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AbSTRACT 

A oiK---QJii.cn si onal deep ben mood lor incipi ent dryout it duvui oped 
which predict t, ceep bet* behavior but not shallow bed bt*ha\ f or . A fluid-
ii.ation criterion 'esulLi. which j nui catc& that a debri:. I.cc cannot 
bo f J uif.ized b\ the- vapor tlow. houevcr, the maintenance ol channels 
wit hid the Let. ib predicted. A toij-i-ubcuc-ka bed î uc-i is pre-sent to 
and evidence (.both f>.|.erii..ontnl at; J ealculational) is given that the 
top-subcoolec zor.e removes heat in sc vi es (not in parallel) wi th the-
boiling zone lor sodium-cooled systems. 1 he Sandia Li—2 ami L-3 Lop-
subcooled dr^out data is expresses in torus of non-subcooitc ciryoua 
and compared with experimental data and model predictions from the 
literature. The data agrees with s-evoral predictions depencing on 
whether the dry cut in the boiling zone is dependent on the over­
lying subcoolod zone thickness. A bottom-subcooled bed model is 
also presentee. A post -cr you t model is developed to ex pi ain the 
stable dry zone observed in the L-3 experiment and agreement with 
the data is found. Finally, the lop-subcooled and post-dryout models 
developed ere used to î ake predictions for the upcoming D-4 experiment. 

INTRGblCTlGK 

In the event of a severe accirfenL in a fast reactor, molten core materials 
may contact liquid sodium, resulting in rapid quenching, freezing, and fiag-
mentation of the core debris. Particulaleu >~uel and steel Lay subsequently 
settle on available surfaces (including core catchers) within the reactor vessel, 
foriuing debris bees. The fuel in these uebris beds will be heated by radioactive 
decay of retained fission prouuets and actinicies. The hazard level which should 
be assigned to the resulting post-accident condition depends on the extent to 
which natural cooling of the debris nay be relied upon. This cooling depends 
partly on whether the liquid above the bed is at the saturation temperature 
or subcoolcd 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. 

KON-SlBCDOLLD liLCb 

lio.st work on debris bed dryout has been concerned with bottom-insulated beds 
where the overlyir.j, li t,uici is at the sato rati on temperature (non-subcool eu beds). 
In tlif-i-e bedt, heat rt.r.uv,il is ent irely by latent heat transport* lxtensive 

*'lhis; work supported by the I'. S. Nuclear Regulatory Commissi ion. 
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e x p e r i m e n t a l work hi ts b e e n p e r f o r m e d w i t h v i r i o n . - , m a t e r i a l . ' ; , f o r b o t h b o t l o u and 
v o l u T f t r i c h e a l i n?*,, and w i t h t i n : h e a t r o u r e . e hot n in I. h e l i q u i d and i n t !!•• p a r t i ­
c l e : ; . ' I t IUVH been n b « e r v e d t i n t f o r de<>p b e l s , t h e h e a t M u x at d r y m i t ir , 
i n d e p e n d e n t of b ' . J d e p t h , hut fo r s n a l l o w b e d s , . t ;io d r y o u t h e a t M u z u u r e a : e > s 
wiLh d e c r e a s i n g bed d e p t h . Vapor c h a n n e l s f r e e of p a r t i c l e s h a v e b e e n o b s e r v e d 
in t h e t a p p o r t i o n of t h e bed ! , , and i t h a s lun n .n/ . ;- ,osted t h a t Uie r e s u l t in;; 
e n h a n c e m e n t of v a p o r r e m o v a l i s t h e bar. i s t o r t h e s u a 1 low bed behav i>jr , 

V a r i o u s r u o d e l s h a v e b e e n d e v e l o p e d t o e x p l a i n d e e p and s h a l l o w lied 
b e h a v i o r ' '" ' howeve r none of t h e d e e p - b e d mode l : , i n c l u d e d d e p t i ; d e p e : i . ; n c o 
e>:pl i r i 11 y in l he 1 r d e r i v a t ion . Thus i t r e g a i n e d t o be s e e n wiu-i m-r a ui:e--i i .non-
s i o n a l d e e p bed ;r<uul c o u l d d e s c r i b e s h a l l o w bed b - h a v i o r <JS di-pt l i d'-c i e..-.e J . 
l : ic dc-e.p-b. i vrndel d e r i v a t i o n o i. H a r J e e and N i l ^ u n ^ was expand. -u t o utie i n t e n s i o n 
Do f i i i i Hi- ?. :•'.• t :.e nei '-.tit nbovc Lite b o t t e m o f t h e hed and a s Liic f r a c t i o n of 
t h e s p a r e bet. we en p a r t i c l e s wriich i s l i q u i d (. wi th t t i c o t h e r v a r i a b l t. ,s ;i s I i s t od 
in t he- NVneiw 1 e l a r e ) , t h e do p i n - d e p e n d e n t c o n s e r v a t i o n e q u a l i (ins a r e : 

y = p h —-..- {-,'••.' ) ( 1 ) 
J e.:. .L 

( 2 ) 

U ) 

d 

Tlie c r u n t i o n s r e d u c e t o 

d 
d z ( 5 ) 

