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PREFACE 

'The ef'fecij-veness of these c o n f a m x e s  in achiieving Lhe avowed pur- 

pone i s  a t t e s t e d  -to both by the steady increase in ths nlxd[)e:r of paperr; 

presented arid by the ehara I+ of the discus:;:j.cms which follow each paper  

IJoiwrer, wi th  Yfle p-ubi-ication of  the himonthly "High-Temperatu.re Liquid - 
Metal. Technol-ogy Revieu 

Ed i to r ) ,  the need f o r  a n r i u a l  meetings has been reducsd. A 'oi.ennia1 c y c l e  

I s  now planned wi th  t he  next  meeting :in 1965; the s e l e c t i o n  of a. si-te has 

not been made. 

( 0 .  E .  Dwyer, Brookha-veri National- L3'cjora-tory9 

To expedf te  p u b l i c a t i o n  arid to a l low for a wider distribui;Lon, two 

el.assf€ied papers have been omitted: ( 1) "Sirigl.e-Phase Liquid-Metal Com- 

ponent D e v e l o p e a t  Work, " R .  W. Kel-Ly, P r a t t  and Wtiitney A i r c r a f t  , Middle- 

town, Coilneeticut, anti (2) "Tm-Phhase Pot;assiurri Experimental Wo:rlcJ " 

D. G .  Randa.11, Pi-at t  mid. Whit11ey A i r c r a f t  ~ Middl-etom, Connecticut I Those 

desiring c o p i e s  of these papers arid demonstra1,ing proper clearaiice may 
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Secure siish copi~es by coniac Ling ilhe au tho r s  d i rec ; ly .  In a d d i t i o n ,  b r i e f  

p iog rczs  r e p o r t s  on s t u d i e s  undemmy a t  NASA-Lewis Research Center ,  Cleve- 

land ,  Ohio, and at; Sunstimid A\iiation, Denver, Colora.rl.o, have not been 

.included a t  t h e  reques t  of  -&e au thor s  . Eina.I.l.y, ar' i i i t rodi ic tory address  

by A .  P .  Fraas ,  Oak Hidge Nat,j.onal Laboratory,  d e s c r i b i n g  t h e  ORNL Medi.m 

Power Reactor  Experiment (bPPJ3) as t y p i c a l  of tile a p p l i c a t i o n s  r e q u i r i n g  

hest t r a i r s i e r  and f l i i i d  dynamic d a t a  on t'ne forced-convect ion  b o i l i n g  o l  

1iqiJ.i d meta ls  was unfor,unatel.y no t  recorded a t  t h e  time of this m c e t h g .  

A condensed v e r s i o n  has been incl~i~.ded as t h c  f i r s t .  paper i n  t h e s e  pro- 

ceedings .  

The success  of any meeting d e r i v e s  from t h e  efforts of many; and so 

I wou.16 l i k e  t o  acknowlkdgc t h e  s i ~ p p o r t  of a l l  those irL t h e  OMTL o rgan i -  

zat i .on who worked i n  our b e h a l f .  Thanks are a l so  d-1j.e t o  0. E .  Drryer, 

Brookhaven Na t iona l  Laborazory, R .  P. Stein, Argonne Na t iona l  Laboratory,  

and J. J. Keyes, Oak R i d +  Na t iona l  Laboratory,  who served  with ine as 

s e s s i o n  chaiman, and t o  R .  M. Lyon, Oak HidSe Nat iona l  Laboratory: f o r  

under tak ing  and so s u c c e s s f u l l y  accomplishing the monuiimtal t ,ask of sum- 

marizing,  innied5ately upon t h e  conclus ion  of t h e  f i n a l  paper ,  t h e s e  t,hi-ee 

days of r e p o r t s  and d i s c u s s i o n s .  Finally, m y  a p p r e c i a i i o n  goes t o  a l l  

thosc atLeriding f o r  t h e i r  conc r ibu t ions  t o  :he fu??illmerl; of t,he pix'- 

poses of t h i s  conference.  

Herber t  W. Hof frian 
Gcneral Chairman 
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TBE WRE - A BOILING POTASSIUM FSUCTOR SYSTEN 

by 

Az-thu.r P. Frnas  

Reac tor  D iv i s ion  * 
Oak. Rid.ge Nati.ona1. Labora tory  

Oak Ri.d.ge, Tennessee 

A s t u d y  c a r r i e d  out in t h e  l a t t e r  p a r t  of 1-958 di.sclosed t h a t ,  for 

a given  peak system temperati ire,  a Rankine vapor c y c l e  employing e i  t h e r  

po-tassiwi o r  rubidium vapor appea r s  t o  give .the minirrrm s i z e  and weight 

of t h e  radiator and o t h e r  m J o r  coIiiponeiits f o r  t u r b i n e - g e n e r a t o r  nucl.ear 

space paver p l a n t s .  R e l i a b i l i t y  s t u d i e s  i n d j c a t e d  t h a t  only by going t o  

t h e  si.m.ples-t p o s s i b l e  system coiL.d we da re  hope t o  achieve  t h e  d e s i r e d  

r e l i a b i l i t y .  P re l imina ry  system Layou showed t h a t  a single-fluid 

system with  t h e  r e a c t o r  ser-vj.ng as t h e  boiler is a l ; - t rac t ive  i n  t'nis 

r e s p e c t  s i n c e  Ll; minimizes tjne number of  components. ,Further, i.t re- 

duces the  peak [fie t a l  t empera ture  r e q i i r c d  for EL g iven  vapor  tempera ture  

a t  the t u r b i n e  i n l e t  s i n c e  the l o v e s t  teinper.a'tiire i n  t h e  pr:i.rri:iry l o o p  of 

a two- f lu id  system must he highher than t h e  b o i l i n g  p a i n t  of t h e  working 

fl.u.id by 50 t o  100°F. To keep t h e  core p:r.essure d m p  wit2ni.n reasonable  

limits, t h e  peak t empera ture  In  t h e  p:r.irmry f l u i d  systeiii mst ;  he 100 t o  

200% above t h e  mi:ciiiriurn tempera ture .  Thus for a given turbine i n l e t  

t empera ture  the reac.tor o u t l e t  temper:bi;iire can be reduced be-tween 200 

and 3OO0F by iiiaking use  of F? s i n g l e - f l u i d  rather tinail a two- f lu id  system. 

Tkie s i n g l e  f l u i d  system ~~~.ak,e:; it p o s s i b l e  t o  o b t a i n  a system weight  of 

about 25 lb/kwe i n  a s t a i n l e s s  r:t;eel system witn potassium b o i l i n g  5.n 

the r e a c t o r  at 1540"~. 

Th? boilj .ng-potassium reczctoi. system has t h e  advantage t ha t  it per- 

mits ope ratio:^^ :i.n Lhe 1000 t o  2000°F range wi th  r e l a t i v e l j r  lo-$ system 

++ 
Operated. by Union Car?Jide Corpora t ion  for t h e  U .  S .  Atoriii~: Energy 

Corrmission, 
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pres sur^^, ".E., 30 psria a t  1550'F. Potassiwr,  also happens t o  be boih  

a v e r y  gooa r e a c t o r  cool.a.nt and an exce l len t ,  ' i l i e r r i i o d ~ ~ m ~ i c  -cyc le  working 

f l u i d  f o r  t h e  1-000 t o  2000°F tempera ture  range .  I t s  s t r o n g  we t t ing  

c h a r a c t e r i s t i c s  no t  on ly  c o n t r i b u t e  -io i t s  excc l l ence  as a h e a t  t r a n s f e r  

nediwn bu t  also a r e  advanta(7eous i f  it i s  used as a lubricani ; ,  s ince  

capli.llai-y f o r c e s  a r e  v e r y  e f f e c t i v e  i i i  drawin6 i t ;  i n t o  t h e  close c l e s r -  

ances  i n  bea r ings  r a t h e r  t han  acLing t o  expel t h e  l i q u i ? ,  as i s  t h e  case  

wi th  iwrcury .  While t h e  l o w  vlscos i - ty  of potassium makes it necessa ry  

Lo des ign  f o r  r e l a t ive ] -y  10s: Sear ing  u n i i  loads, i t s  load -ca r ry ing  

capaciiiy as a l u b r i c a n t  i s  f a r  s u p e r i o r  t o  t h a t  of gaszo, and nuncrous 

s u c c e s s f u l  gas-bear ing  a p p l i c a t i o n s  have been demonstrated.  These f e a -  

t u r e s  make potassium e x c e p t i o n a l l y  well s u l t e d  t o  a s i c g l e - f l u i d  riliclear 

power p l a n t  system i n  which potassium serves t o  coo l  t h c  resctoi . ,  c a r r y  

ou t  t h e  l;iiermoCjmami.c cyc le ,  and l u b r i c a t e  the b e a r i n g s .  

Probably the mos-t s e r i o u s  s e t  of problems t h a t  s t and  i n  t h z  way of 

t h e  development of a boi l ing-potass ium r e a c t o r  itre t'nose a,ssociated. wi th  

boi l - i~ng  flow s t a b i l i t y .  Unfor tuna te ly ,  'Liie developinerit of stab]-e ,  b o i l i n s  

systeim i n  t h e  past has deyelidcd more on empi r i ca l  devclo.snient woi-h iiiari 

upon a n a l - y t i c a l  desi En. A n a l y t i c a l  approaches t o  t h e  b o i l i n g  flow sta- 

b i l i t y  problem have recej.vcCi much a i ; ten t ion  at OKfJL duri-ng t'ne p a s t  t h r c e  

yea r s ,  and what, i s  be l i eved  t o  be t he  f i r s t  general  a n a l y t i c a l  sol..ution 

f o r  a s i .mpl i f ied  sys'iern contaj-ning a boiil-er, a t u r b i n e ,  a condenser,  arid 

a feed pump viTh a s s o c i a t c d  connect ing pl~umbing has  been worked o u t .  

Morc comp1.ex systems are under study viLii 'die analog compu'i.er and with 

experim-ental  t e s t  r i g s  t h a t ;  from the hydrau l i c  s ta .ndgoint ,  c l o s e l y  

s imula te  f u l l - s c a l e  power p l a n i  propor t j -ons .  
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“IRE DETERMINATION OF THE LATENT HEAT OF V A P O R I Z A T I O N ,  VAPOR 

AND C E S I U M  UP To 1800’F“ 
P R E S S U R E ,  ENTKALPY AND DENSITY OF L I Q U I D  R U B I D I U M  

by 

P .  Y. Achener 

AERO J E T -  GENERAL NUCLEONICS 
San Ramon, C a l i f o r n i a  

To be p re sen ted  a t  the T h i r d  A n n u a l  X c e t i n g  on 
High T e m p e r a L u r e  Liquid-Metal Hea t  Transfer  
Technology Held at O a k  Ridge N a t i o n a l  L a b o r a t o r y  
September 4 - 6 ,  1963.  
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ABSTRACT 

Apparatuses f o r  t h e  measurement of l a t e n t  h e a t s  of vapori-zat ion,  vapor 
p r e s s u r e s ,  e n t h a l p i e s  and d e n s i t i e s  of rubidium and cesium have been designed 
and ope ra t ed .  Experimental  de t e rmina t ion  of t hese  p r o p e r t i e s  were ob ta ined .  

The lake-iit h e a t s  of  v a p o r i z a t i o n  of rubidium and cesium were measurcd from 
970° t o  1805 F and 1002° t o  1596'F, r e s p e c t i v e l y ,  i n  a system i n  which t h e  s a t u r a -  
t i o n  temperature was c o n t r o l l e d  by t h e  p r e s s u r e  of t h e  argon cover  g a s .  

The f o l l o w i n g  equa t ions  were obta ined  f o r  t h e  l a t e n t  heacs  of vapor i za t ion :  

h = 414.8 - 0 . 0 5 1 2  f o r  rubidium 

h -- 257.4 - 0.03621' € o r  cesium, 

f g  

f g  

where 

h = R t u / l b  

T = F. 
f g  

0 

I n  the  same appa ia tus  t h e  vapor p r e s s u r e s  were a l s o  measured. The follow- 
i n g  equa t ions  were ob ta ined :  

l o g  P 2 5.20071 - 6994.68 f o r  rubidium 
10 T .t- 659.7 

l og l0P  5.09475 - 6680.185 f o r  cesium, 
T $- 459.7 

whe r c 

P p s i a  

T = F .  
0 

0 
These equa t ions  g ive  va lues  of  t h e  normal boi l - ing p o i n t  of 1274.4 F and 

1241.7.°F f o r  rubidium and cesium, r e s p e c t i v e l y .  

The en tha l -p i e s  oE rubidium and cesium were measured i n  a Bunsen i c e  
0 

c a l o r i m e t e r  i n  t h e  temperacure range of 150 
f i t s  t h e  fo l lowing  equa t ions :  

H,r - 1-1 o = 9.012 .t- 0.09915T - 1.553 x 10 

H r i  - :!J20E. = 2.711 4- 0.08543T - 4.803 x 10 

t o  1650°F. The data  obta ined  

0 0 -5  . %  'I' f 4.329 x 10-'T3 f o r  rubi-dium 32 F 

-5  2 -8, 3 
T f 1.995 x 10 f f o r  cesium 

H = Btu / Ib  

T x OF. 
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From t h e s e  e q u a t i o n s  t h e  s p e c i f i c  h e a t s  w e r e  obtained:  

Cp = 0.09915 - 3.106 x lO-'T + 1 . 2 9 9  x 10-8'1'2 f o r  rubidiuru 

- 5  -8 2 Cp = 0.08543 - 9.605 x 10 T -t 5.985 x 10 T f o r  cesium 

0 
Cp = Btu/ lb-  F .  

The d e n s i t y  o f  l i q u i d  rubidium and cesium was measured by t h e  pycnometer 
method. The fo l lowing  e q u a t i o n s  w e r e  ob ta ined  f o r  the d e n s i t y  of rubidium and 
cesium: 

1.472 f o r  rubidium d =  
1 + 1.3309 x IOm4 (T-102)  3- 5.2106 x l om8  ( T - 1 0 2 ) 2  

1 -t 1.1755 x l oe4  ( T - 8 2 . 4 )  3. 7 . 6 5 6  x 
I 

1.84 
d =  f o r  cesium 

( 7 - 8 2 . 4 )  
3 

where d = gr/cni 
0 

T = I?. 

The work Was performed under c o n t r a c t  to  the  17" S .  Atomic Energv Commission 
under Contrpct  A T ( 0 4 - 3 ) - 3 6 8 ,  P.  A .  No. 1. 

1 .  I N r n O D U C T I O N  

Experimental  s t u d i e s  have been conducted by Aero j e  t-General  Nuclconics ,  
t o  determine thermodynamic p r o p e r t i e s  of R b  dnd Cs a s  a parL of an  o v e r a l l  Rb 
and c s  e v a l u a t i o n  program. 
t o  lSOOOF €or  Rb, f r o m  100Uo t o  1600°F f o r  Cs, the en tha lpy  m d  s p e c i f i c  h e a t  
from 16Q0to 1650°F f o r  both Kb And C s ,  ,md the d e n s i t y  of  the sdt-uraied l i q u i d  
have been determined e x p e r i m e n t a l l y .  Work is  now underway t o  measure t h e  PVT 
r e l a t i o n s h i p s  f o r  the superheated vapors  o f  Kb and C s  up t o  2 0 O O O F .  Addi t iona l  
work i s  a l s o  planned f o r  t h e  fo l lowing  year  (1965) t o  o b t a i n  d a t a  on x i i s c o s i t y  
o f  the l i q u i d  and vapor ,md s p e c i f i c  h e a t  and thermal  d i f f u s i v i t y  of  t h e  vapor ,  

TO d a t e ,  ttie l a t e n t  h e a t  of  vaporizz) t ion from I O O O ~  

P r i o r  t o  t h e  i n c e p t i o n  o f  t he  p r e s e n t  program, very few chernodynamic 
proper ty  d a t a  were a v a i l a b l e  i n  the temperature  range up t o  1800'F. 
of i n t e r e s t  t o  t h e  d e s i g n e r  of: space e l e c t r i c  power and propuls ion  systems. 
Compilat ions and t h e o r e t i c a l  c a l c u l a t i o n s  have been done f o r  most a l k a l i  meta ls  
and a r e  found i n  t h e  works of  Weatherford,  e t .  al"?' Evans,  e t .  a 1 . , 2  and S t u l l  
and Sinke3. 

These a r e  

Mine S a f e t y  Appliances Company has  measured the  e n t h a l p y  o f  Rb by the  copper 
b lock  d r o p  c a l o r i m e t e r ,  t h e  d e n s i t y  of. Tcb u s i n g  a d i l a t o m e t e r  and t h e  vapor p r e s s u r e  
of Rb i n  a b o i l e r  a g a i n s t  a pressure  of argon measured w i t h  a mercury manometer. 
The vapor p r e s s u r e s  of Rb and Cs were a l s o  measured by C .  B o n i l l a . 5  However, no 
d i r e c t  measurements of l a t e n t  h e a t  of v a p o r i z a t i o n  have been done f o r  t h e  a l k a l i  
m e t a l s .  

4 

The Rb  and C s  used d u r i n g  t h i s  program w e r e  purchased from Penn Rare Meta ls ,  
I n c . ,  and b e f o r e  use were g e t t e r e d  w i t h  a mixture  of 50% zirconium c h i p s  and 50% 
t i t a n i u m  c h i p s  a t  1200°F and f i l t e r e d  through a s t a i n l e s s  s tee l  s i n t e r e d  f i l t e r .  
The a n a l y s i s  o f  t h e  m e t a l s  b e f o r e  loading  i n  t h e  appara tus  w i l l  be given i n  t h e  
t o p i c a l  r e p o r  t' . 
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LATENT HEAT AND VAPOR IXESSURE - 

I n  the  p a s t ,  ;he l a t e n t  heat  of  v a p o r i z a t i o n  of  l i q u i d  meta ls  has  been 
obtai-ned by ca l . cu la t ion ,  g e n e r a l l y  us ing  the  Clapeyron equat ion  and the  vapor 
pressure  d a t a .  Tn t.hese c a l c u l a t i o n s  i t  i s  assumed t h a t  t h e  vapor fol lows the 
i d e a l  gas  law and the e f f e c t  of dimerizat i -on a s  a f u n c t i o n  of temperature  i s  
accounted f o r ,  us ing  a c a l c u l a t e d  va lue  f o r  t he  e q u i l i b r i u m  c o n s t a n t  of dimeri-  
z a t i o n .  It was t h e r e f o r e  of i n t e r e s t  t o  measure exper imenta l ly  the  l a t e n t  h e a t  
of vaporizat i .on.  

I'he approach c o n s i s t e d  o f  b o i l i n g  the  l i q u i d  metal  i n  an  i n t e r n a l l y  heated 
pressure  v e s s e l .  The vapor wa? condensed i n  a ser ies  of v e r t i c a l  h e a t  exchangers  
and the  condensate  flowed i n t o  a v e s s e l  o f  c a l i b r a t e d  volume maintained a t  a 
known temperature s l i g h t l y  above the  mel t ing  p o i n t .  The mass of condensate w a s  
then obta ined  by c a l c u l a t i o n  based on the d e n s i t y  a t  t h i s  temperature .  An a reon  
p r e s s u r i z a t i o n  system c o n t r o l l e d  the b o i l i n g  remperature and provided the means 
t o  r e t u r n  the condensate  back t o  the b o i l e r .  Fisiire 1 shows the  schematic 
arrangement of the appa ra tus .  

2 .  DESCRIPTION OF THE APPARATUS - --- 

Only a b r i e f  d e s c r i p t i o n  of t he  appara tus  w i l l  be g iven  below 
d e t a i l s  can be found i n  Reference 6 .  

The l a t e u t  h e s t  appara tus  c o n s i s t e d  of f i v e  major components: 
h e a t  exchanger,  volumeter ,  system p r e s s u r i z a t i o n  and c o n t r o l s  and e 
ins t rumenta t ion  and c o n t r o l s .  

mor e 

b o i l e r ,  
e c t s i c a l  

The b o i l e r ;  Figure 2 ,  was a pressure  v e s s e l  made of two Haynes-25 
hemispherical  heads 6 i nches  i n s i d ?  dialnetel ,  welded t o g e t h e r .  A 900-watt ,  
mol ybdenum h e a t e r ,  sheathed wi th  I n c o n e l ,  was p o s i t i o n e d  w i t h i n  the lower  head. 
Also i n  t h e  lower p a r t  of  the v e s s r l  was t h e  vapor o u t l e t  tube which protruded 
i n s i d e  above the  l i q u i d  m o r a l  l e v e l .  F ive  c a l i b r a t e d  chromcl-a1 umel thermo- 
couples  pene t ra ted  through the  upper head and monitored the  l i q u i d  and vapor 
teinperature s .  

To minimize h e a t  l o s s e s ,  a r a d i a n t  s h i e l d  assembly made of 1 4  c o n c e n t r i c  
c y l i n d e r s ,  su r rounded  the  b o i l e r  v e s s e l .  Ten of  t h e s e  s h i e l d s  w e r e  made of 
molybdenum, t h r e e  o f  rhodium-plated n i c k e l  and the  l a s t  one of aluminum. A 
c l o s e l y  wound 2000-watt guard h e a t e r  was l o c a t e d  between the  t h i r d  and f o u r t h  
s h i e l d ,  s t a r t i n g  a t  t he  i n s i d e  and completely surrounding t h e  b o i l e r  on a l l  
s i d e s .  

The h e a t  exchanger assembly placed beloca the  b o i l e r  began wi th  a n i t r o g e n -  
cooled condenser ,  followed by a n i t rogen-cooled  subcooler .  Then a water-cooled 
u n i t  was used f o r  the f i n a l  adjustment  of  the condensate  temperature  before  i t  
e n t e r e d  the  volumeter .  
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A l l  components desc r ibed  so f a r  were l o c a t e d  i n s i d e  a vacuum chawber t o  
minimize h e a t  l o s s e s  by convec t ion  and conduct ion  and t o  prevent  o x i d a t i o n  a t  
h i  gh teinpe r a t  u r  e s . 

