ponorad two=cinensional
heat transtor code until a ary zone length found vhich producca the obseryoa
temperatutess 1he results wore that o power of Z. n/ S (300 W/ky ) produced
a dry zone ol 7ol i, ang 2. 33 HW/0? (41U W/KD produc be b 1 (assuni
conductivity at U.b Wie LJJ). These two points doline a lino, the jntorcept
ol which (i.ce, incipient dryceut) has alrcaay been di W du L section
on top subcooling. The slope ot the line is 1.0 = 107% W'/% onid is fairly insensi-
tive to the Intercepts The slope deternined by the post=dryont 1odel using the
dependont top=subrovled wuuel with reterence 1odata s 1o x 10 » u'/n, e
slope usitg the independont top=subeouoiced model with t rofoerence 3 wodel is
5.0 % 1070 ml'/\-,. Considering the urccrtainty in the data, the aprocenent with
both nodels is reasunablc.

a

=4 PRLEUICTIGLS

We are now in a position to muke dryoul and post—dryout predictic for the
periment , Jeds The o perinent will use LG
particulate with the nawe size cistribution ane enticipated pericability aus D=2
' The loading will be 450 Lg/v ™ (- LU doepth) ane there will be dryout
shown In 1able 1o The tects will be run it

upcoming, boneia jo-pile debrie bed e

and b
Tuns &t Lwo dif!crent subcwaling s,
reduced prossures so that the bulbk souiua may be close to saturation without
excessively heating the vessel. There is sone uncertainty on the cotfect of
Pressure on dryouts Gne deop bed wodel” predicts a nearly linogr pres ¢ dopend-
ence, while another” predicts none.s Loep=bed expoerinental cota® oispl
deprndence rauging from none to the synare root o pressure.  There is
no shallow-bed dryout data with pressure variation, but the roforence 5 nodel
precicts a square rool dependences A tourith reot dependence on prossure was
assumcd. The non-subcoolea dryoul data frow reigrence D was for an interporticle
voluwe fraction ot 0.55. 1he drycut for a fraction of 0.43 in the L-3 and
b-4 experiments) would be Jower. Thorefore, the slope of the velume-heated curve
was reduced vutil it properly predictea the b-3 post dryout data (using the
depenacnt subcooled model)s The new curve {shown asg a dashed line in Fignre 4)
was then attennated by the Lourth root of pressure and used to predict the D=4
dryout conditions. The rdference 3 wodel predicts D=4 will be in the ceep bed
range (with no pressure uopendence)e A particle digweter of 0G.271 mm best fils
the D=3 and L=Z data with this models  Ghis waluc was used with the reference 3
decp bed noded and the fudependent tep-subenoled nodel to nake slternative b-4
predictions.  (Eecause the bed ds dn the deep-tea vepdme, there ds no pont-
dryout preciction). The predictions are shown in dable 1.

pressure
untortunaicly




1ABLE 1

D=4 Lyperimental Conditions and Predicted Dryoul States

Cycle Lulll Sodiunm baturation Predicted Predictod
Tewpurature Fressure bryout h-um‘ bry .(:Iu o
(k) (hPa) /) ae? '/l-.)
Dependent Inaep. Lepenoent
MHodel toael Model
1 5713 16.0 11.0 8.5 144,
2 73 32406 10.9 L. 0 39.

Fhauge in dry zune thickness with reepeet Lo change in the volwiortric heal sources

SUMHAKY

A onc-dircencional deep~bed nodel for incipicut dryout har Leon developed which
predicts deep-tod bohavior but not shallow bed behavioere A flufdization criterion
results which Jndicates that a debris bed cannot be {luladized by its vapor flow,
However, the togntunance ot channels within the hed is predictods. A toj=subrooled
bed wmodel has been presented and evidenee (both cxperirental and calculational) has
been given that the top-suticooled zone renwoves heat in serics (rot in parallel) with
the builing nene for svaivn—cooled systems.  Ihe Sanaia L=2 ana -3 top-nubccolec
dryout diti s oexpresscd in terms of non-subcoolod dryout and comparcd with the
cxprilmental cuta of relerence 1 oand the model proaictions of  references 5 anu h.
The data agrees with all three references, depending on the value of pernenbility
uscd aud on whither the dryout in the boiling zonc is dependont on the overlying
subcvolea zone thickness. A bottow—stbevoled bed nodel has also been prosenteds
A port=dryout 1odel has been developed to explain the stable dry zone observed
in the D=3 experiuent and agrecument with experimental data is found. Finally,
the top=subceeled and post-dryout noedels developed have been uscd to nake predic-
tions for the b-4 experiuent.

KONENCLATURL

a intercept of dryout curve [ih/m)) Subscripts

b slope ol dryout curve (W/u™)

C specific heat (J/hg K) b boiling; boltew heating
d diawcter () ” bs boitom-subcooled zone
8 gravitational acceleration (m/s<) c channel

h Tatent heat o1l vapor ion (J/ky) d dryout ;dry zone

J condensation tlux (ky/ s) [ enhancea

k therwal conductivity (W/ntK) 1 liquid

L Tenpth or thickness (1) n miklure o! stagnant {luia
h molecula  nass (Lg/uole) and debris bed

r pressure (Ja) us non=subcooulca

q heat {lux (h/m®) . P particle
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DeEE R0

.

10.

13.

14.

gas constant (J/L « wole) . pl plate

volumetrie heat source (l~./m") pb  plate botton
Ltemperature (K) t top of the bed
superticial veloeiry (w/u) te top-tubiuoled zone
distance abuve the bea botton (u) - 1 total bed depth
liguid fraction between particles u upward heat flow
odune ir.’chion,}ul interparticle spaces v vapor; volune heating

jermeabilivy .5)

dynanic viscosity (Lp/t *s)
kincuwatic visgonity (1.°/s)
density (kp/m”)
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