With a uniform source S, equation (5) nay be integrated and an explicit form fur 
the liquid frnction Y is obtained: 

where 

3 = 1 / 2 - C v

v / V j " l ) 5 V J z / C ? P 1 p K h ) ( 7 ) 

T h i s f u n c t i o n i s p l o t t e d i n F i g u r e 1 f o r a bed a t t h e d r y o u t power and a t o n e -
h a l f t h e d r y o u t p o w e r . Each power h a s two s o l u t i o n s , o n e w h e r e t h e h e a t r e ­
moval i s l i m i t e d by l i q u i d downf low and o n e l i m i t e d by v a p o r u p f l o w . On ly t h e 
v a p o r - f l o w l i m i t i n g c o n d i t i o n (.where Y = 1 a t t h e bed b o t t o m ) i s t h e r m a l l y 
s t a b l c a g a i n s t p e r t u r b a t i o n s in Y* 

which i s e s s e n t i a l l y t h e sa\ae d r y o u t h e a t f l u x o b t a i n e d by H a r d e e and Mi I son Ki r 



s a t u r a t e d bed:; and d o c s n o t show l e n g t h d e p e n d e n c e . Not** l l i . i t t h e [ K T I U M U i 1 i t y 
i s e v a l u a t e d »it t h e t o p of the- b o d . S i n c e i t«- p c r m e a h j 1 i ! y i s p r » p ' > r t i on a I IJ 
t h e cqiKirc o f t h e p a r t i c l e d i a m e t e r , e q u a t i o n f 8 ) i m p l i e s t h a t t h e d r y o u t lltiy. 
f o r a d e e p s t r a t i f i e d b e d , i n wh ich t h e s m a l l e r p a r t i c l e s a r e a t t h e t o p , w i l l 
be 1 e s s t h a n f o r an u n s t r a t i f i e d bed . Thi s i- i f e e t may h e mi t i . . a t e d by c h a n n e i '. 
p e n e t r n t in;-, t h e s:na 1 1 - p a r t i c le. zone , b u t t h e e f r e c t shou Jd p r - v a i 1 in t h e l i n t 
o f v e r y d e e p b e d s . K x a c t l y t h e .same d r y o u i i J u>: i s o b t a i n e d i f J o u l e - h e a t i ny, of 
t h e l i q u i d o n l y i s tr.od :•! c d , a s h a s b e e n v e r i f i e d e x p e r i m e n t a l l y f o r J n - j i b e e s . ' * 

The f a c t t h a t e q u a t i o n ( 8 ) dot*s n o t p r r - d i c t a d e p t h - d e p e n d e n t d r y o u t ilu/. 
s u g g e s t s t h a t a n o t h e r m e c h a n i s m if; r e q u i r e d t o e x p l a i n sha i. l»w bed ue.i.iv j o r , As 
inent i o u e d e a r l i e r , I/i i r and (Ja t t o n " ' J d e v o l oped a model i n v o l v i n . ; v . ' p o r c h a n n e l s 
f r e e of p a r t i c l e s w i t h i n t h e b e d . They s t a t e d t h a t f l u id i / . a t i on v , ,u ld o c c u r m 
t h e u p p e r p u r l ion o i Use bed , and i n J e e u tin* nod e l d e p e n d e d on t h e a c h i o v e n e u t o £ 
an o p t -'"a I p o t e n t i a l e n e r g y i n t h e f I u i d i / . a t i^:i p r o c e s s i n o r d e r t o %./:•• i.i in 11.-, 
p r o p e r eU-] i h d e p e n d e n c e o b s e r v e d i n s h a l l o w b . - d s . M o u e v e r , t he ; . :o le l d e p i c t - - , 
t h e r e j ; i .MI b e t w e e n p a r t i c l e - i r e * - c h a n n e l s a s he i r , ; ; f l u i d i ; * e d w i t h l i q u i d liowiis,-, 
downward , v:i i c h i s ubv iour, J y ii:ipoL,sib 1 e . l-ur L huru ioro , one may u s e t h e oiH'-d i .i .:ii-
s i o n a l i "»! ' ' l t o c a l c u l a t e t h e p o t e n t i a l fo r a d e e p bed t o f l u i d i z e . Tiie v a j ^ r 
v e l o c i t y in t h e bed i;.,-iy be d e t e r m i n e d t o b e : 

v v l v P v y " i + ^ v v / v i r ( T / ( - i - Y ) ) J i1)) 
The vapor,vclocity at drynut may be combined with the bed fluidi/.ation criterion 
of Wallis'J to yield the fluidization condition: 

P 2 > p (1 - e)(J •'• V^TiT") = p (1 - c) (jCO 

As can be seen, the bed permeability cancels and Lhe equations are reduced to Lb--
requirement t hat the fluid i zed part ic les bo supported by the pressure general*-'.* 
from the we ight of the 1 i quid in the bed . This condi t ion requires unreason a i-i y 
largo i nter-par t ic 1 c: volume frac1 ions t.. 9 3°; for soditiM-UO^ .systems and 90 >. u r 
water-steel systems. Thus the beds for which fluidisation is assumed , fa i 1 [u 
meet the above fluidization criterion by a wide margin. 