Upon l e a v i n g  t h e  water -cooled  subcoo le r ,  t h e  condensate l i n e  l e f  L t he  
vacuum chamber and was connected t o  the volumeter assembly (F igure  3 ) .  The 
volumeter w a s  a s l ende r  v e r t i c a l  tube f i t t e d  w i t h  e l e c t r i c a l  l e v e l  probes and 
3 thermocouple. 
of If: 0.03%. 
condensate u n t i l  s t eady  s t a t e  c o n d i t i o n s  were reached .  A f t e r  t h i s ,  t h e  condensate 
was fo rced  t o  flow i n t o  the volumeter by c l o s i n g  the  pneumatic Valve No. 1. The 
two probes i n s i d e  the volumeter were connected e l e c t r i c a l l y  t o  a t i m e r  which 
s t a r t e d  when t h e  f i r s t  probc was touched bv the  r i s i n g  l i q u i d  meta l  and stopped 
when the  second probe was c o n t a c t e d .  

The volume between the  probes was c a l i b r a t e d  w i t h i n  an accuracy 
Below t h e  volumeter was a s t o r a g e  v e s s e l  which r e c e i v e d  the l i q u i d  

Argon was used i n  the system a s  n cover gas  and the  b o i l i n g  tempera ture  
S e n s i t i v e  p r e s s u r e  r e g u l a t o r s  was a d j u s t e d  by r e g u l a t i n g  the  argon p r e s s u r e .  

and a c c u r a t e  p r e s s u r e  gauges were provided €or t h e  ranges  of 0 t o  800 mm Hg 
(vacuum range)  and 0 t o  300 p s i g .  
of r e t u r n i n g  the  l i q u i d  meta l  back t o  t h e  b o i l e r  when the  s t o r a g e  v e s s e l  was 
f u l l .  

The argon p res su re  was a l s o  used a s  a means 

The e l e c t r i c a l  i n s t r u m e n t a t i o n  consisLed of temperature measuring i n s t r u -  
ments and c o n t r o l l e r s .  
r ead  on a 5 1 /4X  a c c u r a t e  w a t t m e t e r .  
c o n t r o l l e d  by an au tomat ic  c o n t r o l l e r  which r ece ived  i t s  s i g n a l  Lrom ir d i f f e r e n -  
t i a l  thermocouple having  one j u n c t i o n  a g a i n s t  t h e  guard h e a t e r  and the  o t h e r  
a g a i n s t  the o u t s i d e  w a l l  of t he  b o i l e r .  

The pswer i n p u t  t o  t h e  b o i l e r  was set  manually and 
'The power i n p u t  t o  the  guard h e a t e r  was 

3 .  PRINCIPLE OF OPERATION 

The method of o p e r a t i o n  was a m o d i f i c a t i o n  o f  t h a t  used by Henning I f o r  

h i s  measurements of  t he  l a t e n t  h e a t  of v a p o r i z a t i o n  of  water  i n  1906.  

Thc msthod o f  c o n t r o l l i n g  b o i l e r  tempera ture  involved  us ing  argon a s  a 
cover gas t o  e s t a b l i s h  the  b o i l i n g  p r e s s u r e ,  thereby  e s t a b l i s h i n g  the b o i l i n g  
tempera ture .  
given v a l u e .  This  method has  the  advantage of  a l lowing  s e v e r a l  measurements 
t o  b e  made a t  t h e  same tempera ture ,  b u t  wi t ! i  d i f f e r e n t  power inpiuts. While i t  
i s  ex t remely  d i f f i c u l t  t o  comple te ly  e l i m i n a t e  the h e a t  l o s s e s  even when us ing  
e l a b o r a t e  s h i e l d i n g  and guard h e a t e r s ,  it w i l l  be seen  t h a t  t h e  method of 
o p e r a t i o n  provides  a means of  ana1.yticall .y e l i m i n a t i n g  t h e  h e a t  l o s s e s  from t h e  
r e s u l t s .  T h i s  i s  impor t an t ,  s i n c e  a change of a few degrees  i n  t h e  tempera ture  
d i f f e r e n c e s  between b o i l e r  and guard t ieater r e s u l t s  i n  r e l a t i v e l y  l a r g e  h e a t  
l o s s e s  e i t h e r  i n  or  o u t  of the b o i l e r .  

The h e a t  i n p u t  t o  t h e  b o i l e r  c a n  then  be set  manually t o  any 

Consider two consecu t ive  exper iments  performed a t  t h e  same tempera t lxe  
b u t  a t  d i f f e r e n t  power i n p u t s ,  P1 and P2.  
Losses i n  o r  o u t  of  t he  b o i l e r  i n  each exper iment ;  ml and m2 t h e  masses oE 
condensa te  c o l l e c t e d  du r ing  times tl and t2, and h 

Let q1 and qz be t h e  r a t e s  of h e a t  

t h e  l a t e n t  h e a t  of vapor i -  
z a t i o n  a t  t h a t  t empera ture .  We have t h e  r e l a t i o n s .  9 
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I f  bo th  expei iments  a r e  made under i d e n t i c a l  cond i t ions  of temperature  and 
t empera tu re -d i f f e rence ,  A T ,  between b o i l e r  and guard hez tg r  and i f  t h i s  AT i s  
such t h a t  t he  h e a t  l o s s e s  a r e  small compared t o  t he  h e a t  t h a t  goes t o  vapor i -  
z a t i o n ,  i t  can  b e  assumed t h a t  q = q2  and Equat ions (1) and ( 2 )  g ive:  

1 

However, th is  i s  s t r i c t l y  t r u e  only a t  the value of  AT f o r  which t h e r e  a r e  
no h e a t  l o s s e s .  Therefore  t h e  inethod v f  o p e r a t i o n  has  c o n s i s t e d  i n  making a 
number of t es t  ri ins a t  d i f f e r e n t  A T ,  a t  t he  two power i n p u t s  P1 and P2, i n  
order  t o  determine L h e  va lue  of  AT which corresponds t o  ze ro  h e a t  losses.  
The va lue  of :  

was p l o  t t e d  as a func t ion  of  AT a t  P, 
2' 

and P 

I...-. I __.I_ AT 
I 

The two r e s u l t i n g  curves  i n t e r s e c t  a t  a p o i n t  o f  equa l  A T  and equal  va lue  of 
P t / m .  Therefore  : 

~ Pltl - - P2t2 

1 m2 m 

Hence from Equat ion ( 3 ) :  
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But s i n c e  m 
i n t e r s e c t i o n  po in r  i n  o r d e r  t o  s a t i s f y  Equat ion  ( 7 ) .  There fo re  w e  have: 

m2 1 2 
c o n s t a n t ,  and t l  # t w e  must have q1 = q2 = 0 a t  t h e  

A A 

From t h e  fo rego ing  i t  is seen  t h a t  two approaches w e r e  p o s s i b l e :  one 
c o n s i s t s  of f i r s t  de te rmining  t h e  va lue  of A T  f o r  which t h e  q u a n t i t y  Pt/m i s  
t h e  same a t  h igh  and low power l e v e l s ,  and then  making s e v e r a l  more runs a t  
t h i s  va lue  of A T .  F a i r s  of d a t a  which f u l f i l l  t h e s e  c o n d i t i o n s  c a n  then  be 
combined acco rd ing  t o  Equation ( 4 )  t o  o b t a i n  hf - 
v a r i a t i o n  of t h e  q u a n t i t y  Pt/m i s  determined ovgr a wide range of A T  va lues  f o r  
both t h e  h igh  and low power l e v e l s .  Equat ions  can  then  be f i t t e d  t o  t h e  two 
s e t s  of d a t a  p o i n t s  and so lved  f o r  t h e i r  common value which g i v e s  t h e  l a t e n t  h e a t .  

In t h e  second approach t h e  

4 .  RESULTS 

The f i r s t  method was used f o r  t h e  rubidium and t h e  second f o r  t h e  cesium 
runs .  F igu re  4 shows t h e  r e s u l t s  f o r  cesium a t  1400 F. A t o t a l  of 206 d a t a  
p o i n t s  were ob ta ined  f o r  rubidium from 970 t o  1805 F and 143 p o i n t s  f o r  cesium 
from 1000° t o  1600'F. 

0 

0 

Figure  5 shows t h e  l a t e n t  hea t  r e s u l t s  for rubidium. 

The fo l lowing  l i n e a r  equa t ions  w e r e  ob ta ined  f o r  t h e  l a t e n t  hea t  of 
v a p o r i z a t i o n :  

h = 414.8 - 0.05137T B t u / l b  f o r  rubidium 

h = 257.4 - 0.0362T B tu / lb  f o r  cesium, 

f g  

f g  

where 
0 

T = F. 

The accuracy  of t h e s e  equa t ions  i s  e s t ima ted  t o  be 2 1% and t h e  probable  
e r r o r  of t h e  d i s t r i b u t i o n  of t h e  d a t a  was +- 0.2% and 2 0.5% f o r  rubidium and 
cesium, r e s p e c t i v e l y .  

A l s o  measured i n  t h e  l a t e n t  h e a t  appa ra tus  were t h e  vapor p r e s s u r e s  o f  
R b  and C s  from 881° t o  1808'F and from 843O t o  1600°F, r e s p e c t i v e l y .  
equa t ions  ob ta ined  from t h e  d a t a  are a s  fo l lows :  

The 

6994.68 
l og  P = 5.20071 - 459.7 f o r  rubidium 

10 

6680* f o r  cesium, 
T -E 459.7 

logloP = 5.09475 - 
where 

P = p s i a  

T = F.  
0 
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Equat ions  (111 and (12) g i v e  va lue  of normal b o i l i n g  tempera tures  of 
1274 4°F and 
va lues  given 
i n  F igu res  6 

124J.1"FY r e s p e c t i v e l y .  
by t h e s e  equa t ions  i s  _+ 1.3%. 
and 7 .  

The e s t ima ted  u n c e r t a i n t y  of t h e  p re s su re  
The vapor p-rcssure cu rves  are  shown 

1. DRSCRIPTlON OF THE Ap!?$?.ATUS 

The e n t h a l p i e s  of rubidium and cesium were measured i n  a s t a i n l e s s  s t e e l  
Bunsen ice  c a l o r i m e t e r  designed a l o n g  t h e  l i n e s  of t h e  cal .orimeter of D e e m  and 
Lucks.8 
a d i a b a t i c  enc losu re  , t h e  r e l a t i v e  simplj.ci.ty of i t s  c o n s t r u c t i o n ,  and t h e  
accuracy  obtainab1.e wi th  t h e  ins t rument  .8 y 9  ,lo 

The i c e  ca lo r i iue t e r  w a s  chosen because of t h e  e a s e  o f  main ta in ing  an  

I n  t h i s  d e v i c e ,  t h e  hea t  t o  be measured Is allowed t o  mel t  i c e  which i s  
i n  thermal e q u i l i b r i u m  wi th  water i n  a c losed  system, and t h e  r e s u l t i n g  dec rease  
i n  volumc i s  determined by means of mercury drawn i n t o  t h e  system. The ca l i -  
b r a t i o n  f a c t o r ,  K,  of t he  i c e  c a l o r i m e t e s  ( i . e . ,  thp r a t i o  of h e a t  i npu t  t o  m a s s  
of mercury in t ake )  i s  a f u n c t i o n  only  oT a c c u r a t e l y  known p h y s i c a l  c o n s t a n t s ;  
t h e  h e a t  o f  f u s i o n  of i ce  L ,  t h e  s p e c i f i c  volume of i c e  V t h e  spcc i l ' i c  volume 
of wa te r  Vw, a d  t h e  d e n s i t y  of mercury d 

i '  
are r e l a t e d  by t h e  equa t ion :  

m 

For p rope r ly  des igned  c a l o r i m e t e r s  i t  has been d ermined t h a t  t h i s  c a l i b r a t i o n  
f a c t o r  v a s  equal. t o  0.25647 _+ 0.00005 Btu /gr  ng. y e  

The c a l o r i m e t e r  designed a t  AGN i s  shown i n  F igu res  8 and 9 .  The sample 
c o n t a i n e r  w a s  made of tan ta lum-  10% tungs t e n  s h e e t  s e l e c t e d  becausz oE i t s  h igh  
s t r e n g t h  a t  e l e v a t e d  t empera tu res .  

The furnace  s i t u a t e d  above t h e  c a l o r i m e t e r  w a s  of t h e  c y l i n d r i c a l  s p l i t -  
type and had t h r e e  s e p a r a t e l y  c o n t r o l l e d  h e a t i n g  zones t o  provide  a uniform 
tempera ture  d i s t r i b u t i o n  a long  t h e  a x i s .  The fu rnace  was mounted on a v e r t i c a l  
s t and  which a1.lowed it  t o  be swung out  of t h e  way a f t e r  t h e  capsu le  had been 
dropped i n t o  t h e  c a l o r i m e t e r .  The beaker  o f  mercury which was used t o  supply  
t h e  i n s i d e  inven to ry ,  was permanently placed on one of  t h e  pans of a l abora to ry  
t o r s i o n  ba lance .  Th i s  had t h e  advantage of enab l ing  t h e  o p e r a t o r  t o  fo l low t h e  
experiment as i-t progressed  and t o  determine when t h e  sample had reached a 
thermal equ i l ib r ium w i t h  Lhe c a l o r i m e t e r .  The ca l . i b ra t ion  of t h e  c a l o r i m e t e r  
w a s  checked by f i r s t  u s ing  pure s a p p h i r e  and next  a block  of 316 s t a i n l e s s  
s t ee l .  111 each c a s e  t h e  r e s u l t  was i n  agreement w i t h  t h e  r epor t ed  va lue  w i t h i n  
l%.9y11,12 

ginning  of t h e  exper iments .  
S p e c i a l  c a w  was t aken  t o  form a g a s - f r e e  i.co mant le  a t  t h e  be- 
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2. RESULTS 

0 
T h i r t y  s ix  r u n s  were made w i t h  rubidium between the temperatures  o f  147 

and 1650'F. 
w i t h  the  r e s t  of  t he  d a t a .  These v a r i a t i o n s  were due i n  p a r t  t o  a c c i d e n t a l  
slow down of  t h e  capsule  d u r i n g  the drop  which r e s u l t e d  i n  a l o w  va lue  of t h e  
en tha lpy  and, i n  some c a s e s ,  w e r e  due t o  a i r  l e a k s  i n  t h e  mercury s y s t e m .  

O f  t h e s e ,  1 1  d a t a  p i n t s  were r e j e c t e d  because of incons is tency  

O f  t h e  26 r u n s  made w i t h  cesium, 2 3  were r e t a i n e d .  The d a t a  was f i t t e d  
by l e a s t  squares  a n a l y s i s  t o  polynominal e q u a t i o n s  of t he  t h i r d  degree;  t he  
fo l lowing  e q u a t i o n s  were obta ined  €or the  e n t h a l p i e s .  

0 -5 2 - 9  3 
32 F 

HOT - H o = 9.012 3- 0.09915T - 1.553 x 10 T -k 4.329 x 10 T f o r  rubidium ( 1 4 )  

= 2 . 7 1 1  3- 0.08543T - 4.803 X 10 -5 T 2 f 1 . 9 9 5  x 10 -gr 1 3 f o r  cesium H; - n;20F (15) 

where 
Bo = B t u / l b  

0 T = F. 

The probable  e r r o r s  were 0.75 Btu/ lb  and 0.53 Btu / lb  f o r  Rb  and C s ,  r e s p e c t i v e l y  
o r  0.88% a t  t h e  50% l e v e l  f o r  both Rb  and C s .  

From the  en tha lpy  e q u a t i o n ,  t h e  s p e c i f i c  h e a t s  were c a l c u l a t e d  by 
d i f f e r e n t i a t i o n :  

-8 2 
Cp = 0.09915 - 3.106 x 10-5~r  -k 1 .299  x 10 T Rtu/lb-'P f o r  rubidium (16)  

(1 7 )  
-8 2 

Cp = 0.08543 - 9.605 x lO-'T -t- 5.984 x 10 T Btu/lb-'F f o r  c e s i t m  

F i g u r e s  10 and 11 show t h e  e n t h a l p y  r e s u l t s .  T t  i s  s t e n  t h a t  1irie s p e r i i i c  h e a t  
curves  go through a minimum which i s  t y p i c a l  of  a l k a l i  m e t a l s .  

LIQUID DENSITY MEASUREMENTS 

The d e n s i t i e s  of rubidium and cesium w e r e  measured over t h e  temperature  
ranges  of 1407' t o  l67OoP and 1207' t o  1670QF, r e s p e c t i v e l y ,  as a c o n t i n u a t i o n  
of the measurements begun under t h e  prev ious  program i n  the  temperature  range 
o f  102' t o  1345'F f o r  rubidium and 83' t o  1300'F f o r  cesium. The approach h a s  
c o n s i s t e d  o f  us ing  the  pycnometer method i n  which the  l i q u i d  metal  i s  allowed 
t o  expand and overf low o u t  of a c a l i b r a t e d  caps ide  a s  t h e  temperature  i s  inc reased  
(F igu re  1 2 ) .  
each  h e a t i n g  t o  determine t h e  anount o f  l i q u i d  metal  l e f t  i n  i t .  
meters, made of 316 s t a i n l e s s  s t ee l ,  w e r e  used and were conta ined  i n  a Haynes-25 
vess-1 p r e s s u r i z e d  w i t h  argon.  

The only  measurement necessary i s  t h e  weighing 01 t he  capsule  a f e e r  
Pour pycno- 

One problem which had l i m i t e d  the  u s e f u l n e s s  o f  t h e  method d u r i n g  the  
prev ious  program was the  f l a s h i n g  over o f  t he  l i q u i d  metal  d u r i n g  the cool ing  
of  the c a p s u l e .  Th i s  r e s u l t e d  i n  a loss  of l i q u i d  metal  irom the  pycnometer 
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and an  e r roneous  d e n s i t y  va lue .  
i nco rpora t ed  i n  the  overf low tube of  t h e  pycnolneter. 
3/16 inch  diainetcr tui igsten ca rb ide  b a l l  r e s t i n g  by g r a v i t y  on a ground tapered  
s e a t  prov ided  w i t h i n  the  o v e r f l o w  t u b e .  
r a i s e d  t h e  b a l l  and ove-rflowcdthrough the  S l o t s  r u t  on the s i d e  of thp t u b e .  
During the  cooJ ing ,  t he  h a l l  r e s t e d  o n  t he  sea t .  An ove rp res su re  of argon 
prevented boiling of  thc l i q u i d  and t h e  format ion  of  vapor bubbles .  
p l a t inum-p la t i r im  10% rhodium c a l i b r a t e d  thermocoupl eb pro t rud ing  through tho 
cover  were used. I n  the a n a l y s i s  of  t he  r e s u l t s ,  t h e  expansion of  t he  pycno- 
meters was accounted f o r  us ing  the  va lues  of  t he  expansion c o e f f i c i e n t  given by 
D e e m  and T,ucks12. 

To overcome t h i s  d i f f i c u l t y  a check va lve  vas 
T t  simply c o n s i s t e d  of a 

During h e a t i n g ,  the expanding l i q u i d  

'lko 

The fo l lowing  equa t ions  were ob ta ined  f o r  t h e  d e n s i t y  of rubidium and 
cesium v s  temperature:  

1 . 4 7 2  ..__ 
2 d = ----_I----- 

1 + 1.3309 x 10"" (T-102) -+ 5 . 2 2 0 6  x l om8  (T-102) 

1 .84 (j .-- l%...-l__ ~ ~ - _ _ - -  
2 

1 + 1 .1755  x lo-'  (T-82.4) 3 7.656 x l o m 8  (T-82.4) 

3 
w h e r e  d = gr/cm 

0 T = F. 

f o r  rubidium (18) 

f o r  cesium (19) 

l'he a s s i s t a n c e  o f  M r .  T .  Conlon i n  the  des ign  and o p e r a t i o n  of t he  
appara tus  used diiring t h i s  program and of  M r ,  D .  Miraiiiontes i n  t h e  l abora to ry  
ope ra t ions  and Lests i s  hereby g r a t e f u l l y  acknowledged. Acknowledgement i s  
a l s o  due Mr. R .  F i sche r  who he lped  w i t h  t h e  t e s t s  and t he  d a t a  r educ t ion .  



1.3 

AGN-TP- 71 

1,I.S T OF REFERENCES 

6 

7 

8 

9 

1 0  

11 

12 

W .  D .  Weather ford ,  J r . ,  e t .  a l . ,  g r o p e r t i e s  of Tnorgnnic Enfrgy-Conversion 
and Heat-Transfer  F l u i d s  for Space App l i ca t ions ,  WADD-1% 61-96, S R I  (1961). 

W. H .  Evans,  e t .  a l a ,  "Thermodynamic P r o p e r t i e s  of  the  A l k a l i  Metals", 
J .  of  Res. NRS, 2 2 8 3  (1955) .  

D. R .  S t u l l  and G .  C .  S inke ,  "Thermodynamic P r o p e r t i e s  o f  t he  Eleiiielits", 
American Chemical S o c i e t y ,  Washington, D .  C .  (iY56). 

F.  Tepper, e t .  al., Thermophysical P r o p e r t i e s  of Rubidium, TDR No. ASD- 
TDX-63-133, MSA Research Corpora t ion ,  (1963). 

C .  P .  B o n i l l a ,  e t .  a l . ,  Vapor P res su re  o f  AlkaiLMMetals - III. Rubidium, 
Cesium, and Sodiuni-Potassium Al loys  (Nag) up t o  100 Polinds pe r  Square Inch ,  
High-Temperature Liqvid-Ne t a l  Heat -Transfer  Technology Hee tinp,, Brookhaven, 
May 1962. 

A G N - 8 0 9 0 ,  The Deterrnincilrion o f  L a t e n t  Heat  of Vapori  z n t i o n ,  Vapor 0 P r e s s u r e ,  
Enthalpy and Dens i ty  of  Liquid  Rih id iura  and Cesium up  t o  1800 F ,  Topica l  
Report  , 1963. 

J .  K. Robe r t s  and A .  R .  M i l l e r ,  H e a t  and Thermodynaniics, I n t e r s c i e n c e  
P u b l i s h e r s ,  I r ic . ,  F i f t h  E d . ,  New York, 1960 .  

H. W .  Deem and C .  F .  T,ucks, "An Improved All-Metal Bunsen-Type Ice 
Calori.meter", In s t rumen t s  Soc ie ty  of  America, P Y T - 4 - 5 8 - 1 ,  (1958). 