Even though debris beds may not fluidi;:e, the formation of channels nut, beiii 
observed by several experimenters. ' The r.iechanj sm for channel fo^-nat ion i. «, ,-iS 
yet uncertain. However , once a channel i s iorr.ied , the vapor velocil y through 
it would bo greater for a given pressure drop t ban through a pac hec bod. This 
higher velocity could then levitate and remove any particle which entered the 
channel, thus maintaining the channel. Using the Hagen-Poi suulle law for pressure 
drop in a pipe and the single part icl e termin.il ve 1 oc ity formula f rosi Wal J is 5, 
the criterion for a channel of diameter d^ to allow levit.ition of a particle 
of diameter d is found to be 

a c > (f</3) v v ^ T a

P

 a i ) 

For a w n t e r - U 0 9 b e d , t h e c r i t i c a l c h a n n e l d i a m e t e r f o r c h a n n e l m a i n t e n a n c e i s f o u r 
p a r t i c l e d i a m e t e r s , o r a b o u t 2 . 0 IIKU. C h a n n e l s o f 2 . 5 mm d i a m e t e r in w j ' : c r - l H U 
b e d s h a v e b e e n n o t e d i n r e f e r e n c e 1. 

TOI'-JUJUCOULKI) NI1DS 

I f t h e l i q u i d o v e r l y i n g a d e b r i s bod i s b e l o w t h e s a t u r a t i o n t e m p e r a t u r e ( s u b -
c o o l e d ) , t h e n t h e lie a t r e m o v a l w i l l be e n h a n c e d and ! he d r y m i e f l u x i n c r e a s e d . 

http://lli.it
http://termin.il


R i v a r d o b s e r v e d t h a t t h e h i j ;h c o n d u c t i v i t y of s o d i u m and t h e \»ry,o r e s i MI a n t e 
t o f low pro .sen turd by a d e b r i s bad makes c o n d u c t i o n a d o m i n a n t hr.it . n - i w a j MOI naif 
i s m . He su ; ; ; ' / s t . ed that , t h e r e would be a zone of s u b c o o l e u d e b r i ; ; a b o v r tin- b o i l in; 
zone i n wh ich i i e a t r e n u v a l c o u l d IK- mode l ed by c o n d u c t i o n i n si-i i.-y, u i f i :-.-at 
r emova l f rum t h e b o i l in--; :'u:io . Au:-'r.i-<Ua l i o n by s i i;^ 1 o - p h a s e c o n v e c t i o n con la 
be accommodat ed by uso of . n enhanc*. u c endue t i v i Ly . Tiu. r e l a t i o n b e t v.. .-a t he 
t o t a l d r y o u i £ J ux i n a t u p ub coo led bed and t h e d r y o u t 1 1 u:-: f o r a n o n - s u b c o o ) cd 
bed i s t h e n 

?): ( T , T 4 ) f ( 1 2 ) 

Le Rip .o leur a l s o c o n r i d e r e d h e a t r e m o v a l by c o n d u c t i o n in . i i - r i c s and in a l d i l i ' 
c o n s i d e r e d l u a t r e m o v a l i r o n t h e s u b c o o l e d Lone in p a r a l l e l w i t h t iiat l rom tin* 
b o i 1 i n g z o n e . 

The c h o i c e betw> 
t h e b o i l i r y :<one s u ^ o p t s a model ii 
q u i c k l y i n t h e s u b c o o l i d z o n e o r por 
t i o n r a t e .'it. a j ; i v e n p--<int i n a C'UJI 

'neat r e m o v a l in s e r i e s 
s a model in which t h e 

t o t h e 
y In 

r i n p a r 
L s i n. v .'i 

o v e r 1 
e r m i n e 

f l u x and 1 i c . u i d - - . e t a l c o n d e n s a t i o n c o e f f i c i e n t i*iven i n 
e m p i r i c a l i o r .ui la f o r s o d i um s a t u r a t i o n pres: .ui" ' 

39-r?//'- [y~~ 

;i i 
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-.11 where the dimensions are SI, [\ = 2.ocJ >: 1 0 1 J I'a 
the maximum observed sodium-UO-} saturated dryouL 
meter channels spaced every 400 mm" (as observed 
vapor flux would condense in about 5 r:n. One W J 
series to be the appropriate model for ..'-mt Mibco' 

K ^ 2 a 
D u x 1 o 
in vnte 
Id thus 
olcd be 

IH'.'lL I I O I . 

•it- i•.11 
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d s in 

12E1'J 
/m'' and 

t C l ' l l d u 
SOU i i i M . 

(13) 
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Tne only particle-heated subcoolcd sodium-
to date have been tiie in-pile fission-heated u-
Sandia. > > One may use the temperature noas 
to compare the series and par a I lei conduc t i*a;i 
conduction ;:one length predicted by the para] 1 
the subcooled zone as determined by the tempera 
hand, the series conduction model fits the me 
well if an enhanced bed conductivity (due to co 
the series conduction model best agrees with th 
conductivity for the experiments was estimated 
bed depths of 5S, 106, and 158 mm, respectively 
relation for the effective conductivity at dryo 
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'• N IOI 
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depth: 

k„ = 24 + I20L T (l'.> 

This is somewhat higher than the val lies sup,£,e ;Leu by single-phase convect ioi. 
correlations. 

One may now derive relatione for top-suhrooled dryout based on series conduc­
tion and uon-subcool fd dryout data. However, t here is ambi <;uity about the apprepi i.. 
bed depth to use to determine q(j n,. in equation ( 1 2 ) : the length of the boil in.; 
zone al one , or the total bed deptn . l-'or ex am pi e , if channe Is within t iie boi 1 i v..; 
zone dominate t he heat: removal , tlien the appropr iati- 1 en;;th would be I ho boilin,. 
zone lenj-.th . Converse 1 y , if the total bed weij-.nt d ic tates dryout beiiav ior , t. lion 
the appropr iate length would be the total bed de p t h . There fore, t wo mode 1 :* for 
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t o p - s u h i . o o l c d wen- d e v e l o p e d , c a l l e d t h e d e p e n d e n t and fndcp<iu,Vnl inddi l t . ( f o r 
b o i l i i i j ; - z v . n o o r t o t a l - u e p t h ch-pcndencc , r e s p e c t i v e l y . ) f u r v< i y dec ] . Led: . , Lot li 
m o d e l s t , ivu t h e name r e s u l t . s i nce t h e n Lhe n o n - s u b c o u l en d r y o u t 1J ux i t . i i.di p e n d e n t 
of l e n g t h . 

'J he n o n - s u b c o o l ed d r y o u t f l u x r.ay bt* e x p r e s s e d a s a l i n e a r r e l a t i o n o v e r 
t h e r e ; i on of l i n - r e s t : 

( l o r d e e p b e d s , b y w i l l be z c i o ) . Then t in. bed d t p ill y i d d l n ; , d i y o u t i:i I h Lhe 
i n d e p i iif.t n t suboi . I -JH i;'iodcl i s 

iiid t h e d e p t h v;l i irh y i e l d s m y o u t w i t h Liu d e | e n u t n t model i s 

u . , o ± ? / K . O ' - f.< + ->y- ('•"• - ^ i i ' i d . ' - ;• ' ) C i > ) 

('i'he p o s i t j w r o o t i s its^d Tor S -•• b a n c t h e n e g a l i vc r o o t f o r S • b . ) 

One ma\ now m e t h e p p r i e s c o n d u c t i o n model t o compare m m - s u b e o o i i - d d r y i . u t 
d a t a MI'.C m o d e l s w i t h t h e Sui.ciia s u b c o o i ee, d r \ o u t d a t a . ' t o r c o n w ui e n c e , n ; Lhi r 
t l i an i n s u r l i ng t h e non-h ubcooJ od ciryoul re J n t i or.a i n t o c q u a t i n n s (J L ) and (1 / ) , 
t h e s u h c t o l i d d a t a can be u n f o l d e d v i a e q u a l i i n s ( 1 2 ) and ( I n ) (ami t h e H e l e n a 1 d -
C o n n o l l y n l . i f i m . lot" t h e b o u n d a r y l a y e r U'U].oi ' ; :Lurc d r o p i n t h e s o d i nm) t n i-M a i i. 
non-s i iheci f iU d oi y o u t i l u x e s f o r d i r e c t c o m p a r i yon . ri he u n t o J ded da t a i s t n s e n t e d 
i n F i g u r e !., wi Li, t a c h c r \ o u t i l u x pi ot K u a t two p o s s i b l e d r y o u t l e n g t h s ( t o t a I 
bed d e p t l i and hoi l i n f , d e p t h ) . Shown f o : " com; a r i s e n a r c curve. 1 ; 1 i t t i ng t h e d-ita 
of i cf c i L ncu 1 ( i n wh ich J o u l e h e a t i n g uf s o d KM v:i t l i L'O-, p a r t i d L-I. \S;I;, used ) , t h e 
s h a l lov. bee. i:.on i p r e d e t i o n s ol f c i e r L i - c f 2 , anu tin. d e e p bed mm. e l p r e d e l i o n s 
of r e f e r e n c e s 3 ,;iu. 5 (usi iu- , a nomina l p e r m e a b i l i t y of 1. !> x JO"""""' m ^ ) . ' i hu ro are-
t h r e e d r y o u l c a t a p o i n t : , (h'-J.a , I;-3r., and b - 3 b ) and o n e c i rvout l o w e r l i r . i t ( t h e 
" p o s t - d s i ui bar.t t " i ~'J.b ) . T h r e e of t h e j o i n t s a ; , r e e wi t h t in r d i r e n c e 1 d.it -i 
i f t h e (.( p e n d e n t m o c d i s u seG, t h r e e a g r e e w i t h t h e r e f e r e n c e 3 s h a l low bed 
iiiOdel i l t h e i n d e p e n d e n t mod e l i s u s e d , aue t h r e e agr<_e w i t h t h e d e e p lied mode l s 
of r e l e r i . u<.es 3 and 5 ( u s i n g e i t h e r s u b c o o l c c ; model ) i l t h e beu pe riiioabi 1 i t y i s 
1.0 x 10 u and '/. 2 x 10 u ' a " , r e s p e c t i v e l y . ( I h e s c p e r m e a b i l i l i e s e o r r e s p u n e 
t o e f f e e t i v e p a n i c l e d i a m e t e r s of 271 and bjU; : r . : , r e s p e c t i v e l y ) . Thus t h e d a t a 
d o e s n o t c l e a r l y i n d i c a t e , a t t h i s p o i n t whi ch s u b c o o l cd model s h o u l d be u s e d . 