D.  C .  Ginnings and R .  J .  Cor rucc in i ,  '%ntha lpy ,  S p e c i f i c  Heat ,  and Entropy 
o f  Aluminum Oxide from 0 

D. C. Ginnings and R .  J .  Cor rucc in i ,  "An Improved Ice Calor imeter  - T h e  
Determina t ion  of I t s  Ca l ib . r a t ion  Fac to r  and The Dens i ty  of  Ice a t  OOC", 

J. of R e s .  N E S ,  %:583, (1947). 

G .  T. Furukawn, e t .  a l . ,  "Thermal P r o p e r t i e s  of Aluminum Oxide from 0 t o  
1200°F", J .  of R e s .  NBS,  x : 6 7  (1956) .  

11. W .  D e e m  and C .  F .  Lucks, Thermal P r o p e r t i e s  o f  T h i r t e e n  Metals, ASIN 
S p e c i a l  Publication N o .  2 2 7  (19%).  

0 t o  900°C", J. of  Res. N R S ,  38:593, ( 1 9 4 7 ) .  

0 



A E N  TP-7: 

'\ 

\ 
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FIGURE 2. LATENT HEAT BOILER 
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FIGURE 3. LATENT HEAT VOLUMETER 
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THERMOPHYSICAL PROPERTIES OF R U B I D I U M  AND CESIUM 

F ,  T e p p e r ,  A,  Murchison ,  J, Zelenak  and F ,  R o e h l i c h  

I N T R O D U C T I O N  

A l k a l i  metals a p p e a r  t o  be  p a r t i c u l a r l y  s u i t a b l e  f o r  u s e  
as work ing  f l u i d s  i n  Rankine  c y c l e  e n g i n e s .  U n f o r t u n a t e l y ,  many 
o f  t h e  p r o p e r t i e s  of  a l k a l i  metals a r e  n o t  known w i t h  s u f f i c i e n t  
c e r t a i n t y  i n  t h e  h i g h  t e m p e r a t u r e  r e g i o n  t o  p e r m i t  o p t i m i z a t i o n  
o f  d e s i g n  c r i t e r i a  f o r  d e v e l o p i n g  maximum e f f i c i e n c y  s y s t e m s ,  

A p rog ram,  s p o n s o r e d  by t h e  WAF, was u n d e r t a k e n  a t  MSAR 
t o  d e t e r m i n e  t h e  t h e r m o p h y s i c a l  p r o p e r t i e s  o f  rub id ium m e t a l ,  
R e c e n t l y ,  d e t e r m i n a t i o n  of  t h e  p r o p e r t i e s  of ces ium was i n c l u d e d  
i n  t h e  p rogram,  The s p e c i f i c  p r o p e r t i e s  t o  be  measured  t o  2000'F ~- 
a r e  : 

1, 

2 0  

30 

4 ,  

5 .  

6, 

7 ,  

8. 

9, 

Vapor p r e s s u r e  

D e n s i t y  of t h e  l i q u i d  

S p e c i f i c  h e a t  of t h e  l i q u i d  

PVT o f  t h e  v a p o r  

V i s c o s i t y  of t h e  l i q u i d  

Thermal  c o n d u c t i v i t y  o f  t h e  l i q u i d  

S p e c i f i c  h e a t  o f  t h e  v a p o r  

Thermal  c o n d u c t i v i t y  o f  t h e  v a p o r  

V i s c o s i t y  o f  t h e  v a p o r  

A l a r g e  p a r t  o f  t h e  program h a s  been  d i r e c t e d  t o w a r d s  d e -  
ve lopmen t  o f  t e c h n i q u e s  f o r  t h e  a n a l y s i s  o f  t r a c e  i m p u r i t i e s  i n  
t h e  a l k a l i  metals. 

A s  of t h i s  w r i t i n g ,  t h e  comple t ed  d e t e r m i n a t i o n s  i n c l u d e  
t h e  v a p o r  p r e s s u r e  o f  r u b i d i u m  and of ces ium,  t h e  d e n s i t y  and 
e l e c t r i c a l  r e s i s t i v i t y  o f  l i q u i d  rub id ium and t h e  s p e c i f i c  h e a t  o f  
l i q u i d  r u b i d i u m  and o f  l i q u i d  ces ium.  The d e n s i t y  o f  l i q u i d  ces ium 
h a s  been  d e t e r m i n e d  t o  708 'F.  
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A L K A L I  METAL ANALYSIS 

A c o n s i d e r a b l e  p a r t  o f  t h e  e f f o r t  a s s o c i a t e d  w i t h  t h e  p r o -  
gram h a s  been  d i r e c t e d  t o w a r d s  t h e  deve lopmen t  o f  t e c h n i q u e s  f o r  
a n a l y s i s  o f  a l k a l i  metals employed f o r  p h y s i c a l  p r o p e r t y  d e t e r m i -  
n a t i o n s  

The r u b i d i u m  employed i n  t h e  s t u d y  was p roduced  a t  blSAR and 
was a n a l y z e d  f o r  f o r e i g n  a l k a l i  metals u s i n g  flame s p e c t r o p h o t o -  
metric and  e m i s s i o n  s p e c t r o s c o p i c  t e c h n i q u e s ,  The sodium,  p o t a s s i u m  
and c e s i u m  c o n t e n t s  were r e s p e c t i v e l y  0,008, 0 , Z l  and  0 .37  w e i g h t  
p e r  c e n t ,  O t h e r  m e t a l l i c  i m p u r i t i e s  t o t a l l e d  less t h a n  1 0 0  p a r t s  
p e r  m i l l i o n ,  The sod ium,  p o t a s s i u m  and r u b i d i u m  c o n t e n t s  o f  MSAR 
p r o d u c e d  ces ium t o  be  employed i n  t h i s  s t u d y  were r e s p e c t i v e l y  10, 
15  and 70  ppm, 

n i t r o g e n  i m p u r i t y  c o n t e n t s  was r e q u i r e d ,  N i t r o g e n ,  as r u b i d i u m  
n i t r i d e ,  was d e t e r m i n e d  v i a  a m o d i f i e d  Kjeh ldahP  method,  by con-  
v e r t i n g  t h e  n i t r i d e  t o  ammonia i n  a c a u s t i c  s o l u t i o n  and  m e a s u r i n g  
t h e  ammonia w i t h  Nessler ' s  r e a g e n t ,  The lower  l i m i t  o f  d e t e c t i o n  
w i t h  t h i s  method i s  2 ppm w i t h  a s e n s i t i v i t y  o f  2 2 ppm. A two 
gram r u b i d i u m  sample  was removed from a s t a i n l e s s  s t e e l  s a m p l i n g  
c o n t a i n e r  and  r e a c t e d  w i t h  m e t h a n o l ,  An a r g o n  sweep was u s e d  t o  
t r a n s p o r t  r e l e a s e d  ammonia from t h e  r e a c t i o n  f l a s k  t o  a r e c e i v e r  
where  t h e  ammonia was c o l l e c t e d  i n  H U l ,  Ness le r ' s  r e a g e n t  was 
added  t o  t h e  s o l u t i o n  and  t h e  i n t e n s i t y  o f  t h e  c o l o r  was measu red  
w i t h  a Kle t t  Summerson c o l o r i m e t e r ,  R e s u l t s  i n d i c a t e d  a n i t r o g e n  
c o n c e n t r a t i o n  of  2 , l  ppm, The a n a l y s i s  was r e p e a t e d  u n d e r  n i t r o g e n  
c o v e r  g a s  and  4 , 6  ppm n i t r o g e n  was f o u n d ,  A n a l y s i s  o f  a s - p r o d u c e d  
ces ium v i a  t h e  above  d e s c r i b e d  method r e s u l t e d  i n  v a l u e s  less  t h a n  

I n v e s t i g a t i o n  o f  a n a l y t i c a l  methods  f o r  oxygen ,  c a r b o n  and 

2 PPmo 

A method f o r  t h e  a n a l y s i s  o f  c a r b o n  i n  sodium had  been  d e -  
v e l o p e d  a t  MSAR p r i o r  t o  i n i t i a t i o n  o f  t h i s  program, The c a r b o n  
i n  sodium i s  c o n v e r t e d  t o  CO2 and t h e  C Q 2  i s  measu red  w i t h  a n  i n -  
f r a r e d  s p e c t r o p h o t o m e t e r ,  The minimum d e t 2 c t i o n  l i m i t  f o r  c a r b o n  
i n  sodium i s  1 0  ypm w i t h  a s e n s i t i v i t y  of  - 10 ppm, Carbon a n a l y s i s  
of r u b i d i u m  r e s u l t e d  i n  a v a l u e  of  28 ppm, w h i l e  a n a l y s i s  i n  t r i p -  
l i c a t e  of ces ium r e s u l t e d  i n  v a l u e s  of 9 0 ,  91  and 58  ppm c a r b o n ,  A 
s i n g l e  a n a l y s i s  o f  t h i s  ce s ium c h a r g e  a f t e r  h o t - t r a p p i n g  w i t h  
z i r c o n i u m  t u r n i n g s  r e s u l t e d  i n  a v a l u e  of  3 1  gpm c a r b o n ,  F u r t h e r  
a n a l y t i c a l  work f o r  c a r b o n  i n  r u b i d i u m  and ces ium i s  n e c e s s a r y  t o  
e s t a b l i s h  t h e  s e n s i t i v i t y  and p r e c i s i o n  of t h i s  t e c h n i q u e  f o r  car -  
bon i n  t h e s e  e l e m e n t s  

The ama lgamat ion  method was e v a l u a t e d  as  a t e c h n i q u e  f o r  a n a -  
l y z i n g  oxygen i n  r u b i d i u m  and c e s i u m o  Samples  of r u b i d i u m  e x t r a c t e d  
f rom a r e a c t o r  e q u i p p e d  w i t h  a c o l d  l e g  were a n a l y z e d  v i a  t h e  s t a n -  
d a r d  ama lgamat ion  p r o c e d u r e ,  Oxygen v a l u e s  o f  1 2 2 ,  1 3 9 ,  1 2 2  and 
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138 ppn r e s u l t e d ,  w i t h  an  z v e r a g e  v a l u e  o f  130 ,  A f t e r  two d a y s  
o f  c o l d  t r a p p i n g  w i t h  t h e  h o t  l e g  a t  6 0 0 ° F  a n d  a f r o z c n  r u b i d i u m  
c o l d  l e g ,  v a l u e s  o f  3 2 ,  4 9  arid 5 6  ppm oxygen r e s u l t e d ,  s u g g e s t i n g  
t h e  p o s s i b i l i t y  of  c o l d - t r a p p i n g  as a means o f  r e d u c i n g  t h e  oxygen 
l e v e  l o  

Oxygen a n a l y s e s  o f  a s - p r o d u c e d  cesium v i a  t h e  amalgamat ion  
p r o c e d u r e  r e s u l t e d  i n  an  a v e r a g e  v a l u e  o i  1 4  ppm. A f t e r  oxygen 
has been  added t o  t h e  c h a r g e ,  w h i c h  s h o u l d  h a v e  i n c r e a s e d  t h e  
oxygen l e v e ?  t o  a p p r o x i m a t e l y  65 ppm, t h e  a v e r a g e  of  e x p e r i m e n t a l  
v a l u e s  was o n l y  8 . 6  ppm, I t  was apparent t h a t  t h e  amalgamat ion  
p rocedure  i s  n o t  a r e l i a b l e  method,  p o s s i b l y  due  t o  s o l u t i o n  o r  
r e a c t i o n  01 cesium o x i d e  i n  m e r c u r y ,  

A program has been  i n i t i a t e d  t o  d e t e r m i n e  oxygen c o n t e n t  
i n  ces ium by t h e r m a l  a r r e s t  o f  t h e  f r e e z i n g  c u r v e ,  I n i t i a l  r e -  
s u l t s  a r e  p r o m i s i n g  and work i s  c o n t i n u i n g ,  

VAPOR PRESSURE OF R U B I D I U M  

~ e c e i l t  work by ~ o n i l l a l  and ~ o c h r a n 2  g i v e s  t h e  v a p o r  p r e s s u r e  
of r u b i d i u m  t o  '9,s a t m ,  a h s ,  0 atrn. a b s , ,  r e s p e c t i v e l y .  O t h e r  
d a t a  e x i s t  f o r  lower  pressures  '"-4 T h i s  s t u d y  c o v e r s  t h e  r a n g e  
0 ,04  t o  1 4 , 5 9  atm, a b s o  

A ,  Rubidium P u r i t x  

z i r c o n i u m  c h i p s  t o  remove oxygen ,  A n a l y s i s  of  the r u b i d i u m  g a v e  
C s ,  0 . 3 7 % ;  K ,  0 , 2 1 % ;  Na, L r a c c ;  0 ,  5 0  pgm; N(as n i t r i d e ) ,  ( 2  ppm; 
C, p-"-"28 ppm, S e v e r a l  grams of z i r c o n i u m  c h i p s  were added t o  t h e  
b o i l e r  and t h e  r u b i d i u m  was g e t t e r c d  t h r o u g h o u t  t h e  e x p e r i m e n t  

-_IT_ 

The r u b i d i u m  vras d i s t i l l e d  t o  h i g h  p u r i t y  and g e t t e r e d  w i t h  

R ,  m a t u s  

i s  a t t a c h e d  t o  a m a n i f o l d  c o n n e c t i n g  a s o u r s e  05 p u r e  a r g o n  and 
apgropm i a t e  p r e s s u r e  m e a s u r i n g  d e v i c e s  

The  b a i l e r  c o n s i s t s  of  a v e r t i c a l  c y l i n d e r  ( 1  i n c h  ID by  
4 , s  i n c h e s  w i t h  0.125 i n c h  w a l l )  w i t h  a t h c r m o c o u p l e  well  e x t e n d i n g  
h s r i z o n t a l l y  i n t o  t h e  c e n t e r  of t h e  b o i l e r  0 . 7 5  i n c h e s  Erom t h e  
t o p o  Weltlcd t o  t h e  'cop of  the  b o i l e r  is t h e  condenses  w h i c h  c o n s i s t s  
o f  a 30  i n c h  s e c t i o n  of  t i l&r iFg  ( 0 , S b  i n c h e s  I D  w i t h  0,03 i n c h  w a l l ) ,  
A p i e c e  of 0 , 2 5  i n c h  OD t u b i n g  i s  l o c a t e d  a x i a l l y  w i t h i n  t h e  c o n -  
d e n s e r  a l o n g  i t s  e n t i r e  l e n g t h  and s e r v e s  as  a t h e r m o c o u p l e  w e l l .  

The a p p a r a t u s  c o n s i s t s  of a b o i l e r  and a n  a i r  csndenser which 

The t o p  o f  the c o n d e n s e r  i s  welded t o  a s t a i n l e s s  s t e e l  t e e ,  
One end o f  t h e  t e e  l e a d s  t o  a b a l l  v a l v e ,  used f o r  c h a r g i n g  t h e  
a p p a r a t u s ,  t h e  o t h e r  e n d  t u  t h e  m a n i f o l d  
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The b o i l e r  i s  s e p a r a t e d  by a s b e s t o s  p a g e r  f rom a 1 . 5  i n c h  
OD s t a i n l e s s  s t e e l  t u b e  d e s i g n e d  t o  f i t  s n u g l y  i n t o  t h e  f u r n a c e ,  
The t u b i n g  h e l p s  t o  i n t e g r a t e  t h e  t e m p e r a t u r e  o v e r  t h e  h e i g h t  of 
t h e  b o i l e r  and p r e v e n t s  s t r a y  emfs f rom t h e  Kanthal heating s l e m e n t s  
( A C  r e s i s t a n c e  h e a t e d )  from i n t e r f e r i n g  w i t h  t h e  t h e r m o c o u p l e  read-  
i n g  

The t u r n i n g s  which were added  t o  t h e  b o i l e r  a m e l i o r a t e d  t h e  
p rob lem o f  bumping e n c o u n t e r e d  by o t h e r  i n v e s t i g a t o r s  a t  low 
p r e s s u r e s  1 0  

The a p p a r a t u s  c l o s e l y  f o l l o w s  e i n  ~ 5 i n c i p l e  t h a t  of  Makansi 
which was a p p l i e d  t o  sod iums  11 p o t a s s i u m ,  
Xn p r a c t i c e ,  t h e  a p p a r a t u s  was s i m p l i € i e d  c o n s i d e r a b l y  b y  u s i n g  
Haynes No, 2 5  a l l o y  as t h e  m a t e r i a l  of  c o n s t r u c t i o n ,  
n e c e s s a r y  t o  b a l a n c e  w i t h  an e x t e r n a l  p r e s s u r e  and  y e t ,  the appa -  
r a t u s  c o u l d  be u s e d  w i t h  rub id ium s e v e r a l  hundred  d e g r e e s  f a h r e n -  
h e i r  h i g h e r  t h a n  t h e  b a l a n c e d  one  made of I n c o n e l ,  w i t h  no  de -  
t e c t a b l e  d e f o r m a t i o n ,  A s i m p l e r  t h e r m o c o u p l e  arran ement was 
employed a n d ,  b a s e d  on t h e  c a r e f u l  s t u d y  o f  R o n i l l a f  of  t h e  temp- 
e r a t u r e  g r a d i e n t  above  and below t h e  s u r f a c e  o f  t h e  l i q u i d  m e t a l ,  
it a p p e a r e d  t o  be  s u i t a b l e ,  A P t - P t - 1 0 %  Rh t h e r m o c o u p l e  was 
mounted i n  t h e  b o i l e r  well  and t h r e e  chrornel-alumel t h e r m o c o u p l e s  
were  l o c a t e d  a l o n g  t h e  c o n d e n s e r ,  

c e s i u m f  and  rub id ium1 

I t  was n o t  

C ,  P r o c e d u r e  

i n  a l l  b u t  u n i m p o r t a n t  d e t a i l s ,  S e t t i n g  t h e  a r g o n  p r e s s u r e  a t  
t h e  desired v a l u e ,  t h e  power t o  the f u r n a c e  was a d j u s t e d  u n t i l  
b o i l i n g  o c c u r r e d  a t  t h e  d e s i r e d  r a t e  as d e t e r m i n e d  by t h e  h e i g h t  
of t h e  b o i l i n g  s i n g ,  The h e i g h t  of t h e  r i n g  was f o l l o w e d  by t h e  
c h r o m e l - a l u m e l  t h e r m o c o u p l e s  mounted w i t h i n  t h e  c o n d e n s e r  t h e r m -  
c o u p l e  w e l l ,  After 5 m i n u t e s  o r  more o f  e q u i l i b r i u m ,  mar red  o n l y  
by minor  pressure s u r g e s ,  the t e m p e r a t u r e  o f  t h e  b o i l e r  t he rmo-  
c o u p l e  and t h e  p r e s s u r e  o f  t h e  a r g o n  i n  t h e  m a n i f o l d  were  r e c o r d e d ,  

W__I-- 

The p r o c e d u r e  o f  B a n i l l a  and  Makansil was f o l l o w e d  c l o s e l y  

D ,  Results -. and D i s c u s s i s  

I n  T a b l e  1 f i f t y  s i x  d a t a  p o i n t s  a r e  l i s t e d  a l o n g  w i t h  r e -  
gression l i n e  values a t  t h e  same t e m p e r a t u r e s  and  t h e  p e r  c e n t  
d e v i a t i o n  of each p o i n t  f rom t h e  r e g r e s s i o n  l i n e ,  

A l l  d a t a  were f i t t e d  t o  t h e  f o l l o w i n g  e q u a t i o n s  which a r e  
v a l i d  from 8 0 Q ° F  t o  200O0FO 
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These d a t a  a r e  well  r e p r e s e n t e d  by t h e  r e g r e s s i o n  l i n e  
( e q u a t i o n  1) which has a s t a n d a r d  d e v i a t i o n  o f  1 , 2 4 % ,  The t h r e e  
term c o r r e l a t i n g  e x p r e s s i o n s  have  s t a n d a r d  d e v i a t i o n s  of  1,20%,  
The K i r c h h o f f  e q u a t i o n  ( 2 )  i s  recommended b e c a u s e  of  i t s  widesp read  
use and p r o b a b l e  s u p e r i o r i t y  i n  a c a l c u l a t i o n  o f  l a t e n t  h e a t  of 
v a p o r i z a t i o n ,  

over t h e  r a n g e  s t u d i e d ,  
problem arid c o n c l u d e s  t h a t  t h e o r e t i c a l  j u s t i f i c a t i o n s  f o r  l i n e a r i t y  
e x i s t  0 

The l i n e a r i t y  of  t h e  d a t a  showri by e q u a t i o n  ( 1 )  i s  u n u s u a l  
Gray, 13 however ,  d i s c u s s e d  t h e  g e n e r a l  

A compar i son  of r e s u l t s  w i t h  a v a i l a b l e  h i g h  p r e s s u r e  d a t a  i s  
g i v e n  i n  'Table 2 ,  Regression l i n e  v a l u e s  a r e  l i s t e d  a t  1 0 0 "  i n -  
t e r v a l s  o v e r  the  r a n g e  1300"R t o  2400°R €or t h e s e  d a t a  and f o r  the  
c o r r e l a t i n g  e q u a t i o n s  o f  ~ o n i ~ ~ a l  and  ~ochrraaa 2 z  

Also i n  Table  2 a re  t h e  ca l  ralated r e s u l t s  of  S h a p i r o  and 
Meisl14 (as  r e p o r t e d  by WeatherEordSS) 
e x p e r i m e n t a l  v a l u e s  t o  yield c o ~ i s i s t e n t  t h e r m o d y n a m i c  d a t a ;  i t e r a t -  
i n g  v a p o r  p r e s s u r e  u n t i l  t h e  r a t r o  o f  t h c  h e a t  of  v a p o r i z a t i o n  t o  
t e m p e r a t u r e  e q u a l l e d  t h e  e n t r o p y  o €  v a p o r i z a t i o n ,  Thcir c a l -  
c u l a t i o n  ex tended  t o  aboi i t  20  atms, a b s ,  

These  w o r k e r s  a d j u s t e d  

3 o r i i l l a ' s  d a t a  a r e  a b o u t  3 %  h i g h e r  t h a n  MSAR d a t a ,  C c c h r a n ' s  
r e s u l t s  a re  a b o u t  6 %  Bower and t h e  c a l c u l a t e d  r e s u l t s  are  a b o u t  
1 3 %  l o w e r ,  Bonilla's c o r r e l a t i n g  e x p r e s s i o n  has  a s t a n d a r d  e r r o r  
of 1 ~ 2 6 %  and Cochran ~ C ~ O K L S  a n  e s t i m a t e d  a c c u r a c y  o f  2 2 p e r  c e n t ,  

p o i n t  of r u b i d i u m  w i t h  t h e  r e s u l t s  o b t a i n e d  by o t h e r  i n v e s t i g a t o r s  
i s  g i v e n  i n  T a b l e  3 ,  N O K n l a l  b o i l i n g  p o i n t s  were computed by e x -  
t r a p o l a t i o n  o f  t h e  Low p r e s s u r e  d a t a  o b t a i n e d  by  Moore3, Ba t t e l l eS  % 

Kelley4, D i t c h b u r n s ' a  and J o h a n s s e n g ,  
d a t a  c o u l d  b e  a p p l i e d  t o  p r e s s u r e s  h i g h e r  t h a n  1 a t m o s p h e r e  w i t h  
a n y  c o n f i d e n c e ,  

A compar i son  o f  t h e  p r e s e n t  d a t a  for t h e  normal  b o i l i n g  

None o f  t h e  low p r e s s u r e  

VAPOR PRESSLIRE O F  C E S I U M  

The v a p o r  p r e s s u r e  of ces ium h a s  been  d e t e r m i n e d  i n  t h e  r a n g e  
8 5 0 ° F  t o  1950'F ( O c 0 7  t o  1 3 , 7  atm a b s )  i n  t h e  same a p p a r a t u s  wh ich  
was u s e d  f o r  r u b i d i u m ,  E x p e r i m e n t a l  d a t a  and t h e  p e r c e n t  d e -  
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TABLE 3 - COMPARISON WITH LOW PRESSURE DATA (Rb) 

- e-- ,- -I 

Source  o f  Data Boiling P o i n t  

~-~~~ 
EvlS AR 

B o n i l l a l  (Columbia ~ n i v )  

Cochran2 (AGN) 

Moore3 [ORNL)  

Ba t t e l  l e 3  

Ke 1 l e y 4  ( a  c o m p i l a t i o n )  

D i t c h b ~ r n ~ o ~ ~ ~ ~ ~  ( a  c o m p i l a t i o n ]  

Joh  am s sen  9 

" e x t r a p o l a t e d  

1 2 7 2  

1 2 6 6  

1 2 7 9  . 