B01T0M-SI liCOOLLb BLUS 

11 file d e b r i s bed i s r e s t i n g on a s t r u c t u r e c a p a b l e of r e m o v i n g h e a t downward , 
s i g n i f i c a n t a d d i t i o n a l h e a l roi : .oval can be a c h i e v e d . K i v a r d p r o p o s e d l t h a t a s u b -
c o o l e o z o n e w i l l e x i s t a t t h e b o t t o m p o r t i o n of s u c h a b e d . b e c a u s e t h e u p p e r 
p o r t i o n ol t h e zone w i l l be nt a h i g h e r t e m p e r a t u r e , t h e s o d i um w i l 1 n o t c o n v e c t 
and t h e :ione ii.ay be u.odelod i*i t h c o n d u c t i o n i n c e p t n d e n t o i t he up-j-er v.or.es. 1 f 
t h e s u p p o r t i n g s t r u c t u r e i s s e v e r a l c e n t in.> t o r s of s t e e l , a l l o w a n c e must be nuide 
f o r l he s i j ; n i t i c a n t t e ; : i i - e r a t u r e u r o p wh J ch - a n o c c u r a c r o s s i t . Kediu: in;*, [ IK* 
c o n d u c t i o n e q u a t i o n s , t h e d r y o u t de]>th i o r a bed r e s t i n g on a p l a t e of t h i c k n e s s 
l.T -, ]•: iy be cleturi. i i ru_o t o be 

4 " Lbs + K, Ob) 
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wlic r e t l i f h o t Uii.t-.su be oolc-d / .une t i n c k n e e s h v . 

LUB - <ku\i*\>0 " {^,^v^y + ^°»> ~ V V l (19) 

and t in ' upwfircl h e a l f low zone t h i cknc: . : . l.M in d e l i - m i n e d by vcxv.ui i o n s ( 1 < ) o r 
( 1 7 ) f u r t l ic JMlepein iu t i l .-i ltd fU'i-cndi'iit I uj'-t:ubL- ol ed m u d e l s , r t :,}><. CL ivt-j y . 

]j j- ,uii . 3 d i f .p l a y s I hi- power vr.i lot.-iJ bed d e p t h ,-u d r y u o t f o r a sod i i.: i -U. . , bed 
on ;i /.CI-M:I t h i e L : , t u e l p l a t e u u b c o o l o d a b o v e mid b e l o w by 4 U h i r ; i : i ; ; t h e 1.1 j . n i c r u t 
( n p p e ) ) and .i licit j •<. in*i ri t ( ] ' A . c j ) t o p - s u b c o u J eu n u d e ! :, (i, i tli t h e i;u:i-.subc < -i.: - u 
d i y c u l curv* ;> oi i- i f r c u t ' c : . ( I ) and ( 3 ) , i e s p t e l i vi J y ) . ' lae u V M I I bee <..< ; i h;. 
w i t h o u t b u l l e t , i ' . t 'bci .ni i i . : . a r c r . l . ' o slu-cn (u : . i i : ; , I'fjii.i t i u n s ( ] < ) ..i.e. ( ! < ; ) . A:- r .m 
be w i ' i i , boL Lu:.. cui/lii:;-, t an i nc i i.-;ihC- I he d r y out. hi ci d e p l h i . u l j'<<'.>vrs b> ep t o a 
fac I o r i-f t w o . 'J hi i. J'J a ;.! l un;, i n e e n l J ve l o r t h e i nvef. t i >-.a t i on til but I o; , - c o o j r e 
in-vt- i . f .eJ c o w c a l c i c ) h. 