1 2 6 1 "  

1269* 

1 2 5 4 *  

11271" 

>1280" 
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v i a t i o r i  of e a c h  p o i n t  from t h e  r e g r e s s i o n  l i n e  a r e  l i s t e d  i n  Table 
4, The r e g r e s s i o n  l i n e  o f  t h e  2 3  d a t a  p o i n t s  i s  g i v e n  by 

c 3 , 9 0 1 1  1 

w i t h  a s t a n d a r d  d e v i a t i o n  o f  0,7Z p e r c e n t ,  

because of t h e  s a t i s f a c t o r y  s t r a i g h t  l i n e  c o r r e l a t i o n ,  

and S h 2 p i r o  and  Meisl i s  made i n  T a b l e  5 ,  

No f u r t h e r  s t a t i s t i c a l  a n a l y s i s  01 t h e  d a t a  w i l l  b e  made 

A compar i son  pf MSAR r e s u l t s  w i t h  t irose of B o n i l l a ' ,  AGN 2 

The normal b o i l i n g  p o i n t  was found  t o  b e  1240"F0 R o n i l l a  
o b t a i n e d  2 b a i l i n g  p o i n t  o f *  l1231°F,  A G N  - 1 2 7 4 " F ,  M u l t g r e n ' s  
c o m p i l a t i o n  - 1 2 5 9 " F ,  S h a p i r o  and  Meisl ( a l s o  r e p o r t e d  by Weather -  
f o r d )  - 1260°Fo 

DENSITY OF LIQUIu RURIDlUM 

The d e n s i t y  o f  r u b i d i u m  h a s  been d e t e r m i n e d  t o  1300OF by 
A G N 2 ,  t o  7 5 0 ° F  by O R N L 3  and  h a s  been  c a l c u l a t e d  from t h e  d e n s i t i e s  
of  p o t a s s i u m  and sodium ( r e p o r t e d  by W c a t h e r f ~ r d ~ S ) ,  The AGN r e -  
s u l t s  were o b t a i n e d  d i l a t o m e t r i c a l l y  and t h o s e  of O R N L  by a n  
Archimedean method,  T h i s  s t u d y  covers  t h e  r a n g e  150" t o  2 0 0 O 0 F  
u s i n g  a d i l a t o m e t e r  d e v i c e ,  

A ,  Rubidium P u r i t v  

The r u b i d i u m  was t a k e n  from t h e  same b a t c h  as t h a t  u sed  i n  
t h e  v a p o r  p r e s s u r e  work, Whi le  i t  was gettcrecl p r i o r  t o  c h a r g i n g  
the  appara tus  t h e r e  were no  z i r c o n i u m  c h i p s  i n  t h e  a p p a r a t u s ,  

-.-. B ,  a a r a t u s  

g i v e n  w e i g h t  o f  l i q u i d ,  I t  ha5  t h e  i m p o r t a n t  a d v a n t a g e  o f  e n -  
a b l i n g  a r a n g e  of d e n s i t i e s  t o  be  d e t e r m i n e d  from a s i n g l e  c h a r g e ;  
i n  ou r  ca se ,  a s p a n  o r  up t o  1 5 0 ° F  s o u l d  be c o v e r e d ,  D i l a t o m e t e r s  
a re  f r e q u e n t l y  b e s e t  w i t h  t h e  p rob lem o f  b u b b l e  f o r m a t i o n ,  

A d i l a t o m e t e r  i s  a d e v i c e  which  m e a s u r e s  t h e  volume of a 

The d i l a t o m e t e r  w h i c h  was used c o n s i s t s  o f  a c y l i n d e r  4 
i n c h e s  by 1 i n c h  I D  w i t h  a 0 .125  i n c h  wal l ,  h a v i n g  a t h e r m o c o u p l e  
well p r o j e c t i n g  t o  t h e  c e n t e r  o f  t h e  volume from be low,  The t o p  o f  
t h e  c y l i n d e r  i s  t a p e r e d  t o  m i n i m i z e  b u b b l e  f o r m a t i o n  a n d  i s  a t t a c h e d  
t o  a 9 0  i n c h  l e n g t h  o f  t u b i n g  which h a s  a volume of 0 .180  m l  p e r  
i n c h  of l e n g t h ,  ?'he t o p  of  t h e  t u b i n g  i s  c o n n e c t e d  t o  a b a l l  v a l v e  
and  t o  a s o u r c e  of p u r e  a r g o n ,  T h r e e  p r o t u b e r a n c e s  were w e l d e d  o n t o  
t h e  t u b i n g  t o  s e r v e  as b a s e  points and  to f a c i l i t a t e  i n t e r p r e t a t i o n  
o f  the x - r a y  p h o t o g r a p h s  which  were u s e d  t o  d e t e r m i n e  t h e  m e n i s c u s  
l e v e l  (I 
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TABLE 4 - C E S I U M  VAPOR PRESSURE D A T A  

Pressure Tempe rnturo Calculated % d e v i a t i o n  
(mm t k )  ( O R )  Pressure* of regression 

line from d a t a  -.-- (mm/Hg) - 
53.3 1312-4 
73,O 1 3 4 8  2 
92 .o 1 3 7 7 , f i  

111.7 1402.2 
144.2 1435.7 

186.9 
23386 
310.3 
3(35,5 
470.3 

589,Q 
69s  11 2 
808,6 

1300 
2001 

1470.6 
1502,6 
1 S 4 4 , 8  

1613.3 
isa3,8 

1 6 5 3  0 1 
1681.2 
1711.1 
1807.5 
1902,l 

2499 1958 , G  
3286 2032.0 
3911 2078,l 
431G 2145.6 
5956 2 2 0 5 . 5  

5 3 * 5 5  *0  4 7  
72 e 94 -0.08 
92,81 60.87 

112 0 8  * 0 . 9 8  
14585 4 0 . 8 9  

187.2 
233.6 
308.3 
393.3 
4 6 9 , l  

589.1 
687 . s  
R05.8 

1 2 9 6  
1 9 7 4  

2489 
329% 
3897 
4910 
5957 

7470 2282.9 7 5 3 2  
9016 2349.5 9105 

10370 2401,4 ]LO480 

sn Io) 0 . 7 2 %  

40.16 
0 

-0,65 
-0.56 
-1.53 

-0.97 
-0.35 
-0.31 
-1 837 

-0 .40  

-6.12 

far  P in mm Hg and T i n  O R  
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T A B L E  5 - CESIUbl  VAPOR FRESSURE - CBblPARISBN OF RESULTS 
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2300 

2 4 0 0  
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944.4 

1 0 0 0 . 0  

1055.6 

1111.1 

1166.7 

1 2 2 2 . 2  

1 2 7 7  . a  

1 3 3 3 . 3  

0 , 0 6 3 1  

0 ,1459  

0 . 3 0 2 0  

0.5624 

1.0002 

1 , 6 4 7  

2 ,575  

3 . 8 4 7  

5 ,534  

7 7 0 4  

10.417 

13.737 

- -  
0.1522 

0.3155 

0 . 5 9 6 7  

1 .049  

1 . 7 3 3  

2.713 

4.064 

5.857 

- L  

- -  
e.% 

-.. 

0 ,1861  

084146 

0 , 8 1 6 6  

1. , 455  

2 , 3 9 7  

3 , 6 5 8  

5.296 

7 . 2 5 3  

-I 

0 . 0 5 4 5  

0.1288 

0 . 2 6 8 9  

0 ,5084  

0 , 8932 

1 . 4 7 4  

2 , 2 8 6  

3 a 3 8 3  

4.826 

6 . 6 3 9  

8 . 8 8 6  

11 .558  
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The a p p a r a t u s  was c a l i b r a t e d  w i t h  m e r c u r y  a t  room t e m p e r a t u r e  
and  a v a l u e  of  49,2 rnl was o b t a i n e d  a t  t h e  l o w e s t  p r o t u b e r a n c e ,  
As i t  i s  n e c e s s a r y  t o  know t h e  change  i n  volume of  t h e  c y l i n d e r  
w i t h  t e m p e r a t u r e  a c a l c u l a t i o n  was made b a s e d  on t h e  p u b l i s h e d  
d a t a  of  t h e  Haynes S t e l l i t e  Company which l a s t s  t h e  c y f l i c i e n t  of  
l i n e a r  z x p a n s i o n  f o r  Haynes No, 25 t o  3 p l a c e s  a t  2 0 0  
from 70 t o  200O0F,. A d e t a i l e d  c a l c u l a t i o n  o f  t h e  change  i n  volume 
w i t h  t e m p e r a t u r e  was made and  a p p l i e d  to t h e  d a t a  as  a c o r r e c t i o n ,  
A t  2 0 0 0 ° F  t h e  volume i n c r e a s e d  5 , 9 2 %  compared t o  t h a t  a t  7 O 0 F 9  Un- 
c e r t a i n t i e s  d u e  t o  c r o s s - s e c t i o n a l  v a r i a t i o n s  i n  t h e  c a p i l l a r y  
t u b i n g  would r e s u l t  i n  a n  e r r o r  i n  c o m p u t a t i o n  o f  volume e s t i m a t e d  
t o  be  l e s s  t h a n  O o l % p  s ince t h e  t o t a l  i n t e r n a l .  volume of t h e  r u b i d i u m  
i n  t h e  c a p i l l a r y  was g e n e r a l l y  less  t h a n  one p e r c e n t  o f  t h e  t o t a l  
volume of  t h e  c h a r g e ,  

i n c r e m e n t s  

D e t e r m i n a t i o n  of  t h e  h e i g h t  o f  t h e  r u b i d i u m  m e n i s c u s  i n  t h e  
t u b e  c o u l d  b e  made t o  w i % h i n  1 mm w i t h  no d i f f i c u l t y ,  T h i s  c o r r e -  
s p o n d s  t o  a t r u l y  n e g l i g i b l e  e r r o r  o f  t h e  o r d e r  o f  1 p a r t  i n  7000. 

C - P r o c e d u r e  

The a p p a r a t u s  was c h a r g e d  w i t h  a known q u a n t i t y  o f  r u b i d i u m  
and t h e  t e m p e r a t u r e  r a i s e d  s o  t h a t  t h e  m e n i s c u s  was l o c a t e d  i n  t h e  
t u b i n g  
a l o n g  t h e  t u b i n g . ,  Removing ~f a d d i n g  a known q u a n t i t y  of r u b i d i u m  
e n a b l e d  h i g h e r  o r  l ower  t e m p e r a t u r e s  t o  b e  i n v e s t i g a t e d ,  

The v o l u m e - t e m p e r a t u r e  r e l a t i o n s h i p  was t h e n  d e t e r m i n e d  

It was n e c e s s a r y  t o  apply  a n  a r g o n  p r e s s u r e  somewhat i n  e x -  
cess of t h e  b o i l i n g  p o i n t  a6 t h e  t e m p e r a t u r e  o f  i n t e r e s t ,  The 
d e g r e e  of  e x c e s s  was of  BO s i g n i f i c a n c e  a s  d e m o n s t r a t e d  by t h e  
a d d i t i o n  of  7 a t m o s p h e r e s  a r g o n  p r e s s u r e  t o  a n  e x p e r i m e n t  a t  1650°F  
w i t h  no  d e t e c t a b l e  change  i n  d e n s i t y ,  

A t  t e m p e r a t u r e s  i n  e x c e s s  of 1 5 0 0 a F  some d i f f i c u l t y  was 
e n c o u n t e r e d  w i t h  b u b b l e  f o r m a t i o n ,  T h i s  p rob lem was a m e l i o r a t e d  
by t h e  f o l l o w i n g  p r e c a u t i o n s :  

1, D e c r e a s i n g  t h e  t e m p e r a t u r e  g r a d i e n t  a l o n g  
t h e  t u b i n g  by use  o f  i n s u l a t i o n  and  n i ch rome  
h e a t i n g  wire 

2 ,  Using o n l y  t h e  lower  p o r t i o n  of  t h e  t u b i n g  
( i o e o  4 i n c h e s ) ,  

3 ,  P r e s s u r i z i n g  w i t h  a r g o n  w h i l e  s l i g h t l y  below 
t h e  t e m p e r a t u r e  o f  i n t e r e s t  and  c o n c u r r e n t l y  
h e a t i n g  t h e  t u b i n g ,  t h e n  p r o c e e d i n g  t o  t e m p e r a -  
t u r e  and  r e c o r d i n g  d a t a ,  

-. . . . . . , , , . _... . . . . . .~ ..........-, . .- 
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'4.11 6 0  dat t -  p o i n t s ,  i n  t h e  r a n g e  1 5 0 ° F  to 2 0 0 0 ° F ,  a r e  L i s t e d  
i z  Table 6 i n  the  o l d e r  of  i n c r e a s i n g  tempera ture ,  T a b l e  6 a l s o  
i n d i c a t e s .  w h i c h  p s j n t s  were o h t a i n e d  a t  i d e n t i c a l  charges  < i o e $  ;2 

s e t  QF Y ~ S U ~ Z S . )  and 111hea-s t h e  a p p a r a t u s  was c leaned  and recharged. 
Keca1ihra:ion of t h e  valume oE the bomb a f t e r  b o t h  charges shawed 
an increcse in volume of l e s s  than  0,2%, 

A h 1  d a t z  were ar ia lyzed  s t a t i s t i c a l l y  f o r  8 f u n c t i o n 3 1  f o r m g ,  
These 8 equations a r e  listed i n  Table  7 ,  a l o n g  w i t h  s t a n d a r d  d e -  
viations, in Ch~"Qn0log iCak  order, The p r e c i s i o n  o f  t h e  d a t a  seemed 
t o  warran t  extensive a n a l y s i s ,  

The straight l i i i c  ( e q u a t i o n  1) i s  p r o b a b l y  suitable f o r  m o s t  
applications, as it  h z s  a standard d e v i a t i o n  of 0,0063 g/cc .  
E q u a t i o n  4 i s  recofiirlendetl b e c a u s e  i t  i s  the s implest  expression 
a c h i e v i n g  a s t a n d a r d  d e v i a t i o n  of 0 , 0 0 3 5  g / c c ,  which is equivalent 
to a precisian of abouf 0,3%, E q u a t i o n s  5 ,  7 and 8, w h i c h  are 
more comp1ex, also have s t a n d a r d  d e v i a t i o n s  of 0 , 0 0 3 5  g / c c ;  t h i s  
f i g u r e  a p p a r e n t l y  b e i n g  a t r u e  measure  of the:  precision of the d a t a .  
E q u a t i o n  2 was r e j ec t ed  because of an o b v i o u s l y  poor  f i t  and 
equation 6 because o f  an i n f l e c t i o n  p o i n t  i n  t h e  range of interest. 

I n  Figure 1 Inesc d a t a  a r e  cornpared g r a p h i c a l l y  w i t h  t h o s e  
of  Cochrair' and O R N L ' . .  The r e s u l t s  of  O R N L  a r e  i n  f a i r  agreement ,  
particularly a t  l o x  t e m p e r a t u r e s  The a i -ch imedam method whi c k  
was used  by O R N L  c o u l d  b e  e x p e c t e d  t o  give trouble at h i g h e r  temp- 
e r a t u r e s ,  as  t h e  rub id ium i s  c o n t a i n e d  i n  an open vessel. i i r  a d r y  
box u n d e r  1 a tmosphe re  O F  a rgon  and the r a t e  o f  v a p o r i z a t i o n  i n -  
creases w i t h  t empera tu re -  The AGN d a t a  a r e  b e s t  represented  by a 
ctueve 

d e 1,497 - 2 ,530  x l o m d  t + 4,08 x I O e 8  t 2  
.A 

which is a s s i g n e d  an es t imated  a c c u r a c y  o f  I 0 ,005  g /cc  i o  1 3 0 8 ° F  
and 2 0 , O l  g /cc  €ram 1300 t u  1800°F  by  Cochran ,  Marhed differences 
e x i s t  be tween  t G N  d a t a  and those: o i  M S A R ,  

The c a l c u l a t e d  r e s u l t s  appezring i n  Neatherford's compilation, 
and n o t  reported here, a r e  about 0 , l  g /cc  h i g h e r  t han  t h e  MSAR d a t a  
a t  1 5 Q O O F .  

The lack of e f f e c t  of  an o v e r p r e s s u r e  o f  7 a t m o s p h e r e s  of 
argon upon t h e  d e f i s i t y  u f  rub id ium a t  1650°F shows t h a t  t h e  l i q u i d  
is n o t  compressible under  t h e s e  c o n d i t i o n s .  A change of o n l y  1 mm 
in the  h e i g h t  of t h e  iwbid ium wou ld  have  been observed a n d  t h a t  
change i s  equivalent t o  1 p a s t  i n  TO00 sf t h e  volume,  
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50 
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Temperature - 
157.9 
167.4 
193.2 
197.8 
224.3 

4 0 1 , O  
429.4 
430.4 
454.4 
556.8 

596.3 
641.4 
667.5 
698.7 
817.8 

827.9 
858.0 
890.9 

9 3 9 . 3  
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986.6 

1016.6 
1060.9 
1080.5 

1094.1 
1113.0 
1141.6 
1183.7 
1204 .3  

1209.3 
1242.9 
1281.9 
1 3 1 3 . 6  
1322.1 

898.9 

1332.8 
1377.3 
1425.0 
1457.0 
1479.0 

1522.5 
1602,1 
1602.1 
1623.9 
1629.1 

1639.8 
1646.0 
1667.1 
1723.6 
1737.2 

1746.6 
1771.9 
1909.8 
1923.4 
1933.6 

1937.9 
1973,6 
1989.4 
1993.9 
1994.9 

D c n s i t y  

1.477 
1.415 
1,971 
1.469 
1.466 

-___ 

1.440 
1.434 
1.433 
1.429 
1.395 

I .  385 
1.374 
1.368 
1.361 
1.329 

1.319 
1.319 
1.305 
1.310 
1.301 

1.294 
1.287 
1.281 
1.271 
1.264 

1,264 
1.255 
1.247 
1.239 
1.230 

1.235 
1.223 
1.215 
1.207 
1.200 

1.200 
1.190 
1 . 1 8 1  
1.166 
1.162 

1.148 
1.127 
1.127 
1.122 
1.120 

1.118 
1.118 
1.114 
1.092 
1.091 

1.OR7 
1.081 
1 .045  
1.043 
1 . 0 3 9  

1 I 034 
1.033 
1.021 
1.028 
1.028 

S o t  No, 

12  
i2 
12 
1 2  
1 2  

1 
1 
1 
1 
2 

2 
2 
2 
2 
3 

13 
3 

13 
3 
3 

4 
4 
4 
4 
5 

4 
5 
5 
5 
6 

5 
6 
6 
6 
6 

7 
7 
7 
8 
8 

8 
9 
9 
9 

20 

9 
10 
10 
11 
11 

11 
11 
14 
14 
14 

14 
IS 
IS 
i s  
15 

-- 

r h o  sPParatuS  was charged  w i t h  rubidium p r i o r  t o  sets 1, 
12 and 15.  Between sets ( for  a p a r t i c u l a r  c h a r g e )  a portion of 
t h e  rubidium was removed from the a p p a r n t u s ,  

. . . . . . . . . . . . . . . . . . . . . . . .- . . . . . . . . . .......... . . ..... -~ 
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DENSITY OF L I Q U I D  CESIUM 

The d e n s i t y  o f  ces ium has been  o b t a i n e d  t o  708OF i n  t h e  

Work i s  c o n t i n u i n g  and i t  is a n t i c i p a t e d  t h a t  ce s ium d e n s i t y  

same a p p a r a t u s  u s e d  f o r  r u b i d i u m ,  Data a r e  l i s t e d  i n  T a b l e  8, 

w i l l  be  o b t a i n e d  t o  2 0 0 0 ° F  i n  t h e  n e a r  f u t u r e ,  

PVT OF THE VAPOR 

The p r e s s u r e - v o l u m e - t e m p e r a t u r e  r e l a t i o n s h i p  of rub id ium 
and o f  ces ium from t h e  s a t u r a t e d  vapor  l i n e  t o  o v e r  1900'F i s  
c u r r e n t l y  b e i n g  i n v e s t i g a t e d ,  

The a p p a r a t u s ,  shown s c h e m a t i c a l l y  i n  F i g u r e  2 ,  c o n s i s t s  
of two I iaynes-25 c y l i n d e r s ,  which  a r e  s e p a r a t e d  by a I laynes-25 
d i aphragm of  2 , 2  m i l  t h i c k n e s s ,  T e m p e r a t u r e  i s  measured  w i t h  t h r e e  
P t - P t - l Q %  R h  t h e r m o c o u p l e s ,  which had been  c a l i b r a t e d  a t  t h e  N a t i o n a l  
Bureau of S t a n d a r d s ,  I s o t h e r m a l i t y  i s  approached  by power a d j u s t -  
ment of  t h r e e  c y l i n d r i c a l  h e a t e r  e l e m e n t s ,  A 2 ° F  g r a d i e n t  i s  
commonly a c h i e v e d  a l o n g  t h e  6 l / Z y y  l o n g  chamber which i s  t o  c o n t a i n  
t h e  a l k a l i  metal  v a p o r ,  

Known w e i g h t s  of a l k a l i  metal are  added t o  t h e  lower  c y l i n d e r  
i n  t h e  farm of  s t a i n l e s s  s t e e l  ampoules ,  which r u p t u r e  upon h e a t i n g  
i n  t h e  bomb, The bomb i s  e v a c u a t e d  and s e a l e d  o f f  w i t h  a p i n c h - o f f  
d e v i c e ,  The p r e s s u r e  i n  t h e  a l k a l i  m e t a l  f i l l e d  c y l i n d e r  i s  measured  
by b a l a n c i n g  t h e  d iaphragm i n  a n u l l  p o s i t i o n  w i t h  a known p r e s s u r e  
of a r g o n ,  The n u l l  p r e s s u r e  i s  d e f i n e d  a s  t h a t  p r e s s u r e  n e c e s s a r y  
t o  b r e a k  e l e c t r i c a l  c o n t a c t  o f  t h e  d i aphragm w i t h  t h e  p r o b e ,  The 
b a l a n c i n g  a r g o n  pressure i s  measured  w i t h  n t i - t ube  manometer t o  
1000 mm Hg and w i t h  a Bourdon t u b e  gauge  [ a c c u r a c y  0 , 0 5  p s i )  
fox p r e s s u r e s  be tween 1000 mm Hg and 215 p s i a ,  

I n i t i a l  PVT d a t a  f o r  r u b i d i u m  a r e  shown i n  F i g u r e s  3 and 4 ,  
The volume of t h e  lower  c y l i n d e r  i s  r e d e t e r m i n e d  w i t h  mercu ry  p r i o r  
t o  e a c h  c h a r g e ,  Volume c o r r e c t i o n s  w i t h  t e m p e r a t u r e  a r e  computed 
from l i n e a r  e x p a n s i o n  c o e f f i c i e n t s  f o r  Haynes-25  a l l o y  and a r e  shown 
i n  F i g u r e  5 ,  P r e s s u r e - t e m p e r a t u r e  d a t a  i n  t h e  s a t u r a t e d  r e g i o n  
a g r e e s  c l o s e l y  w i t h  e a r l i e r  v a p o r  p r e s s u r e  d a t a ,  R e p r o d u c i b i l i t y  
of p r e s s u r e  r e a d i n g s  i n  t h e  u n s a t u r a t e d  r e g i o n  was a p p r o x i m a t e l y  
2 0 - 1  p s i  below 1600°F and s l i g h t l y  g r e a t e r  a t  h i g h e r  t e m p e r a t u r e s ,  
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TABLE 8 - D E N S I T Y  OF L I Q U I D  CESIUM 

Tempe r a t u  re 
-..- 

104 ,7  
190  0 1 
2 1 2  0 1. 
2 1 5 , 7  
228"8  

23001 
234  0 8 
2 5 9 , 3  
5 1 S q 9  
519 ,6  

5 4 0 . 4  
5 5 3 0 4  
5 7 3 , 8  
587,O 
596 5 

629,6 
6 4 1 0 7  
6 7 0 0 9  
7 0 8 -  1 

Dens i S .  y 

&&& 
1 , 8 4 0  
1,811 
1.806 
1 , 8 0 5  
1 , 8 0 1  

1 , 8 0 1  
1 ,, 8 0 0  
1 , 7 9 2  
1 , 7 1 4  
1 , 7 1 1  

1 ,706  
1 , 9 0 2  
1 ,694  
1.691 
1 688 

1 678 
1 .673  
1 , 6 6 5  
1 , 6 5 5  
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The p r e s s u r e - t e m p e r a t u r e  r e l a t i o n s h i p  of  t h r e e  d i f f e r e n t  
rub id ium c h a r g e s  have  been measu red ,  A n a l y s i s  o f  t h e  rub id ium 
p r e s e n t  i n  t h e  bomb a f t e r  t h e  f i r s t  r u n  s u g g e s t e d  an e r r o r  i n  t h e  
w e i g h t  o f  rub id ium added t o  t h e  bomb p r i o r  t o  t h e  f i r s t  r u n ,  The 
rub id ium w e i g h t s  i n  Runs 2 and 3 were r e s p e c t i v e l y  9 6 , 5  and 239 
m i l l i g r a m s ,  The a p p a r e n t  m o l e c u l a r  we igh t  i n  e a c h  of  t h e  l a s t  two 
c h a r g e s  i s  a b o u t  1 0 1 ,  The d i f f e r e n c e  between t h i s  v a l u e  a n d  t h e  
a t o m i c  w e i g h t  of  rub id ium ( 8 5 , 5 )  i s  a t t r i b u t e d  t o  t h e  combined 
e f f e c t  of p o l y m e r i z a t i o n  and c o m p r e s s i b i l i t y ,  No a t t e m p t  w i l l  b e  
made t o  r e d u c e  t h e  d a t a  t o  e q u a t i o n s  o f  s t a t e  u n t i l  a s i g n i f i c a n t  
number of  r u n s  have  been  p e r f o r m e d ,  

S P E C I F I C  H E A T  O F  L I Q U I D  RUBIDIUM 

K e l I e ~ ~ ~  g i v e s  a v a l u e  of 0 , 0 9 1 3  c a l / g - ' C  f o r  t h e  h e a t  
c a p a c i t y  of l i q u i d  rub id ium from 39'C t o  1 2 6 ' C ,  
t h e  e q u a t i o n  

RengadeJ4 r e p o r t s  

CP = 0.0921-0.00026T°C 

f rom which the v a l u e  a t  t h e  m e l t i n g  p o i n t  (39°C)  i s  0 , 0 8 9 9  c a l / g - " C ,  
S t u l l  and S i n k e J 5  e s t i m a t e d  0 , 0 8 7 7  c a l / g - " C  a t  t h e  b o i l i n g  p o i n t ,  
T h e r e  are no  e x p e r i m e n t a l  d a t a  f o r  t h e  s p e c i f i c  h e a t  o f  rub id ium 
a t  e l e v a t e d  t e m p e r a t u r e ,  

t e m p e r a t u r e  i s  t o  h e a t  t h e  sample  t o  b e  measured  t o  a d e t e r m i n e d  
t e m p e r a t u r e  and t h e n  d r o p  t h e  sample  i n t o  a c a l o r i m e t e r  of known 
h e a t  c a p a c i t y ,  

cause i t  r e q u i r e s  no t e m p e r a t u r e  o r  e l e c t r i c a l  measu r ing  i n s t r u -  
ments  and p o s s e s s e s  a v e r y  h i g h  s e n s i t i v i t y o  

a p p a r a t u s  and p r o c e d u r e  which were  u s e d  a s  models  f o r  t h i s  p r o -  
g ram,  The p r i n c i p a l  s o u r c e  of e r r o r  i n  t h i s  work l i e s  i n  t h e  d e -  
t e r m i n a t i o n  o f  t h e  t e m p e r a t u r e  of t h e  sample  as i t  hangs  i n  t h e  
f u r n a c e ,  w i t h  lack  of  i s o t h e r m a l i t y  t h e  p r o b a b l e  m a j o r  c a u s e  of 
d i f f i c u l t y .  

The s t a n d a r d  method o f  o b t a i n i n g  s p e c i f i c  h e a t  a t  e l e v a t e d  

The i c e  c a l o r i m e t e r  i n i t i a l l y  was chosen  f o r  t h i s  work b e -  

G i n n i n g s ,  e t  a136 d e s c r i b e  i n  d e t a i l  a t h o r o u g h l y  r e f i n e d  



P r o l o n g e d  ecpi  i l i b i - a t io i l .  t i n u s  t ere encountcrcd in t h e  ice 
calorimeter, and i t  was dec ided  t o  perform t h e  d e t o r n i n a t i o n s  
u s i r i g  a copper  b l o c k  ca lor imeter ,  w h i c h  e x i s t e d  a t  t h e  f a c i l i t y ,  
Heal: c o n t e n t  measurement3 on  r u b i d i u m  have been ~nade o v e r  mnst of  
t h e  tempel"atur@ range  o f  i n t e r e s t  u t i l i z i n g  a c o p p e r  b l o c k  c a t o -  
r imctes ,  Heat c o n t e n t  v a l u e s  have b e e n  u s e d  t o  d e r i v e  a p r e -  
l i m i n a r y  s e t  of  thcrnrot lynan~ic f u n c t i o n s  f o r  s o l i d  and liquid 
r u h i  djunie Thcsc therrnodynarriic functions h a v e  b e e n  u s e d  i n  con-  
j u n c t i o n  w i t h  t h e  measured v a p o i  pressi i rss  t o  o b t a i n  h c a t s  o f  
v a p o i i  z a t i  o i i  by the ' 'Third JAaws' method 

f : x  p e I I me t a t  a I - " .  >--- 

The ca lo r in i c t e r  u sed  f o r  t h e  h e a t  c o n t e n t  medsurernents - was a 
coppe r  h l s c k  d r o p  caior i rnetar  baseel on t h e  d e s i g n  of S o u t h a r d 3 /  as 
modified by KePley and  N a y l o r O J 8  
s c h e m a t i c a l l y  i n  F i g  6 .  The sample, A ,  is suspenJed  i n  t h e  furllace,  
B ,  by means of a wire a t t a c h e d  t o  t h e  d r o p  t u b c  p l u n g e r ,  C .  The 
plunge:. i s  c o n t r o l l e d  by  a b r a k e  mechanism which  C o n t r o l 5  the r a t s  
o f  f a l l  o f  t h e  samy1,e. \then t h e  sample has  rezched  therma! e q u i -  
l i b r i u m  i n  t h e  I u r n a c e ,  as measurcd by a Pt-Pt-IO%Rh t h e r m o c o u p l e ,  
the d r o p  p l u n g e r  i s  r e l e a s e d ,  the  g a t e s ,  D P  a t  t h e  bot tom o f  
t h e  Furnace and a t  t h e  copper  b l o c k  a re  opened ts a l l o w  passage  
o f  t h e  c a p s u l e ,  As t h e  capsule e n t e r s  t h e  calorimeter, the brake 
rncdianisrn brings t h e  sample to a s t o p j  i n  good the rma l  c o n t a c t  
w i t h  t h e  copper  b l o c k ,  After t h e  d r o p ,  w h i s h  t a k e s  2 t u  3 s e c o n d s ,  
t h e  g a t c s  a r e  c l o s e d ,  Both g a t e s  a r e  p r o v i d e d  with ndrrow s l o f ; s  
t o  ;i?.low t h e  s n s p e n s i o r i  wire t o  p a s s  t h r o u g h  them when closed, 

r e s t i n g  o n  k n i f e - e d g e  s u p p o r t s  i n  d brass  c a s e ,  
immersed i n  a l a r g e  Gil b a t h  t h e r m o s t a t t e d  a t  2 5 , O O  = O,OloC0 The 
sample, iil t h e  foi-ri o f  a s l i g h t l y  t a p e r e d  cylinder, d r o p s  i n t o  
t h e  calorimePer receiving wel.1, a l s o  s l i g h t l y  t a p e r e d  t o  a s s u r e  
good t h e r m a l  c o n t a c t  b ~ i ~ c a n  t h e  sampie and t h e  ca lor imeter .  T h e  
tezperature of t h e  coppe r  b l o c k  i s  follawed by means of a calori- 
metric  p l a t i n u m  r e s i s t a n c e  thermometer i n sc r t ed  i n  a well p a r a l l e l  
t o  t h e  saniple r e c e i v i n g  w e l l  and midway b c t w e s n  t h e  r e c e i v i n g  well 
and t h e  o u t s i d e  sul-€ace o f  t h e  b l o c k ,  T h e  h e a t  c a p a c i t y  o f  t h e  
copper  b l o c k  is o b t a i n e d  b y  electrical c a l i b r a t i o n  u s i n g  a Manganin 
h s a t e r  wound on the  t a p e r e d  p l u g  w h i c h  c o n t a i n s  t h e  r e c e i v i n g  w e l l .  

t w c ~  l a y e r s  o f  i n s ( i l a t i o n ,  A c o o l i n g  water j a c k e t  s u r a o u n d s  the 
whole assembly, 'I'hc heated zone i s  w i t h i n  a one  i n c h  i n s i d e  d i -  
ameter p o r c e l a i i i  Lube on w h i c h  t h e  h e a t i n g  element i s  wound.  The 
wiTadings are  h e l d  i n  p l a c e  by a h ig l i  t e m p e r a t u r c  ccrnent and a second 

The ca lor imeter  d e s i g n  i s  shown 

The c a l o r i m e t e r  p ~ o p e r ,  k s  i s  a g o l d - p P a t e d  copper  c y l i n d e r  
T&e+casC is 

The f u r n a c e  consists of an  e l e c t r i c a l  h e a t i n g  element and 
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p o r c e l a i n  t u b e  f i t s  o v e r  t h e  w i n d i n g s  as a p r o t e c t i v e  c o v e r ,  
P l a t i n u m - 1 0  p e r c e n t  rhodium wire ( B  and S gage  No, 2 2 )  is wound 
w i t h  4 1 / 2  t u r n s  p e r  i n c h  f o r  1 2  i n c h e s  a t  t h e  c e n t e r  of t h e  t u b e  
and a t  6 t u r n s  p e r  i n c h  f o r  1 1 / 2  inches on e a c h  e n d ,  

f o l l o w e d  by a 2 i n c h  l a y e r  o f  c a s t  F i r ec re t e  r e f r a c t o r y .  Cooling 
water c i r c u l a t i n g  t h r o u g h  t h e  j a c k e t  m i n i m i z e s  h e a t  t r a n s f e r  t o  
t h e  c a l o r i m e t e r  

l i n d r i c a l  Haynes A l l o y  No, 25 capsule h a v i n g  a c o a x i a l  t h c r m o -  
c o u p l e  w e l l .  
measu remen t s  o f  t h e  empty c o n t a i n e r ,  

f i n e d  t h e r m o c h e m i c a l  c a l o r i e  e q u a l  t o  4 ,184  ( e x a c t l y )  a b s o l u t e  
j o u l e s ,  
2 7 3  e 15'K. 

The i n s u l a t i o n  i s  a 5 i n c h  l a y e r  of - 2 8  mesh z i r c o n i a  

The rub id ium s a m p l e ,  1 .9335 g rams ,  was c o n t a i n e d  i n  a c y -  

A s imi l a r  Haynes c a p s u l e  was u s e d  f o r  t h e  h e a t  c o n t e n t  

A l l  of t h e  e n e r g y  measu remen t s  a re  made i n  t e r m s  of t h e  d e -  

The i ce  p o i n t  of  t h e  a b s o l u t e  t e m p e r a t u r e  s c a l e  was 

Heat C o n t e n t  and  Der ived  P r o p e r t i e s  

t r i b u t i o n  o f  t h e  c a p s u l e ,  are  g i v e n  i n  c h r o n o l o g i c a l  o r d e r  i n  T a b l e  
9. V a p o r i z a t i o n  c o r r e c t i o n s  were c a l c u l a t e d  and  f a u n d  t o  b e  neg-  
l i g i b l y  small, 

t e n t  d a t a  f o r  t h e  empty c a p s u l e  were f i t t e d  by l e a s t  s q u a r e s  t o  t h e  

The e x p e r i m e n t a l  h e a t  c o n t e n t  d a t a ,  c o r r e c t e d  f o r  t h e  c o n -  

Over t h e  t e m p e r a t u r e  r a n g e  f rom 500"  t o  14110aK, t h e  h e a t  con-  

expression 

H:-H 5 9 8  ( c a l / g )  = 5 2 2 8+0 0 2 16 86T+4 03 15x 10' 6 T 2  + 5  7 9 2 4 4 ~  103/T 

A t  e a c h  d a t a  p o i n t  f o r  t h e  f i l l e d  c a p s u l e ,  t h e  h e a t  c o n t e n t  of t h e  
c a p s u l e  was c a l c u l a t e d  from t h e  above  e x p r e s s i o n  and s u b s t r a c t e d  
f rom t h e  t o t a l  e n t h a l p y  c h a n g e ,  

s q u a r e s  t o  t h e  l i n e a r  e x p r e s s i o n  
The raw d a t a  f o r  t h e  r u b i d i u m  sample  were f i t t e d  by l e a s t  

H"-Hzg8 ( c a l l m o l e )  = 7.531-1624, T 

The s t a n d a r d  d e v i a t i o n  o v e r  t h e  r a n g e  from 500°K t o  130Q'K i s  of  t h e  
o r d e r  of f 2 % .  Us ing  t h e  low t e m p e r a t u r  d a t a  of Dauphinee and 
M a r t i n 3 9 ,  as compiled by Stull and S i n k e S o s  a c o n s i s t e n t  t a b l e  o f  
thermodynamic  f u n c t i o n s  were d e r i v e d  f o r  s o l i d  and l i q u i d  r u b i d i u m ,  
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TABLE 9 - R U B I D I I J M  H E A T  CONTENT DATA 

2 2 2 7  

304 7 

4 0 2 8  

4 6 2 6  

5 2 3 9  

5 9 5 3  

6 2 0 3  

7 1 8 6  

7 5 2 8  

7 8 8 8  
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The h i g h  t e m p e r a t u r e  d a t a  were e x t r a p o l a t e d  be low 500°K and t h e  
l i e a t  of  f u s i o n  ( r e p o r t e d 4 0  a s  540 c a l / m o l e )  was a d j u s t e d  upward 
t o  615 c a l / m o l e  t o  b r i n g  t h e  two s e t s  of d a t a  i n t o  a g r e e m e n t .  The 
smoothed h e a t  c o n t e n t  and  d e r i v e d  thermodynamic  f u n c t i o n s  a r e  
t a b u l a t e d  i n  T a b l e  1 0 ,  

SPECIFIC HEAT OF CESIUM 

Heat c o n t e n t  measu remen t s  were made on a sampls of ces ium 
from 190°F t o  1770"F ,  P l a s t i c  f a i l u r e  of  t h e  t h e r m o c o u p l e  w e 1 9  
i n  t h e  Haynes c o n t a i n e r  d u e  t o  t o o  t h i n  a w a l l  ( n o t  c o r r o s i o n ]  
a t  a b o u t  1860'F p r e v e n t e d  c o m p l e t i o n  o f  t h e  measu remen t s  t o  t h e  
p l a n n e d  u p p e r  l i m i t  of  2 0 0 0 ~ 1 ~ .  

The d a t a  a r e  l i s t e d  i n  T a b l e  11 and a re  shown g r a p h i c a l l y  
i n  F i g  7,  A l s o  i n  F i g  7 a r e  t h e  d a t a  o b t a i n e d  p r e v i o u s l y  f o r  
r u b i d i u m  a n d ,  f o r  c o m p a r i s o n ,  t h e  c a l c u l a t e d  r e s u l t s  o f  S t u l l  and  
S i n k e  as  r e p o r t e d  by W e a t h e r f o r d  f o r  b o t h  meta ls ,  I n s p e c t i o n  of  
t h e  f i g u r e  shows c l o s e  a g r e e m e n t  be tween  e x p e r i m e n t a l  and caP- 
c u k a t e d  r e s u l t s  w i t h  r e g a r d  t o  b o t h  m a g n i t u d e  and  s l o p e  ( h e a t  
c a p a c i t y )  

l i n e a r  r e l a t i o n  
Above 620'F t h e  d a t a  were f i t t e d  by l e a s t  s q u a r e s  t o  t h e  

~2 -1506 + 7 . 2 5  T"C "T =' 2 9 8 

where  k1T-13298 i s  t h e  h e a t  c o n t e n t  i n  ca l  g - a t o m - l  and  T i s  t h e  
t e m p e r a t u r e  i n  " K  T h i s  y i e l d s  a c o n s t a n t  h e a t  c a p a c i t y  of 7 , 2 §  
cal  d e g - 1  g - a t o m - i .  

d a t a  were n o t  i n c l u d e d  i n  t h e  d e r i v a t i o n  of t h e  a n a l y t i c a l  e x -  
p r e s s i o n  f o r  h e a t  c o n t e n t ,  The d e v i a t i o n  f rom t h e  s t r a i g h t - l i n e  
p o r t i o n  o i  t h e  c u r v e  i s  r e a l ,  a s  a t t e s t e d  by t h e  o r d e r  i n  which 
p o i n t s  were t a k e n ,  I n i t i a l  r u n s  were i n  t h e  o r d e r  of 8 0 0 ,  5 1 2 ,  8 5 4 ,  
t o  l52OQF,  t h e n  b a c k  t o  t h e  r e g i o n  170-530°F i n  random o r d e r ,  t h e n  
r e p e a t i n g  t h e  850-1770'F r a n g e ,  No f u r t h e r  i n v e s t i g a t i o n  o f  t h e  
anomalous  r a n g e  was d o n e ,  S i n c e  our  work c o v e r s  t h e  r a n g e  of 500 
t o  2 0 0 0 ° F  we d o  n o t  p r o p o s e  t o  r e i n v e s t i g a t e  a t  t h i s  t ime,  h a v i n g  
a c c e p t a b l e  r e s u l t s  i n  t h e  r a n g e  of i n t e r e s t ,  

l i n e a r  e x p r e s s i o n  i s  * l . S % ,  I t  i s  b e l i e v e d  t h a t  t h i s  e x p r e s s i o n  
can b e  e x t e n d e d  from 1 7 7 0 ° F  t o  2 0 0 0 ° F  w i t h  a 2 p e r c e n t  u n c e r t a i n t y .  
T h i s  e x t r a p o l a t i o n  is u n c o m p l i c a t e d  d u e  t o  t h e  s t r a i g h t  l i n e  
c o r r e l a t i o n ,  

Below 6 2 0 ° F  a n  anomaly  was o b s e r v e d  i n  h e a t  c o n t e n t ,  These  

The s t a n d a r d  d e v i a t i o n  o f  t h e  d a t a  above  6 2 0 ° F  from t h e  



T A B L E  10 - D E R I V E D  T H E K M O D Y N A M I C  F U N C T I O N S  FOR S O L I D  
AND L I Q U I D  R U B I D I U M  

- 
2 9 8  15 

300 

312  ( c ]  

312  ( b )  

400 

5 0 0  

6 0 0  

700 

800 

900  

1 0 0 8  

1100 

1200 

130Q 

1480 

ST 
cal/deg mole 

0 

15 

105 

720 

1385 

2141 

2834. 