I'OST bh . 'U / l 

Jn tin.- h a n d i a i .udLi r - U •., \)-:\ e x p o ui.ei'l , ] J a s t a b l e d r y z - in ' a 1 t h e t u t t o n 
of t h e bed ( i . i l u a s t a b l e bei.lj'i.;-. ;'.one ; i b u v : i t ) v a s t:.;i j n t a i i:i d •:*. a pov.i i ] n v J 
L. l i f .bLlv a b o \ i d) \ o u t . 'J lii.'j C I 11 e I c.'lll be lll.Uel M (>(i(J ill l e i ! . : . uS .',!;.; 1 J ov. t •< d 
b e h a v i or , s i n c e a Lhj nnr r hoi I J r.;; ^une can I.ran:- p o r t L.OI'C Leal ; h r u u , n i ! : < 1 1 . 
A i.iOce.1 i.;ih iiLVt-lofiLd v : i f h a ; undue, i J nj; d r y xi.ni' in :dei l y i up a I'-i.* IJ i ::^, ;:OI.L . 
Si nee Llie I,eiit j ' .onera t e d i n I he d r y fcui.e i s ot J i Vi-n d by i'ui:c i : v • 11 t.n Lu t ho bu t I (<:.i 
of t h e b o i i i i a , y.oiii-, t i le b o i ' l l n ; , j-.one i s p a r t b u t I o ; .H iea t eiJ <::,o ! \ : r i. v c J i : r L ~ 
bea l u i . Jiuwi ve r , t h e di ymit. t J u:: j i.r nuii-MibccjuJ ed bu t toi::~lu a 11 c, L-e...-- i : . u i i i.< : e i : t 
I lian l b a t J u l Vi Jin,:-, - h e a l e d hue's ( M I 1- j ; i ; r e A ) . 't \,in. t in- d r \ o u t i 1 it:-; \s. ;;. d e l i r -
iiiiiied by J iiK .. J .1 y COL ,bJ i';i n;; l l ;e iU)ii-£.i:h'eo<' l i d vol u :,:..•-1 i e t : U e ai:c lu.t t oi.i-hea : i d 
d r y u o l r e i a t i i.n.: j n ]<roj o r I. i o n l u t h e b o i l i n g and d r y z o n e t h i e!.:u .•- ;.t s , J t : ,'e*. t i ve 1 \ 

1. 

I , , • « . » 
(L. ) + ^' (1,, ) ( i l . ) 

To f-ii.tj J i i y t.l.i' ;LL,i-cbr:i, t hi: d iyouL (.luxeii l«t.-rc ; I ^ : : I I IH( J t o \ \ i r> l i n t . - : : i y i i i h U . : i ; t l 
o v e r l!.c r e g i o n : L.1 i n t t r i . ; ' t , w i t h q . d u t c l r.i i.i ti by cqu . iL ioh ( J i ) a n . 

( 2 J ) 

The d r \ ZUTIC Iriii.L!! (fo)" u o n - t u i b c o o ] cc! bc'dt;) wai; t h o u d e t c r n i i nc ci Lo be 

I . , = L, n - A c; 

wtK:l'o 
T 

C'2) 

<«u 
b b L 1 ) / < 2 ( b v - b b » 

( a b L T - s i 4 ) / ( 1 , v - S ) : 

( 23 ) 

<2.'i) 

For a Lop f;ubcoo.lod l iod , one may l o ] d i n Lho d e p u n d e n t and i n d e p e n d e n t t o p -
s u b e o i ' J t n noik [;. p i i v i o u t ; I y d e s c r i b e d . l . i t b t l ie i independent luit^cociled [..C'dei , Lhe 
d r y :-.one '. e i n . l h i t; 

.n {•• ) / . • >, ,V + p . . 
! ' d ° \ \ - • • • « . • ' 1 , - f 

v l i e r e A 1 | f . am! f-;n,. ;u'u d e J i n e d i n e q u a l i OHK (Z'j) and ( 2 0 ) . Wi th t in 

( 2 5 ) 

p e n d e n t Hub-
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cool i*d model , t h e d r y zoiiu l e n g t h Ji 

, - V, (2(0 

\ , - ( = 
< V T " 

1) I) T 

.,!•, 
\ \J / ( ; ' ( "- \ » 

- S ( L T - l . u 0 " ) / ( b , 1'.,) 

T, ) / . 
T h e s e mode1 s may now bo compared t o Liu- k - 3 da L a ° . 'Jo ac:e(,uat t-J y a c t om: ,odat i 

tin- e J i c c t ul [IK- VLSSO.1 b o t t o m h e a t J o s s e s and t h e nolK.enl 1 .iJ l o c a L i e n nl t h e 
boL I ('in t h i rmuc t iup l i , Llie I>-3 i ond i L i on:; M-re i .ede Led v;i th a j i IIL raJ l.wu-di i..--ns i or.. 
h e a t t i,in;. 11 r r o d e unLi 1 a . i ry KOIH: 1 e n ; , t h was Idi iuu whi eh j rotitici a Lla- ohi.c I'M <; 
t e m p o .-iLui i s . The r e s u l t s wi r e t h a t . , a power of '•.. '•'/. Jil./ci ( 310 W k t ) p r edn i e<! 
a d r y z o n e ot '/. L m;.., ami - • 2 3 NV./n"1 (4 J 0 '../k>.) p r o d u c e d b . h I..:.I (at.t.t.i:.i ej-. a 
c o n d u c t i v i t y ot 0. 1> \-!/r„* k J ) . ' J h i s c two p o i n t s d c t i n e a l i m , t h e ii.t« r c e p t 
oi wlii eh ( i . u . , i n c i p i e n t d r y o u t ) h a s . 'ilrc. 'iuy bei-n d i f tc: n; s i t. j n t h i s e c t i o n 
on t e p i .uhi ' tKi l i i i ] , . The sJ ope oi t h e J j'.ni; i s J . (. >; 10 ' m Vh ami i s i a i rl y i n s e n s i -
Live- t o I. i.c i n I e r c e p L . 'J In- s I uj:e f.k-t c] i:,j nod by I he p o s t -d rye i i t i o d e ! , us in;-. L In­
d e p e n d e n t t o p - s u b i ooJ en i.,i.Lje 1 wi t i i r e i e i e n e e 1 da La i s .1 . b >. l b ' " >: u"/'.-•. 'J he 
s l o p e us.ii . : . t lie i n d e p e m h nL L u p - s u b c u o i c d model, w i t h t h e n i c r e n c e 3 mode] i s 