3647 

4400  

5153 

5906 

6659 

7 4 1 2  

8165 

8918 

18.22 

18.27 

18.57 

20.54 

22.41 

24.09 

25.46 

26.62 

2 7 . 6 3  

2 8 , 5 2  

2 9 . 3 1  

30.03  

3 0 . 6 9  

31.29  

31.85 

18.22 

18.22 

18.23 

18 a 2.3 

18.95 

13.81 

20.64 

21.41 

22 1 3  

2 2 , 7 9  

2 3 . 4 0  

2 3 . 9 8  

2 4 . 5 1  

2 5 . 0 1  

25 .48  

c 1’ 
c a l / d e g  mole 
- 

7 . 5 0  

7 .55  

7.57 

7 e56 

7.55 

7.55 

7 .!is 

7.53 

7 . s 3  

7.53 

7.53 

7.53 

7.53 

7.53 
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TABLE 1 1  - HEAT CONTENT DATA FOR CESIUM 

3 5 1 , l  
3 7 6 , s  
3 8 9 , 7  
399 0 9 

4 2 0 . 8  
4 5 4 , 2  
5 0 6  1 
5 1 3 . 1  

5 3 3  0 
5 3 4  8 
5 4 5 . 0  
6 8 9 . 6  

111s 
1427  
1 5 4 8  
1 6 2 8  

1 9 2 4  
2 4 5 1  
2 8 5 0  
2 7 7 2  

2 9 3 0  
2 9 3 9  
2 8 8 0  
3 4 5 5  

6 9 1 Q  1 
7 2 1 , s  
7 3 7  e 1 
8 5 5 . 0  

8 7 9 . 7  
9 1 6 , 8  
970 ,O 

1 0 2 7 . 1  

1116,O 
1 1 9 0 , o  
1238 ,O 

346  0 
3 7 9 3  
3 7 4 3  
4 8 1 0  

4 9 5 7  
5 0 8 7  
5485  
5932  

6 5 8 1  
7087  
7465 
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i t  i s  n o t  plai lned t o  e x t e n d  t h c  d a t a  t o  200OoJ. b e c a u s c  oZ 
t h e  h i g h  pi-obaljlcx v a i i d ' r z y  of  :he s h o r t  e x t r a p o l a t i o n  a n d  t h e  
agreement w i t h  calculated r e s u l ~ s -  

VISCOSI%Y OF TtlE L I Q U I D  

A l i t e r a t a r ?  ~;iir\rey h a s  b e e n  per-fornted o n  e x i s t i n g  v i s c o s i t y  
d a t a  f o r  rubid iuni  and f o r  ces ium and on methods  o f  d e t e r m i n i n g  t h e  
v i s c o s i t y  o f  l i q u i d  a e t a l s .  E x p e r i m e n t s 1  d a t a  a r e  scarce f o ?  
alkali ;iietals a n d ,  exccp: f o r  r e c e n t l y  c o m p l e t c d  w g r k  oil p o t a s s i u r n , l g  
do  n o t  e x i s t  above  7 U O " C .  Data have  b e e n  u b t z i n e d  f o r  sodiuiir, 
potassium and N ~ K  a l l o y s  t o  7 0 ~ " ~ 2 0 = 2 4  and f o r  l i t h i u m ,  r u b i d i u m  
2nd c e s i u m  Irom t h e i r  r e s p e c t i v e  iilclZing points i o  a b o u t  3 5 0 ° C ,  2 5  

It h a s  been  d e c i d e d  ~ C J  use  a method b a s z d  on t h e  damping oP 
a n  o s c i l l a t i n g  c y l i n d e r  by t h e  movement o f  58n ta i r r ed  l i q u i d ,  The 
method h a s  been used  r e c e n t l y  f a r  potassium nd hot11 ine',hod and 
t h e s s y  awe-presented  i n  d e t a i l  Ly Shvidkovskiy '6  and by I l s p k i n s  
aiid ' 1oyc .2 /  

A t  the  t ime  o f  w r i t i n g ,  i r i e a t i a  of  t h c  cmpty  system has 
been d c t c r m i n e d  and c a l i b r a t i o n  i s  i n  p r o g r e s s  

V I S C O S I T Y  OF V A P O R  

A p r e l i m i n a r y  literature searc1-i h a s  shown t h a t  no  e x i s t i n g  
me thod  o f  v a p o r  v i s c o s i t y  d e t z r m i r i a t i o n  i s  a p p l i c a b l e  i n  a l l  d e t a i l  
t o  a l k a l i  IiiebLal v a p o r s ,  A t r a n s p i r a t i o n  me thod  utilizing a modi-  
f i e d  c a p i l l a r y - f l o w  t y p e  v i s c o m e t e r  h a s  b e e n  chosen a s  t h e  most 
f e a s i b l e  a p p r o a c h  f o r  d e t e r m i n a t i o n  of t h e  v a p o r  v i s c o s i t y  of 
rwbidiuin and ces ium,  

T h c  p r i n c i p l e  o f  t h e  t r a n s p i r a t i o n  method i n v o l v i n g  l a m i n a r  
f l o w  t h r o u g h  a c a p i l l a r y  i s  d e s c r i b e d  by P o i s e u i l l e L s  Law: 

where A Y  = P1-P2  i s  t h e  p r e s s u r e  d r o p  o v e r  t h e  c a p i l l a r y  
R = r a d i u s  of t h e  c a p i l l a r y  

/u = a b s o l u t e  v i s c o s i t y  
L = l e n g t h  of the c a p i l l a r y  
V = v o 8 u m e t r . i ~  Claw r a t e  

Measurement of  LIP and  V p e r m i t s  c o m p u t a t i o n  o f  a b s o l u t e  v i s c o s i t y ,  
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The v i s c o m e t e r  i s  shown s c h e m a t i c a l l y  i n  F i g  8 ,  I t  con-  
s i s t s  of  a b o i l e r ,  s u p e r h e a t e r ,  t e s t  s e c t i o n  c o n t a i n i n g  c a p i l l a r y  
t u b e  and  p r e s s u r e  s e n s i n g  d e v i c e s ,  and C o n d e n s a t e  c o l l e c t o r ,  

metal t o  a s s u r e  s e v e r a l  h o u r s  of v a p o r  t r a n s p i r a t i o n ,  After 
g e t t e r i n g  t h e  metal i n  t h e  b o i l e r  and  a l l o w i n g  t h e  t e s t  s e c t i o n ,  
s u p e r h e a t e r ,  and  c o n d e n s e r  t o  e q u i l i b r a t e  t o  t h e i r  d e s i r e d  r e s p e c t i v e  
t e m p e r a t u r e s ,  t h e  b o i l e r  t e m p e r a t u r e  w i l l  b e  r a i s e d  t o  a p p r o x i m a t e l y  
1200'F t o  e s t a b l i s h  a rub id ium d r i v i n g  p r e s s u r e ,  

The b o i l e r  w i l l  be  c h a r g e d  w i t h  a s u f f i c i e n t  amount of 

The v a p o r  w i l l  pass  t h r o u g h  a d e m i s t e r  t o  a s s u r e  e n t r a p -  
ment  of  a n y  l i q u i d  d r o p l e t s  and  t h e n  t o  t h e  S u p e r h e a t e r  which w i l l  
p r o v i d e  t h e  n e c e s s a r y  amount o f  s u p e r h e a t  ( 1 4 0 Q 0 - 2 Q 0 Q " F ) ,  V i s c o s i t y  
w i l l  be d e t e r m i n e d  a t  v a r i o u s  d e g r e e s  of s u p e r h e a t  t o  e v a l u a t e  t h e  
e f f e c t  of t o t a l  p r e s s u r e  on v i s c o s i t y ,  

two n u l l - p o i n t  p r e s s u r e - s e n s i n g  d e v i c e s -  The b a l a n c e  o f  t h e  s y s t e m  
p r e s s u r e  d r o p  w i l l  be  r e d u c e d  by a t h r o t t l i n g  v a l v e ,  A f t e r  p a s s i n g  
t h r o u g h  t h e  t h r o t t l i n g  v a l v e ,  t h e  vapor w i l l  b e  condensed  and c o o l e d  
s u f f i c i e n t l y  t o  p e r m i t  u t i l i z a t i o n  of a g l a s s  c o l l e c t i o n  t u b e  f o r  
m e a s u r i n g  t h e  r a t e  o f  l i q u i d  m e t a l  c o n d e n s e d ,  The mass f l o w  r a t e  
which  c a n  b e  computed from l i q u i d  d e n s i t y  w i l l  p e r m i t  c a l c u l a t i o n  
o f  v o l u m e t r i c  f l o w  rate 

The p r e s s u r e  d r o p  o v e r  t h e  c a p i l l a r y  w i l l  be measured  by 

F o l l o w i n g  a series of r u n s ,  t h e  metal  w i l l  be r e c y c l e d  t o  

C o r r e c t i o n s  f o r  k i n e t i c  e n e r g y  and c u r v e d  p i p e  f l o w  s h o u l d  

t h e  b o i l e r  by means o f  i n e r t  g a s  p r e s s u r e ,  

n o t  r e p r e s e n t  more t h a n  1 - 2 %  of t h e  v i s c o s i t y  v a l u e  w h i l e  the 
s l i p  c o r r e c t i o n  h a s  b e e n  p r o v e n  t o  b e  n e g l i g i b l e ,  S i n c e  t h e  appara- 
t u s  w i l l  he operated a t  v e r y  low R e y n o l d ' s  numbers ,  no  t r a n s i t i o n  
t o  t u r b u l e n c e  i s  e x p e c t e d ,  

THERMAL CONDUCTIVITY O F  THE L I Q U I D  

A l i t e r a t u r e  s u r v e y  h a s  been  p e r f o r m e d  on e x i s t i n g  t h e r m a l  
c o n d u c t i v i t y  d a t a  f o r  t h e  a l k a l i  m e t a l s  and on me thods  u s e d  f o r  
t h e  d e t e r m i n a t i o n s ,  Most i n v e s t i g a t o r s  have  f a v o r e d  t h e  u s e  of 
t h e  g u a r d  r i n g  o r  l o n g i t u d i n a l  h e a t  f l o w  m t od o r  d i r e c t l y  d e -  

I n  u n s t e a d  s t a t e  d e t e r m i n a t i o n s ,  t h e r m a l  d i f f u s i v i t y  i s  

t e r m i n i n g  l i q u i d  t h e r m a l  c o n d u c t i v i t y ,  1 9 , d  p 9 4 , 2 g - 3 "  

a c t u a l l y  m e a s u r e d , ~ 4  T h i s  t y p e  of measurement  i s  e a s i e r  t o  ob -  
t a i n ,  less a c c u r a t e  and  h a s  been  a p p l i e d  t o  h i g h e r  t e m p e r a t u r e s  
t h a n  s t e a d y  s t a t e  d e t e r m i n a t i o n s  which measu re  t h e r m a l  c o n d u c t i v i t y ,  
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In g e f i ~ i - a l ,  therm$-1 c o n d u c t  ~ v i ' c y  meab~rcnien ts  a r e  d i f f i c u l t ,  r e -  
q u i r e  e l a b o r a t e  apgaratiks and have  n o t  y e t  been s u c e c s s f u i i y  p e r -  
formed f o r  liquids t u  2 0 0 0 " F ,  

(Xhc rec.iprocra1 o f  e l r c . t i i c a l  r e s i s t i v i t y )  by t h e  Lorenz rnumber, 
a s  I r O l l 0 1 ~ ~ ~ ~  

Thermal conductivity i s  r e l a t e d  t o  clcctricai c o n d u c t i v i t y  

~ h e 3 - e  ! - I , O P ~ A Z  number 
K thermal conduc t iv6 t .y  
1'- = c l ~ c t r i c a l  c o n d u c t i v i t y  

k -* !3ol2ma3nes c o n s t a n t  
e 7 electnoii  charge 

T = a b s o l u t e  teKpe%atlJrc  

Fox mos t  meCaSs a t  t s m p e r z t u r e s  i n  e x c i s s  G €  a b o u t  200'K 
t h e r e  i s  good agreement bciween t h e  e x p e r i m e n t a l  JAorenz number 
( ca l cu la t ed  from K ,  6 and T) and the t h e o r e t i c a l  Lorenz  nUinbcr 
( z , ~ L  x 10-1-3 e s u ,  2,41 x 1 0 - 8  v o l t 2 / d e g r r c 2  c a l c u l a t e d  froin t11e 
I i g h t  h a n d  term a b o v r )  The  a v e r a g e  J e v i a t i  o n  f o r  t h e  experimental 
Lore;iz numher of 1 3  metals a t  273'K i s  l e s s  t h a n  5 %  Erom t h e  Zheo- 
r e t i c a i ,  b o r  sod ium and  f o i  iv,o g r a d e s  of N a K  Lhe average e x p e r i -  
mental. L o r e n z  number was w i t h i n  4 ,5% I . I?%-anJ 4,1%, r e s p e c t i v e l y ,  
of t h e  calculated v a l u e  from 100  t o  SO0°C,51 

A l l o y i n g  01 metals would cause  no  problem a n d  t h e  l i q u i d  
s t a t e  i s  a d v a n t a g e o u s  a s  i t  w o i ~ l d  iOjt1in1ii:e l a t t i c e  e f f e c t s  and tlie 
p o s s i b i l i t y  oT isotropisn, Eligh t w n p e r a t u r e  cou ld  b e  e x p e c t e d  t o  
i n c r e a s e  t k  v a l i d i t y  o f  t h e  Lorcmz r e l a t ions I s5p .  I n  view 3 P  t h e s e  
c i r c m s t a n c e s  i t  vas  ciecided t o  m2asuse e l e c t r i c a l  resistivity 
and t r a n s l a t e  t hese  r e s u l t s  b y  t h e  Weidem3nn-Franz-I,oxenz law. 

The r e s i s t i v i t y  o f  l i q u i d  r u b i d i u m  H ~ S  determined  by 
measurement  of the t o t a l  r e s i s t i v i t y  o f  a 0 , 5 0 0  1 1 1 .  d i a m e t e r  Haynes-  
7 5  t u b e  ( 0 . 0 6 3  i n ,  w a l l )  filled w i t h  l i q u i d  r u b i d i u m .  T h e  Haynes- 
2 5  coneaincn w h i c h  w a s  2 2  i n c k c s  l o n g ,  was mountcd i n s i d e  o f  a 
c y l i n d r i c a l  s T a i n l e s s  s t e e l  h e a t i n g  b l o c k  w i r h  an o u t s i d e  diaii ieter 
of 3 , s  i n c h e s  and an  i n s i d e  d i a m e i c r  o f  2 , O  i n c h e s ,  T h r e e  KanthaS 
wound t u b e  elcments, w i t h  separate c o n t r o l i s  011 each  e lement  served 
t o  h e a t  t h e  b l o c k  t o  e x p e r i m e n t a l  t e m p e r a t u r e ,  and m a i n t a i n  an 
i s o t h e r m a l  zone o v e r  t h e  central 1 4  i n . .  s e c t i o n  o f  the  Haynes-25 
c o n t a i n e r ,  
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T e m p e r a t u r e  measu remen t s  were made w i t h  t h r e e  U,S, Bureau  
o f  S t a n d a r d s  c a l i b r a t e d  Pt ,i7t/90% fth t h e r m a c ~ u p l e ~  and a L E N ,  
K-3 p o t e n t i o m e t e r ,  iResistance measuremen t s  were made w i t h  a f o u r  
p robe  d o u b l e  r a t i o  K e l v i n  B r i d g e  [Honeywell  # l 6 2 2 )  arid a s e n s i t i v e  
g a l v a n o m e t e r ,  Direct c u r r e n t  was supplied from a 6 v o l t  l ead  
storage b a t t e r y  c o n v e r t e d  t o  2 v o l t  o p e r a t i o n  and  e q u i p p e d  w i t h  B 
c u r r e n t  r e v e r s i n g  switch, E l e c t r i c a l  c o n t a c t s  were welded onto 
t h e  c o n t a i n e r  t u b e  and  f i l e d  down t o  a c h i e v e  p o i n t .  c o n t a c t ,  A 
p u r i f i e d  a r g o n  suppiy  was u s e d  P O  s u p p r e s s  boiling of  t h e  r u b i d i u m .  

t h e  r e s i s t a n c e  of the Haynes N o ,  2 5  a l l o y  c o n t a i n e r  t u b e ,  t h e n  
f i l l i n g  i t  w i t h  r u b i d i u a  and  m e a s u r i n g  the r e s i s t a n c e  o f  t h e  f i l l e d  
t u b e  a t  v a r i o u s  temgesa$uses t h r o u g h o u t  %he r a n g e  ,, C a l i b r a t i o n  r e -  
sistance measuremen t s  of t h c  e v a c u a t e d  c o n t a i n m e n t  t u b e  were t aken  
from 8 0 ° F  t o  L O Q Q * F  a n d  a r e  p r e s e n t e d  i n  ~ i g  9, Froin .these r e s u l t s  
i t  i s  a p p a r e n t  t h a t  a c o n s t a n t  t e m p e r a t u r e - r e s i s t a n c e  p r o f i l e  h a s  
been  e s t a b l i s h e d  f o r  the  Haynes No, 2.5 a l l o y  t u b e ,  Tcmpera tu re  
arid resistance measuremen t s  were made with t h e  f u r n a c e  e l e m e n t  
c u r r e n t  o f f  i n  o r d e r  to m i n i m i z e  any andueed emfs, The t u b e  was 
c h a r g e d ,  u n d e r  vacuum, w i t h  a p p r o x i m a t e l y  6 0  grams s f  r u b i d i u m  
meta l ,  An o v e r - p r e s s u r e  o f  NaK p u r i f i e d  a r g o n  was t h e n  a p p l i e d  
t h r o u g h  a s t a i n l e s s  ,steel t u b e  protruding from t h e  t u p  of  t h e  c o n -  
t a i n e r  > l ies is tancc measu remen t s  an  t h e  f f l l c d  c o n t a i n e r  were t h e n  
made, A l l  measu remen t s  were made i n  s e v e r a l  groups o r  h e a t i n g  r u n s ,  
The a p p a r a t u s  was allowed t o   COO^ t o  room temperature  a f t e r  each 
r u n  0 

The e x p e r i m e n t a l  p r o c e d u r e  c o n s i s t e d  of f i r s t  d e t e r m i n i n g  

The  r e s i s t a n c e  of t h e  l i q u i d  metal s a m p l e  was c a l c u l a t e d  
from t h e  f o r m u l a  f o r  p a r a l l e l  r e s i s t o r s :  

where K 1  = resistance of  the l i q u i d  m e t a l  
R 2  = c a l i b r a t e d  r e s i s t a n c e  of Haynes No,> 2 5  a l l o y  

R3 = r e s i s t a n c e  o f  t u b e  f i l l e d  w i t h  l i q u i d  metal  
c o n t a i n e r  t u b e  

The r e s i s t i v i t y  o f  t h e  l i q u i d  metal is c ~ m p u t e d  froin t h e  e q u a t i o n :  

where  A = cross s e c t i o n a l  a rea  of the  l i q u i d  metal  (cniz) 
i = l e n g t h  of  the: l i q u i d  metal  column (cm 0,,082 cm) 
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I t  was e v i d e n t  t h a t  h c a t i n g  t h e  empty containex t u b e  t o  
any t e m p e r a t u r e  behow 1850"l. had n e g l i g i b l e  e f f e c t  on s u b s e q u e n t  
r e s i s t a n c e  r e a d i n g s  a t  t e m p e r a t u r e s  below 1 8 5 0 " r  I'hc changes i n  
resistance which o c c u r r e d  a f t e r  h e a t i n g  t h e  cylinder o v e r  1 9 5 0 ° F  
may p O S s i h l y  be  a t r r i b u t e d  t o  changes  o€ p h a s e  w i t h i n  t h e  Haynes-25,  
The t e m p e r a t u r e  g r a d i e n t  a l o n g  t h e  1 4  i n c h  f i l l e d  t u b e  section be-  
twecm t h e  K e l v i n  Br idge  p ~ t e n t i a l .  l e a d - t e r m i n a l s  was h e l d  t o  a b o u t  
~Z'F, T W O  resistance rnedsurements were made at each r e a d i n g  (one 
f o r  each d i r e c t i o n  o f  b r i d g e  C u r r e n L )  and t h e  a v e r a g e  taken  a s  t h e  
t r u e  r c s i s t a n c e  v a l u e ,  T h i s  A R  i s  duc t o  t h e  t h e r m o e l e c t r i c  e f f e c t  
and t o  thermal emfs o f  the  the rmocoup les ,  A large b r i d g e  c u r r e n t  
( m 3  amps) h e l d  t h i s  d i f f e r e n c e  t o  a minimum, 

Re s i s t i v i t y d e t e rill i n  a t  i on s h av e b e e n c om p 1 e t  u d f o r  r u  1) i d i urn 
t o  2000 'F  and a r e  present-ed i n  F i g  1 0 -  The r e s u l t .  a g r e e  w i t h  
p r e v i o u s  d e t e r m i n a t i o n s  w h i c h  were madc t o  1380°F  3 2  

D e t e r m i n a t i o n  u f  s p e c i f i c  h e a t  and t h e r m a l  c o n d u c t i v i t y  
w i l l  be per formed a f t e r  much of  t h e  da t a  d i s c u s s e d  i n  p r e c e d i n g  
seceions h a s  been o b t a i n e d  As y e t ,  no  methods  have  been c h o s e n ,  
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F I G  4 - R I l L I I D I I J h l  PVT D A T A  
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F I G  5 - EXPANSION OF HAYNES C O N T A I N E R  
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ABSTRACT 

The f ina l  resul.ts of the  e x p e r i n e n t a l  de t e rmina t ion  of 

the t h e r i a l .  conductivity of 99.81- w t  4 molten l i ' ihium from 

320 to 830°C a r e  r e p o r t e d  i n  t h i s  paper .  

r e s u l t s  j u s t  ob ta ined  for -the su-rface tension of 99.97 +rt $ 

molten potassium f1-om r70 t o  '713°C us ing  a m a x i m i m  bubble- 

pressure appa ra tus  are also given i n  t h i s  paper .  

The p r e l i m i n a r y  



6 7 

PART? I. THTBMAL CONDUCTIVITY OF MOLTEN LITHIUM 

In tvoduct  i o n  

Molten l i t h i u m  has long  appeared atts .acl; ive as a h igh - t em~)e ra tu re ,  

h i g h - e f f i c i e n c y  h e a t - t r a n s f e r  medium. A s  more knowled.ge is gainell of i t s  

compat&il.l.ty with various con-Lainer m a t e r i a l s ,  molten li.thiLun seems c e r t a i n  

t o  f ind  a p p l i c a t i o n  as a coolant f o r  s p c e  power r e a c t o r s  and o t h e r  high- 

performance r e a c t o r  systems. However, howledge of i t s  the:r.mophysical. prop-  

e r t i e s ,  p a r t i c u l a r l y  thermul conduc t iv i ty ,  is  still l i m i t e d  wi th  r e g a r d  t o  

temperature range  and agreemen-t of experimental  data. Ikor exmpie, the f i v e  

 investigation^'-^ pr evious1.y ava i la ,b le  for t h e  thal*mal condiic-t i v i t  y of rwl ten  

l i t h i u m  d i s a g e e  by as much a s  80% i n  absolute magnitude. 

resolve t h e s e  disagreement:; and t o  extent?. the data tso h igher  tempera tures ,  

an apparp-tus was 

l . l th ium from 320 t o  830" C.  

given i n  t h i s  pape r .  

I n  an. a t tempt  .to 

devel.nped t o  de-Lerrnine t h e  'therm2al c o n d u c t i v i t y  of molteti 

The f i n d  r e s u l t s  of this i n v e s t i a t i o n  a x e  

Apparatus  

A comparative,  ;Ixia1.-heat-TLow thermal  c o n d u c t l v i t y  apparatxs uti l . izi .ng 

ctxnpensating guard h e a t i n g  was developed for t'ne i n v e s t i g a t i . o n  and is shc,r,fn 

i n  Fig. 1. The c e n t r a l  pn_rt of the appazatus, t h e  test p iece ,  consist,eil o r  

an expansion tank, main h e a t e r ,  upper heat nicixr, samp1.e eontailzer and lower 

heat meter.  

t h e  water-cooled s i n k .  f irromiciing t h e  t e s t  piece were a eosx ia l  gmrd tub? 

and an alumina cylirider which slipported the  gim,r& h e a t e r s .  Heat f low i~ t h e  

redial d i r e c t  ion w a s  minimized by maintaining wi th  the  guard. hextcrs n.n 

axial t empera ture  pr0fil.e i n  t h e  gi.iard tube which matched i;he axTa,l temper. - 
a t u r e  profi1.e of -tihe test p iece .  

Heat f r o m  t h e  maki  h e a t e r  flowed. down -the t e s t  p i ece  and i i y b o  
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The h e a t  meters  and sample c a v i t y  were a l l  1 . 5  i n .  i n  d i m e t e r  and. 

-3 i n .  long.  

measuremerits al-oiip; t h c  Lest piece ,  15 thermocouples made from ?O-g:zl-lgC. 

Pt, vs  Pk-lG$ Hh w i r e s  were p l aced  i n  0.055-in.-diam r a d i a l  thermowells 

which extellded t o  the c e n t e r l i n e  of t h e  t e s t  p i e c e :  one Lhermt~oco~ple im 

each of four p l a n e s  spaced 0.5 in. apai-t i n  t h e  upper h e a t  netter, one 

thermocouple hi each of t h r e e  p l a n e s  spaced O. ' ( ' j  i.n. a p a r t  i n  t h e  1-ithi.m 

sample, and two 'iherrriocouples iil each of four  p l anes  spaced 0.5 i n .  a p a r t  

i.n t h e  lower h e a t  meter .  Fleven thermocoupl.es were p l a c e d  i n  correspond- 

i n g  planes in t h e  guard t u b e .  

The wall. of t he  snnple  cavity w a s  0.0625 in. l o r  temperature  

The appa ra tus  w a s  s i t u a t e d  i n  a furnace which maintained t h c  sur- 

i-ounding at  an adequate tempera.ture l e v e l  t o  f u r t h e r  rcduc:: any r a d i a l  

heat f low and t o  a s s i s t  i n  c a l i b r a t i n g  t h e  thermocoup1.e~ i n  p l a c e .  F i b e r -  

frax insu l -a t ion  was c a r e f u l l y  placed i n  a l l  v o i d  r e g i o n s  w i t h i n  t h ?  furnace. 

The en'iii-e system was maintained i n  R high vs.cuum ( 3  to 8 X lo-" t o r r )  t o  

mliniinize t h e  conveci ive,  conducti.vc, and c o r r o s i v e  e f f e c t s  of an aLinosphei-e. 

Qer a t  ing  Procedure 

1ni . t i a . l  f i l - l i n g  d i f f i c u l . t i e s  caused by -the h igh - su r face  Lension, 

l a r g e  h e a t  of f u s i o n ,  aild low dei1sj:ty of t h e  1ithiu.m mre  ovei-come and the 

sample c a v i t y  w a s  s i iccess fu l ly  f Ll led w i t h  a v o i d - f r e e  sample of  l.ithium 

metal  whose spectrochemical  a n a l y s i s  is given 2.n Table 1. 

The I3 vs P t - l O $  R h  thermocouples used i n  t h e  i h v c s t i g a t i o n  were c a l l . -  

bra- ted by ve ry  1 ight l .y  spot-Tiipldii'@ e i g h t  thermocoupl es  at a t ime t o  the 

junc t ions  of a 24-gauge NBS Pt vs Ezt--l.O$ Eh thermocouple.  

a t t a c h e d  thermocouples were placed i n  t h e  c e n t e r  o f  a 24- in .  - long horizontal .  

f w n a c e  f o r  c a l i b r a t i o n .  

'The stand.ar6 and 

'Thus, ei.giit t'ncrrnocouples at a tjme were c:al.i'oratcC 
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T a b l e  1. Spectrochernical Analyses of  t h e  Lithiurn 8mpl.e 

Before and A € t e r  Thermal. Conductivity Ikte:r.minat ions 

Weight Per Cerit 

Impurity Before After 

Ea 0.015 0.01 5" 

K 0.060 0 0 oma 

C a  

Al 

0.0001 0 0 0001& 

0.0005 0 6 0005" 

Si 0,001 0.0058 

c 1 0.04 0. Oba 

N 0.012 0 * 01.2a 

Ni <o 0015 0.0022 

Cr 

T i  

0.2 

Mrn 

Fe 

Other (estimated) 

Li (by difference)  

<o e 001.5 

<o .001.0 

<o " 001 

<o 0 001 0" 

0.0063 0.0063~ 

0.0003 0 0003" 

<G .OW 

O.OOZ'[ 0.0024 

0.025 0 0 025 
a 

39.82 99-81 

%hese values were assumed -to remain v.nchariged. 

r e l a t i v e  t o  each other and t o  tne s t a n d a d ,  reducing t h e  c a l i b r a t i o n  eTror 

i n  the  A t  measurements t o  an estimated ?r0 .20°C,  An e l e c t r i c a l l y  guarded 

and shielded B N  K-3 potentiometer and. pv mqlifier system was used t o  

measure t h e  thermocouple emf's. Considerable care was taken t o  minimfze  

extraneous thermal emfs . 
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A:Ti;:?r t h e  assembly of t h e  appa ra tus  was compkted,  t h e  system pres- 

s u e  w a s  realiced t o  3 X IO-" t o r r  a n d  t h e  furnace  hea t  gradual.ly increased 

over a p e r i o d  of a week. 

p e r a t w e  gradi-ent was esLabli.she2 i n  t h e  t e s t  p i e c e ,  and 'die guard h e a t e r s  

were adjus.Led t o  ob ta in  a matching axial-  terrqerature g r a d i e n t  i n  t h e  guard 

t u b e .  To inatch the  two g :ad ien ts  w i t h i n  accep tab le  1.imits usiml.ly r e -  

quired 8 to 1~0 hr , am? to i n s u r e  s t e a d y  s t a t e  th i - s  coi idi t ion vas maintained 

another  6 t o  10 hr befo re  3 s e i  of d.al,a wa.s iaken.  

check f o r  induced emf w-as made by reading each thermocouple rLurl:.ne; a momen- 

t a r y  shu'iooff of a l l  elec-Lyical supply  Lo t h e  system. 

When t h e  appa ra tus  reached 345"C, an axi.a.1. tern- 

During ope ra t ion  a 

The conduc t iv i ty  w a s  c a l c u l a t e d  from a heat balance a t  the i n t e r f a c e  

between the upper h e a t  meter aird smp1.e a n d  also a t  t h e  i n t e r f a c e  between 

t h e  lower hea t  meter a n 6  sa.mple u s i n g  t h e  equa t ion :  

where k, A, x, and t r e f e r  t o  conduc t iv i ty ,  cross-secti.ona3- a r e a 9  axial 

length, and tempera ture ,  aild t h e  suhscr j -pts  H, W, amri L i  rc fe r  t o  the h e a t  

meter,  sample con ta ine r  wal~l , and l i t h i u m  sample The tempera ture  g r a d i e n t s  

a t  t h e  i n t e r f a c e s  were c a l c u l a t e d  from an equa-tion of -the form: 

which w a s  l e a s t - s q u a e s  Fitted t o  t h e  t cqc ra tu re  d a t a  of t h e  t'nree respc,c- 

t i v e  r eg ions  of t h e  t e s i  p i ece  ( ~ , g . ,  t h e  sample and tvo  hea t  mieter r eg i9ns ) .  
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e quat ion : 

,.,.. . . . . . ._ ...... ~ . - . - . . . -  
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After t h e  de te rmina t ions  had heeri coq le i ; ed ,  a2 i-n-place relat,iT.re 

t,he systcrr, iso- ca l . ih ra t ion  of t h e  thermocouples was made by  opera1 

-i;hermaily a t  "jgS"C. 

about t h e i r  averaged va lue  w a s  ? 0 . 3 O " C .  'i''n7.s was ayproxim 

-than t i le  error e s t i m a t e d  for -t;iie initial. measxrcment s ,  i c d i c a t i n g  tint i ! .  

t h e  thermocoupl-e emf bad d r i f t e d  from t,bc inii;j.:il. Cali-brat ions 

The m e m  devia t , ion  of t h e  t e s i  p i e c e  thzrmo 

Disc 11s s i on of ii es ul is 

From cons idera , t ion  o f  iiimy p o s s i b l e  sodrces  of el r c ~ s ,  ?..he +,ot::.l ..~2- 

c e r t a i n - i y  i n  t h e  resulYts was conservat ivel-y e s t  d Co be less  tl-mn .~-8 

to ?!.5$ from t h e  lover t o  t,he h ighe r  teiciperat.u.res .I 

c e r t a i n t y  was probably less t h a n  the t o t a l  ii.ncert,aj nLy i s  ev?.der,ced by 

( a )  -the good agreement between the two independeni axial -heD, t , - f low rne,T,,ju-i.e- 

merits [tile d i f f e r e n c e  va ry ing  from 0.1 to 3.8761, (b) the uiodest m o u n t  o f  

rad ia l .  hea t  exchange [always 5 1 .O$ of t h e  axial.-hezt; P l o w ] ,   and^ (c) ?.he 

c o m i s t e n c y  o f  t h e  axi~al tei;ii,r)e-ratu.re prof i 1 - e ~  e 

T'hnt +.he rscirkul un- 

E x t r a p o l a t i o n s  t o  t h e  me l t , i ng  poirk of t h e  p r e s e n t  d:j ,~a,  prevTous r e -  

su l t s ,  and values p r e d i c t e d  by the Wiedemnn-Franz r e l s t j  o n s h i p  [us ing  

e l e c t r i c a l .  r r s i s ' i i v l i t y  data, from r e f  e 61 ngl-ee t o  w7.I-h 

whereas above 5' jO°C, t h e  przsent res1.il.t~ compare we1 l 

values, p a r t i c u l - a r l y  i n  temperature dependen.cy. The t.emperat:we depende::cy 

of tile p r e s e n t  r e s u l t s  ris p o s i t i v e ,  which is @ontrar;y to  t i ~ e  d 

molten sodium o r  putassiiliiig hut, is consis-r,ent w i t h  'Ll?e ~.*nlliiiiet 

of the rma l  exparxion of mo1t:en 1.ithiurn being a l .~nos+ t ,  h$f t!iti.t of ei k c i -  

mol-ten sodium. oi" pottzssiUi1. 

From a hi-oad extrapol; . ; t ion of bhe present, data to ;he ce lcu l  ated. c-.i i - 

ical. c o n d u c t i v i t y ,  the cond3uctirrit.y of t h e  l ~ l i i l  :-.en I ? L h l n  -!rnc?rs i .c  i 
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a maximum of 0.78 watt/cm-"C a t  lyOO°Ca 

v e s t i g a t i o n  a t  high t empera tures  f o r  v e r i f i c a t i o n ,  By s u b s t i t u t i n g  n 

niobium a l l o y  for t h e  s t T i n l e s s  s teel ,  the  p r e s e n t  appara tus  could be 

used t o  ex tend  t h e  conduc t iv i ty  data t o  t h e  normal b o i l i n g  poink ( l 3 l Y " C ) .  

This will require P m t h e r  in- 

PART 11. SUNFACE TENSION OF MOLTEN PoTASS_3 

An important  factor i n  t h e  correlatic3'n and evalsat ion of b o i l h g  and 

condensing data fo r  molten potassium i s  tlze interI[ 'aci .al  t e n s i o n  bet,ween 

t h e  l i q u i d  and vapor phases. 

r e p o r t e d  i n  t h e  l - i t e r a t m - e  for  the surface tension of molten pOtn~sium>~ 

To extend  t h e  data t o  n e w  the b o i l i n g  point, ,  an i aves t . igs t - ion  was i n i t , i a t e d  

us ing  a mnxiinun bubble pressure apparnt;vs 

i n v e s t i g a t i o n  are given i n  t h i s  paper, 

Only vnlues near tine rnel.Ling p o i n t  have been 

The prelini .nary res7il.t.s of  t h i s  
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Several Lnconel capi .1lary tubes of  va r ious  insi i ie  3iarr.et;ers (1.53568 

to 1.66379 im!) and ou-isld-e diameters (2.39522 to 3.1.7506 null) CCYO used for 

t h e  d c t e m i n a t  i o n s .  The d iam ' i e r s  were measured w i t h  a Moore Universal 

Measuring Machi.nc ( s e n s f - t i v i t y  " 5  X J.0-4 mi.) u s ing  a !rC power microscopc. 

The tubos vere a1 S O  ea! :.bra.t,eci from surfaxe t e m i o n  de te rmina t ions  nf 

h i p l y  d is t i l - l . cd ,  doubly dei-onized wai;e-i..  The mol-ten patassi.i,m s z r q i ~ e  w a s  

hea t ed  i n  a V a r i a c  controller? ex te r to l -  f u r n a c e .  The sample t a q w i - a t u i ~ ~ s  

were meas i r ed  with three Chromel.-Alumel thermocouples - one. just above t h c  

surface and two i r i  t h e  l iqi ; t? .  

Operat ing Proce&m-e 

The vacuum dry box was evalmated 'io and mai.ntained ai; 2 x t o r r  

u n t i l  the pressii-t~e buildup (wi th  the d i f f u s i o n  pump o f f )  was Less tlian 

3 X i o r r , / h r .  

(?9.9?9+ l*ii %), the con ta ine r  of potassillin, whose cpec-i;rocheni.cal. anal .ysis  

be€'ore and a f t e r  the determinat i -ons Ss gi.ven i n  l'ahl-e 2, was opened and 

i n s e r t e d  i n  the f u r n a c e .  A f t e r  heating -thc pokassiurn -io t h e  d.esj.*.ed tenr- 

perature -the micromanometcr was zerozd,  anii the cani l iary ii.ubc zeroed 

a t  t h e  po in t  of elcctri-,al c o n t a c t  W i t h  the nol~tcn potassium. Th.3 t u b e  

w a s  ihen lowercd t o  various depths ,  and t i le mx<.rriuni prcssure recorded a t  

each depth .  The helium flow t?irovgh t h e  capillary tube tias regulat,cd t o  

forin one tc two bubbl-es a minute.  For this particula;. svsteri,, a bubb1.e 

fo rma t ion  r a t c  g;r-eai;er thari iwo per. minute gave l~ower pres su rca  due 'io 

p e s s u r e  losses through t h e  pressiu-z m e a m r i n g  systcril. The ' c a p i l l a r y  tube  

w8.s Lhen raised. ou i  of the  l i q u i d ,  and t h e  zero  l e v e l  vas  rechecked.  The 

i;e:nperature was raispd to m o t h e r  l c v c l  and t,he above proce&i-c  r e p e a t e d .  

A f t e r  f i l l i n g  the dry box with high-purFty helium 

Y 



Table 2. Spectrochemical  Analysis  of Potassiwr? 
Batch No. 1 Before and P-f-ter Surface 

Tension Determinat ions 

Element Before,  Af t e r  

PP l  PPm 

- Oxygen 26; 3'; 

I r o n  <5 3.3 
Chromium <1 <1 

s Nickel  6.7 2 .2  

Lithium 

Sodium 

Rubidiun! 

Cesium 

<I <I 

(50" n o b  
132 47 
20 22 

Magnes i u m  

Copper 

Cobalt  

Calcium 

Molybdenum 

Boron 

<3 
10 

- Lead <5 

Titanium 

Silver 
- Zirconium a o  

Potassium (by d i f f e r e n c e )  

aSample t aken  i n  polyethylelle b o t t l e .  

bSample t aken  i n  glass bott1.e. 

99.97 wt $ -_____ 

R e s u l t s  

Two hundred and two deter lninnt ions were madc 0-7 the surface 

t e n s i o n  of molten potassium r e l a t i v e  t o  a mixiixrc of  h e l i u L n  ?i?d poi,:issiiim 

vapor from 70 t o  713°C f o r  both i n c r e a s i n g  and d e c r e a s i n s  tempera tures ,  
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usi.ng Two d i f  fercn-i bat 'zhes  of potass-i.un and four d. i . f f - . rent  ca,pil.J-ary 

t u b e s .  

equa t ion , "  

The prel.3.mi.na-y results were c a I c u h % e 3  us ing  Szhroeftinger Is 

ii - 115.51 - c.065~ t ("C) (5 1 

f ron 'TC to rTIOoc w L t i i  a. mean sqimre dev ia t ion  of to.64 dyires/cm. 

of Lhe values around 2CO"C were n o t  incl.izded in t h e  l e s t  -squares ana.?ysis 

f o -  r eazons  t o  bc c?isc:i.ssea Later.  

 several^ 

Yhe r e s u l t s  are consldercd preliminary for t h e  following rea3ons : 

1. Corrections haw yet t o  be ma3e f o r  t h e  iiiermal cxpansion of' t h e  

cap i l  lary tubc ai1d -i,he f l u i d  vol u.mc displ.aced by t h e  zapil . l .ary t u b e .  

2. Hedetermiiiat l~un of t h e  cap?-1.7 a r y  tube r a ,d i_ i  anrl recal~i .brat ; ions 

of %he tubes using water after Lhe i n v e s t i g a t l o n  have not  been coinp1el;ed. 

3 .  An ana1~ysis f o r  the i.npur?-i,jks i n  t h e  second batch of potassjuni 

a f t e r  th? deterninat.ions has not kcen cornpi-eted. 

4. Sck-oediylgcr Is eTJ.atior_ vas nsed f o r  t h e  c a l c u l a t i o n s  i r r s t e a d .  of 

t h c  i1iC)re p rcc i se ,  biit iiivolvcd, ra t i -vc pi.ocedure of Sugdrn' (spot  checks 

in2,ica.te a 3ifTeyence of l r s s  Lhzn o x  per cenL ketTwecn t h e  two meth-ods ror. 

t P . i s  Fnvest , igat ion)  . 
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As a cal.ibration check of the apparatus, the  su.r:f:ice tens ion  relati.vc 

to hc1.iim o f  t r : i .p ly  d i s t i l l e d ,  d.ou.bly dei-oi-?ized wakr was determined ai; 

2 8 " ~  using capillary tube NO. I anci found. io be 2$ b i 2 1 . 0 ~  t he  value reported 

by Co:rseyl0 for pure water relative t o  a i r .  

can be at t r j -buted to t h e  suFs-t-i.tut,ion of tiel.!.m lor a j r ,  as pnin-i;ed out by 

Gnsnbil-l.l '  

A large pa:.% o.f t h i s  d i f f w e n c e  

Calibrations o-f the oiher tips have not  been coi?.pl-e'ced. 