( 2 7 ) 

(210 

( 2 9 ) 

. ( i x 10' -b' ' /K . Con^i t i e r ) in, l.ho U ; T C I l ; . i n r y i n I I:L- clnL.'i, t Lc- n [ , n uncn l wj'Lh 
b o t h li.udul:. i:> r u a s u i K i b j i 

i)-4 J " K I . D K ; T K , I . S 

Ue .-i re now in 
upcoming l^inei;. in 
par i - i cu! . : i l e V i L i. t 
and b-J. 'I he l o a d 
runs a o t .WO lit 1 ! e 1 ' 
reduced j J] i M;UI es 
exct ssi vi :ly he,!l in: 
I>rei.sur( (,!: c!I>ouL 

encc t ^lii l c a u o t h e 
dc]»eni.i«.-ni' v r a u ^ i n j ; 
no s h a l i c >w-bcti ill yi 
p r e d i c t s a sfjiiare 
a s sumed . Hie non-s i 
voJui.ie f r a c t i o n ol 
b -4 e x p e r i i h e n t s ) wi 
was ret iui ed nut i J. 
dcpcncienL Hiibeoolei 
was t hen aL Li ntuit e( 
d r y o u t c o n d i t i on:;. 
r.iiif.c (wi th no p re ; 
t h e 0-3 and \>~2 ck:l 
deep bed i.,ociei and 
p r e d i c t L O n s . (l-:ec; 
dryoul p r e d i c t i o n ) . 

a p o i i i l i o n t o make di 
- p i J e d( br i f . bed e x | . e r 
|-ie !.ai.ii: s i ze c i ^ l r? hut 
j u t , wi J J he UbV kr./i--'-
i lit : ,ubeooJ i nj.!>, a:; si. 
s o t h a t t h e buJV : o n i u 
H t h e v e s s e l . T h e r e , i 
. One d e e p bed moueJ "' 
r p r e d l e t s n o n e . L t e p 

i rom none t o t h e .'-qua 
ui . t da La wi I h p r e s s u r e 
r o o t d e p e n d e n c e A in 
ubcoo.1 r a r i r j o u t d a t a / 

0. ! J 3 . 'I he d r y c u t i o r 
o u l d be- J o w e r . Tlu r e f o 
i t p r o | cr.L> j ^ r e d i c t e i i 
d m o d e l ) . The new c u r 
I by t h e l o u r t h r o o t u 

The n f e i e n c e 3 i^ode 
J s u r e in penile n e e ) . A 
La wi t h I h i s mode] . 'i 

t h e i i :Uependent l u p - s 
uy.v tin' b.-d i s i n t h e 

'i he pi ei! i c t i ons a r e 

yonL and p o s t - d r y out put d i e t ioi.s-. 
ii.,ent , h- ' ' i . The o p i - r i i : ( lit wi J I 

id a n t i c i p a t e i i per i . .eabi J i I > 
!..:: d<'pt h ) ami Lheii- wi J 1 b 
; TabJu 1. The L e M s v. i 1 ! 
be c l o s e t o sa t u).at i o n wi t. 

u n c e r t a i n t y on t h e o t f e i t 
I s a n e a r l y .1 ira ; . r j . r e s su i* 
x pel" i i.ienta.l. t iaLa" i.i sj.J a y s 
I u) p r e s s u r e . T h e r e i s u 
l i ( a i , h u t Llie n J i r e nee 3 
o o t d i p e n d e n t e on p r i s s u v e 
i i i e n c e 1 was l o r an i n t t i 
L ion of 0 .A3 ( a s i n t h e b -
i s l o p e oi' t h e v o l u m e - h e a l • 
3 p o s t d r y o u t da l a ( u s i n;. 
(.v.'n a s a daslu-il l i n e i n I-j, 
s u r e and u s e d t o p r e d i c-1 t 
i c t s D-4 w i l l he i n t h e dc< 
] e l i i a i n t ' t c r of 0 . 2 7 1 uv,\ hi* 

was u s e d wi t h I he r e i i-
ed n o d e l t o n a k e a J L e r u a t i 
l-i-a rej'.iiiit:, t l u - r e it- no p<>; 

a b J e K 

i o n aii 
( - t t / 
IH. II 111 
.i may 
s soi.ie 
p r e d i c 
- b e d e 
r e roc> 

v a r j a 
ui'Lh r 
I(>i!i r e 
a i r a c 
r e , t h 
Lhe l i ­
ve ( s h 
<i- p r o s 
). p l r d 
j ia r t j c 
I n s v:i 
nlii 'uol 

.'.lKIWIl 

l o r l l a 
v.y.v H-. 
a:; 1)-^" 

cir) OUL 
u m i . ^ l 
i.01 

tit j ' t - n t i - -
T L : ; ; n r t -
u l L tm; ; 1 t 

i t i f l 
• l y 

1 l i c i t 
a n d 

CUl'VL' 

LV / . ) 

u-« 
bt-cl 
l i L s 
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1AJ1L1-. 1 

D-'i !.y.|n-riiiiLtiL;il C o n d i t i o n : ; ,-nid l ' r c i l i c w - d l u y o u t Mi l l i s 

C y c l e Lull-. },i jdiuru Sa t l i ra Li on I ' r c -dJc l i •<l Pr<-cUcw u> 
'Il'liipi 1 . i t u n - i r i n . s u r i - J i ryou t } 'i,'vcr U r y M o , 

( 1 0 ' i. 
. < • ! , ' ' 

(10 (1.1'fO (l:w/i; •J) 
U r y M o , 
( 1 0 ' i. ' / I , ' ) 

& t'pi-ndc-nt 
Modc-J 

ll.Cll'p. 
Iicitir-1 

Li-pcmA 
Modi l 

l i t 

] i / 3 JK.O 1 1 . 0 fi.5 1 4 4 . 

2 173 3 ; \ o 1 0 . 9 0 . 0 3'J. 

d Ghaii ; .e i n d ry ;umc t b j o k m s:. v i t h r o c p o e t t o c h a n g e i n t h e vului,.>L r i c h e a t s o u r c e . 

SUMttAkY 

A oi ic- i i j i . e iu . ionaJ d e e p - b e d nod e l J o r i n c i p i c-uL d r y o u t ha;-, bet n d o v e ! oped whi eh 
p r e d i c t s deep--! •', u b e h a v i o r bu t not filial J ov bed b e h a v j o r . A i l u i iii;'.a t i on t r i t o r i on 
rcfcul I s v;b ii ' l i .i i.d J c a t e y t h a t a do.br J s bed c a n n o t bo fJ n i d i f i e d by i I s v a p o r i J nw. 
liotvevei , Llio :..-. J i;U. n a n c e ol. c lu inne l t ; i-.'i t h i n t h e hod it ; p r e d i c t e d * A L UJ - sob c o o Je <.; 
bed u;o<icl ha;: been p r e y e n l t-d and e v i d e n c e ( b o t h t x p e i i r : e n t a J and c a l c u j at i un.'i 1 ) lui.s 
been p.iven t h a i [he t o p - f j u b e o o l e d xonu rcr.iuveu h e a t i n s e r i e s ( r e t in p a r a l J < J ) wi 11 
t h e but-Li n (

r, :-,o:a- l o r s u u i i ; n - c o u l t d s y s t e m s . 'Jlie Sai i ' l Ja U-2 ana JJ —3 t o p - M i b c e o l e c ; 
d r y cut d a t a v.-;.s e x p r e s s * d i n teriu;> ol n o i i - s o b c o o J e d d r y o u t and coin p a n d v. i I h t he 
c x p e i iit.LTiLei J ia. t a ol. r o i o r e nee 1 and t h e model p r een c t i o n s ui' rvi e r e net !•> 'j a i.e. r i . 
The ciat a a g r e e s w.i I h o i l I lux-e r e i e r e n e e s , d e p e n d in; ; on t h e v a l u e ot pe l i.,eal,i J i t y 
uscei and on w h i t h e r t h e d r y o u t i n t h e b o j l i n j ; none j : ; depend*, n t on tin,- o v e r 1 >' i i:p 
saibcooleci ;:oi;e t h i c k n u t i s . A bo I Lon i - snbcoo led bed u o d e l hat; a l s o been p n ; . e n t e d . 
A p o s t - d r y o u t i o d e l h a s be en d e v e l o p e d t o e x p ] a i n I he s t a b l e d r y z o n e o b s e r v e d 
i n Llie l ' - 3 ex p e r l i.ieiit and . '>j;reeuent w i t h e x p e r i m e n t a l d a t a i s f o u n d . Fi n a l l y , 
t h e l .op-iAihceo 1 ed and p o s t - d r y o u t mode] s d e v e l o p e d h a v e boon u s e d t o r.ia!;c p r e d i c -
Li OIKS l o r the- b-h e x p e r i m e n t . 

KOMKNCLATL'Ul. 

a i n t e r c e p t of d r y o u t c u r v e ( W / m ' ) 
b s l o p e oi d r y n u t c u r v e (l-./rcr ) 
C s p e c i f i c lu-nt ( J / k j i • K) 
d d i a m e t e r (m) 
ii g r a v i t a t i o n a l a c c e l e r a t i o n (: . i /w") 
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1' preJ . f .ur i (I .)) 0 
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Sub . sc r ipL ta 

b b o i l i n g ; boLtoi.i 1 l e a t i nj; 
bs boLLoin-s l ibcoole t i z o n e 
c c h a n n e l 
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i 
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Hfcurc 1. Liquid f r a c t i o n between 
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