The d e n s i t y  of ptassium was a l s o  cal.cul.ated. f?rcirn the data using t h e  

e qumt ion : 

There p = densi-ty (g/cmi3 j ,  

d = outs ide  diameter nf capi.l.lxry tlube (cni), 

H = manometer reading (em of K ~ o ) ,  

D = ?.aside cii.a.me-ter of pot,acsium cont8.i-ner (cm), 

= depth of ca.pil.l.:zry tube be?ow surface (cm), 

a! ::: c0eff ic ien. t  of l i n e a r  -tl-ic-r.mal cxpa;nsi.ou of Inconel 

i; = potassi.im t eqxra tu . r e  ( "c), 

t, = room temperature ("c), 
0 

and where the  siiSrjscri.pta : 

IC = p3tassiinr1, 

HzO -- w c t e r ,  

1,2 = two dt f fe ren t  dep-ths . 

(or"), 

The resii l ts  a r e  p l o t t e d  8,s a fwic t ion  of temperature in F i g .  6. 
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Discussion of Kesu l t s  

The major sources  of  e r r o r  in t he  surface t e n s i o n  ae t e rmina t ions  and 

t h e  e s t ima ted  m a x i i n u m  u n c e r i a i n t i u s  are shown ii1 i'able 3. 

Table  3. U n c e r t a i n t i e s  i n  t h e  Surface  
"ens j on k-LerIninat i ons  

Sour ee Uncer ' m i n t y  

Ccn'sity of  manometer f l u i d  

Densi ty  of  potassium x . '7 
Tuhe d~iametcr io. 6 
Immcrsion depl,h 20.7 

Max immi pi- e G e UI' e de-t e rm i. ra-L i (on k 0 . 3  

+_O .@-$ 

Total t? .-$ 
.......... .- ............ ___ 

Addi t iona l  unceL*taint ies  amminting up to ?l$ are probably present  in the 

preliminary s u r f a c e  tension results because the c o r r e c t i o n s  , rrie.ntioiied 

p rev ious ly ,  have r?ot y e i  been . ipp l ied .  

Some s u r f a c e  teris?'on va lues  arouiicl 2 C O " r  arc RS much as 5% be:-ow thi: 

l e a s t - s q u a r e s  IMne ( 3 " ~ '  FLg. 5 ) .  Ad1 of these  lower iralucc were recorded 

wi-khin 10 to 20 minutes aE-Let- 5, new capil.lary tube had Seen i n s t a l I ~ c t l .  

Thus, although still dekat:ai)l.e, t h e  present f e e X n g  i s  t h a t  these lowe? 

values r e s u l t e d  from poor v e t t t n g  of Liie c n p i l l a r y  tube  by tile ~ o i d ~ ~ i i i m .  

The only i n v e s t i g a t i o n  of  t h e  s u r f a c e  t e n s i o n  oE potassium that. brio 

-thus far been found in t h e  l i t e r a t u r e  was by Quarternan and Prirn:ik7 1.p  

1949 us ing  the ca,p"~?lzry r i s e  method. 

p r e s e n t  va lues  (see Fi~g. 5 ) .  i n  their own cpiriion, t h e i r   result,^ cci.i!.:j : - ) ' >  

1.5% too low due Lo a p o s s i b l e  con tac t  ang le  'uetxr-en t.he potassium and tile 

g1.a.s~ c a p i l l a r y  t u b e  n.nd t o  t h e  difficul:Li.es i.r? mczsuring t h e  c a p i l l a r y  

Their  r c su l - t s  fall 40% below tht- 
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he igh t  between t h e  two concave rami.sci. 

The composite of  -t;’liree i n v e s t i g a t i o n s  of  the density of  molten p o t a s -  

. sium ob ta ined  from the Liquid Metals 1Iandboolfll i s  compared w i t h  t h e  preseiit 

r e s u l t s  i n  Fig. 6 .  The agreement is qui.1;~: good with the p r e s e n t  results 

a.veT.-aging 0.4$ h i g h e r .  

s i s t e n c y  and p r e c i s i o n  of t h e  surface t e n s i o n  valiues ob ta ined  i r i  t h i s  i n -  

ves t iga tLon .  

Such agreement is a gmd liridicartion of i;he con- 

After t h e  pr e 1 iiiiina r y sur f RC e t e n s  ion  s u l . t s  Tcjr molten p0tassi.m 

have been compl.ete1.y evn3.i.mt,ed, the irrvestiga-Lion will. be conti.nued ’LO 

o b t a i n  the surface t e n s i o n  end d e n s i t y  of  t?ic o t h e r  sil-kali m e t a l s  t i 2  n e a ~  

t h e i r  b o i l i n g  p o i n t s .  Upon coinpletion of -these de t e rmina t ions ,  R s-i;ixiy 

will be made of t h e  c o n t a c t  ang le s  of a l k a l i  metal droplets on vo,i-ioiin 

sample surfaces. 
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DISCUSSION 

Im. FISHZR: Do you. plan t o  measure t h e  surface tension of rubidium 

or cesiwfi? 

bD7. BOITIILA: Rn a r t i c l e  by Temp1.e I n s t i t u t e  does have surface 

teasion va>lu.es for potassium apart from t h o s e  you reference. 

these have been quoted by Weatherford e-t al. 

1 believe 

MR. COOKE: ?l?:mk you; I w i l l  look a t  t h o s e .  



THE 'IHERMODYNAMIC AND 
TRANSPORT PROPERTIES OF POTASSIUM 

A. W. Lermon, Jr., H. W. Deem, 
E. H. H a l l ,  and J. F. Walling* 

SUMMARY 

Experimental  thermodynamic mea:>urement s of  l i q u i d  enthalpy,  vapor p re s su re ,  

and g a s  c o m p r e s s i b i l i t y  of  potassium a t  t empera tu res  up t o  31051 F (11.50 C) a r e  

desc r ibed ,  and t h e  r e s u l t s  a r e  r epor t ed ,  

s o l i d ,  l i q u j d ,  and vapor s p e c i f i c  hea t ,  hea t  of fu s ion ,  and hea t  of  vapor i za t ion ,  

and t o  c o n s t r u c t  an enthalpy-entropy diagram. Transport-property measurements were 

made o f  t h e  l i q u i d  v i s c o s i t y ,  t h e  l i q u i d  thermal  ccnduc t iv i ty ,  and t h e  l i q u i d  

e l e c t r i c a l  conduc t iv i ty .  These r e s u l t s  a r e  a l s o  rep0rtc.d t o  2100 F (1150 C ) .  

a l l  r e s u l t s ,  comparisons a r c  made w i t h  p rev ious  information when such was ava i l ab l  e. 

rhese d a t a  were used t o  d e r i v e  v a l u e s  f o r  

F o r  

* A l l  o f  R a t t e l l e  kmor j . a l  I n s t i t u t e ,  305 King Abenue, Columbus, Ohio 43231 



1 NT RODUCT I ON 

I n  t h e  search  f o r  an optimum h e a t - t r a n s f e r  and working f l u i d  f o r  Rankine 

power c y c l e s  t o  be opera ted  i n  space,  r e c e n t  c o n s i d e r a t i o n  h a s  been given t o  t h e  

v a r i o u s  a l k a l i  metals .  O f  t h e s e  metals ,  potassium appears  t o  be advantageous i n  

Some a p p l i c a t i o n s .  Consequently, r e s e a r c h  programs have been undertaken to s t u d y  

i t s  p o t e n t i a l .  

As t h e s e  s t u d i e s  began, i t  was immediately recognized t h a t  t h e  b a s i c  

d a t a  a v a i l a b l e  f o r  potassium were inadequate .  

thermodynamic and t r a n s p o r t  p r o p e r t i e s ,  bu t  even t h e s e  d i d  n o t  extend i n t o  t h e  

tempera ture  range of maximum i n t e r e s t ,  up t o  2100 F (1150 C).  

A few v a l u e s  were a v a i l a b l e  f o r  t h e  

A program was begun a t  B a t t e l l e  Memorial I n s t i t u t e  i n  September, 1960, t o  

o b t a i n  t h e  needed b a s i c  da ta .  The p r o p e r t i e s  of potassium i n v e s t i g a t e d  e x p e r i -  

mental ly  have been en tha lpy  of t h e  s o l i d  and l i q u i d ,  vapor  p re s su re ,  P-V-T charac-  

t e r i s t i c s ,  l i q u i d  and vapor v i s c o s i t y ,  and l i q u i d  and vapor  thermal  conduct iv i ty .  

The experimental  r e s u l t s  o f  t h e s e  s t u d i e s  a r e  repor ted  w i t h  t h e  except ion  o f  t h e  

vapor v i s c o s i t y  and t h e  vapor thermal  conduct iv i ty .  

riot y e t  been s u c c e s s f u l l y  concluded. 

These l a t t e r  measurements have 

In  a d d i t i o n  t o  t h e  experimental  r e s u l t s ,  computed r e s u l t s  f o r  t h e  s p e c i f i c  

hea t s ,  enthalpy,  and en t ropy  a r e  a l s o  reported.  

THERMODYNAMIC PRCPEXIES 

S p e c i f i c  Heat and Heat of Fusion 

Enthalpy measurements were made i n  a Bunsen i c e  ca lo r ime te r .  F igure  1 i s  

a s e c t i o n a l  s k e t c h  of  t h e  c a l o r i m e t e r  wel l .  The i c e  c a l o r i m e t e r  i s  a c losed  system 

i n  which hea t  from t h e  specimen mel t s  i c e  t h a t  i s  i n  e q u i l i b r i u m  wi th  water.  The 

r e s u l t i n g  volume change i n  t h e  ice-water  system i s  determined by weighing t h e  
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inercm-y d j s p l a c e d  a s  t h e  r a t i o  of i c e  t o  water  changes. 

i s  encapsu la t ed ;  an empty capsu le  o f  s i m i l a r  size and weight i s  used t o  ineasure - t h e  

hea t  content  of t h e  capsu le  rna te r iz l .  Phe c a l o r i m c i e r  i s  p e r i o d i c a l l y  chrcked 

by dropping p rope r ly  encapsulated Nat ional  Rurea!; o f  Standards A l p 3 .  

is such t h a t  -the en tha lpy  of t h e  A 1  0 i s  g e n e r a l l y  found t o  Ice wi th in  a f r a c t i o n  

of  1 p e r  cent  of  t h e  Nat ional  Bureau of  Standards va lues .  

The specimen t o  be measured 

I t s  accuracy 

2 3  

T h I s  ca lo r ime tey  has  boen used t o  rnezsure s p e c i f i c  h e a t s  of  rnany mai.erials 

o v e r  a nurrrbcx of  y e a r s  and has been thoroughly proven. i t  was considered s u p e r i o r  

t o  o t h e r  t y p e s  f o r  t h i s  r e s e a r c h  because t h e r e  i s  no temperature  change i n  t h e  

calor imete;  s i n c e  a l l  hea t  t r a n s f e r  o c c u r s  a t  t h e  i c e  poin t .  

Nb-1Zr a l l o y  was used a s  t h e  capsu le  ma te r i a l .  Because t h e  f i r s t  capsu le  

f a i l e d ,  subsequent l o t s  of t h e  Nb-1Zr  a l l o y  were c a r e f u l l y  s e l e c t e d ,  sub jec t ed  t o  

a me ta l log raph ic  e x m i n a t i o n ,  and annealed i n  a vacuum for 1. hour  a t  1200 C. 

Capsules made from a second l o t  of Nb-1Zr  a l l o y  proved s a t i s f a c t o r y .  

. I  

Ihe  specimen capsules ,  empty capsule ,  and A1203-containing capsu le  'were 

dropped a t  a number of  t emps ra tu res  betwem 0 and 1150 C. A t  e ach  specimen d rop ,  

ad jus tmen t s  i n  observed en tha lpy  were made where necessa ry  t o  a l low f o r  (1) t h e  

enthdlpy of t h e  capsu le  m a t e r i a l ,  (2 )  i k c  heat: of v a p o r i z a t i o n  of t h e  potassium 

vapor i n  t h e  capsu le  above t h e  specimen, and (3)  capsu le  ox ida t ion .  The :ri;iximum 

adjustmen-ts made f o r  t h e  hea t  of  v a p o r i z a t i o n  of  t h e  vapor and f o r  o x i d a t i o n  of t h e  

c a p s u l e s  'were approximately 0.1 and 0 .3  p e r  cent ,  r e s p s c t i v e l y .  

Equat ions f o r  t h e  en tha lpy  o f  s o l i d  and l i q u i d  potassium were ob ia ined  by 

l e a s t  squares .  In s t an taneous  s p e c i f i c  h e a t s  i n  t h e  sol.id and l i q u i d  ranges were 

c a l c u l a t e d  a t  i n t e r p o l a t e d  temperatures ,  using t h e  f i r s t  d e r i v a t i v e  of t h e  l e a s t  - 
squa res  equat ion.  The hea t  of  f u s i o n  of  potassium was calcuLated a t  63.2 C, t h e  

melt ing temperature  of potassium, using t h e  enthalpy equa t ions  f o r  t h e  s o l i d  and 

l i q u i d  ranges.  
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TABLE 1. SPECIFIC HEAT OF POTASSIUM 

._.__ _._II ..____ ___ _I - -  -I_- _ ~ _ _ _ I _ _ - _ _ _  I_I_-- 

S p e c i f i c  Heat, C,, ca l  g 1  C I 
Dif fe rence ,  P resen t  Work 

Minus Douglas ,  e t  a l . ,  
per cent ( 9 )  

Temperature, Ba t t e l l e  
t, c (Present Work) Douglas ,  e t  a l .  

S o l i d  

0 0,1705 0.1697 +O -4 

25 0.1810 0.1t321 -0.6 

50 0.1915 0.1945 -1.5 

75 

100 

200 

300 

400 

500 

600 

7 00 

800 

900 

1000 

1100 

1150 

0.1944 

0 -1927 

0,1872 

0.184* 

0.182q 

0.1839 

0.1872 

0.1923 

0 . 2 0 0 ~  

0.2103 

0.2223 

0,2446 

0 .2366 

-0 -6 

-0 .-I 

-0 -8  

-0.5 

$0.2 

+1.2 

t2.6 

+4.4 

t6 .4  

. _ _  . . . . . .. - . . . . . . .- 
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The equat ion f o r  t h e  s p e c i f i c  hea t  of  s o l i d  potassium i s  

(1) Cs ( s o l i d )  = 0.1705 -1- 0.41% x 10-‘3t (0  t o  6 3 - 2  C) . 
-. 
lhe equat ion f o r  t h e  s p e c i f i c  hea t  (sf  l i q u i d  potassium i s  

-7 2 
Cs ( l i q u i d )  -S C.2004 - 0.8777 x 1 O W 4 t  -+ 1.09’70 x 10 ‘t (63.2 t o  ( 2 )  

11% e) , 
where 

c 

t = temperature ,  C. 

= s p e c i f i c  hea t ,  c a l  9 - l ~ ~ ’  
S 

The hea t  of  fu s ion  of  potassium a t  t h e  melt ing po in t  i s  1 4 - 3  c a l  g -1 . 0 

Errors f o r  t h e  s p e c i f i c  h e a t s  a r e  e s t ima ted  1.0 he 2 2 p e r  cent  f o r  s o l i d  

potassium, ;fi 2 per cen t  fox  l i q u i d  potassium t o  500 C, and 2 5 p e r  cen t  f o r  l i q u i d  

potassiuni from 500 t o  i l W  C. 

Table 1 shows s p e c i f i c  h e a t s  a t  i n t e r p o l a t e d  I;empersturt?s f o r  s o l i d  and 

1iqui.d potassium. Al so  inc luded  i n  Table 1 a r e  d a t a  f rom Douglas, e t  a l .  1) 

Table 2 shows t h e  heat. o f  f u s i o n  of  potassium a s  measured i.n t h i s  i n v e s t i g a t i o n  

compared w i t h  v a l u e s  from f o u r  o t h e r  i n v e s t i g a t o r s ,  

I‘ABLE 2. HEAT OF FUSION OF POTASSIIJM 

-..-.--.~...._____....I_.-.._I_ ___.I_ - - - . ~ . . . . . . ~ l _ _ . _ _ _ _ _ _ . l l ~ _ _ _ _ . _ . _  I___- 

Heat of Fusion, 
Source .__ ..._ c a l  g-1 

Thi s i n v e s t i g a t i o n  14. 30 

6 
Carpenter  and Steward ( 2 )  14.52 

12.8- Rridgman 

14.2 Douglas, e t  a l .  (1) 

( 3 )  

Evans,  et a l .  ( 4 U 

14. l7 

Containment d i f f i c u l t i e s  p o s s  the g r e a t e s t  problem i n  mdk ing  high-  

temperature  en tha lpy  measurements o f  potassium. 

present  w o r k  was no t  cornplst.ely s a t i s f a c t o r y  f o r  u se  t o  11% C because of  o x i d e  

The Nb-LZr a l l o y  used 5 n t h e  
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formation and d i f f i c u l t i e s  i n  con ta in ing  t h e  potassium. 

Vapor P r e s s u r e  

The vapor p r e s s u r e  of l i q u i d  potass ium was measured a t  a number of tempera- 

t u r e s  between 900 and 2100 F. Although many t echn iques  e x i s t  f o r  measurement 

of  vapor p re s su res ,  each has  i t s  l i m i t a t i o n s ;  f r e q u e n t l y  t h i s  i s  t h e  pressure .  

Because of i t s  a p p l i c a b i l i t y  ove r  t h e  e n t i r e  p r e s s u r e  range and t h e  phys ica l  

s i m p l i c i t y  of i t s  appara tus ,  a modified bo i l ing -po in t  technique  was s e l e c t e d  f o r  

t h i s  work, 

A small sample o f  potass ium was conta ined  i n  3 s t a i n l e s s  s t e e l  or  Nb-1Lr 

t e s t  tube ,  and t h e  p r e s s u r e  ove r  it was f i x e d  a t  v a r i o u s  l e v e l s  of  i n t e re s t .  w i t h  

p u r i f i e d  helium. 

and Nb-1Zr f o r  a l l  measurements above t h i s  tempera ture .  

slowly hea ted  sample was measured by a c a l i b r a t e d  sheathed therrrocouple immersed 

i n  t h e  l i q u i d .  The b o i l i n g  tempera ture  was determined by e s t i m a t i n g  t h e  tempera ture  

a t  which a change occurred  i n  t h e  s a t e  of climb of t h e  sample tempera ture  w i t h  t ime. 

P r e s s u r e s  below 2 atmospheres were measured w i t h  a manometer. 

d e a d w e i g h t - c a l i b r a t e d ,  Bousdon-type gages were employed. 

i n  F igu re  2. 

S t a i n l e s s  s t e e l  was used f o r  most measurements below about l W 0  F, 

The tempera ture  r i s e  of  t h e  

Above t h i s  p re s su re ,  

The d a t a  a r e  summarized 

I n  o r d e r  t o  a s s e s s  t h e  thermodynamic agreenent  between t h e s e  vapor-pressure  

d a t a  and d a t a  ob ta ined  by o t h e r  t y p e s  o f  measurementst a convent iona l  t h i r d - l a w  

t r e a t m e n t  was app l i ed  t o  t h e  d a t a  us ing  free-energy f u n c t i o n s  and second v i r i a l  

c o e f f i c i e n t s  r e c e n t l y  publ i shed  by Thorn and wins lo^(^). 
of  appa ren t  t h i rd - l aw h e a t s  of  subl imat ion  a t  a b s o l u t e  zero ( A H  ) a r e  summariLed 

i n  F igu re  3. 

a s c r i b e d  no t  t o  f a u l t y  d a t a  bu t  t o  t h e  omission of  t h i r d  v i r i a l  e f f e c t s  from t h e  

equat ion  used t o  c a l c u l a t e  AHo. 

R e s u l t s  of t h e  c a l c u l a t i o n  

0 

0 

The dec rease  i n  v a l u e s  of t h i s  func t ion  above about 11% K was 

0 
Therefore ,  us ing  d a t a  below about 11% K, a va lue  

- ......_ ~ ...,.... ~ - ...... ~ ...... - 
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f o r  AHo o f  21,710 cal/mole was obtained.  T h i s  a g r e e s  well w i t h  o t h e r  i n v e s t i g a t i o n s .  
0 

The d d t d  above 1150 K were then  used t o  e s t i m a t e  t h i r d  v i r i a l  c o r r e c t i o n s .  

The d a t a  between 758 and 1430 K a r e  summarized by t h e  fol lowing equat ion 

wi th  a s tandard d e v i a t i o n  o f  l og  P of 2 0.0097.* 

log p r -479403 - 1.97108 log  T f 4 . 9 8 0 0 ~ 1 0 - ~ T  - 1.0659~10 -7 T 2 
1 

-1.0 56x10 
4 

1915,4 -4338.9 * 7.nx)xlO 
1' exP T 

4- 10,1451 + 7 exp 

The l a s t  t e rm i s  t h e  t h i r d  v i r i a l  c o r r e c t i o n .  I t s  c r e d i b i l i t y  and i n t e r p r e t a t i o n  

( 6 )  a r e  d i scussed  i n  some d e t a i l  e lsewhere . 
These d a t a  agree  q u i t e  well w i th  t h e  more l i m i t e d  d a t a  c o l l e c t e d  a t  Oak 

Ridge b u t  p r i v a t e l y  t r a n s m i t t e d  t o  and r e p o r t e d  by i'horn and W i n ~ l o w ' ~ ) .  Agreement 

wi th  t h e  d a t a  of Makansi, Madsen, Selke,  and Bonil la ,  using t h e  r e f i n e d  t r ea tmen t  

of  rhorn and yU ' ins lo ;~ (~ )  i s  poore r  t h a n  w i t h  t h e  Oak Ridge work. However, t h e  l a r g e  

discrepancy between a l l  of  t h e s e  d a t a  and t h o s e  of r e c e n t  Russian work(7) i n d i c a t e s  

t h a t  t h e  l a t t e r  a r e  c e r t a i n l y  i n  e r ror .  T h i s  conclusion i s  re-enforced by t h e  

th i rd - l aw t e s t  a p p l i e d  -to t h e  B a t t u l l e  da t a ,  s i n c e  t h i s  i n d i c a t e s  t h e  concordance 

of t h e s e  d a t a  and o t h e r  c a l o r i m e t r i c  and spec t roscop ic  information,  

P-V-T Values 

The e x t e n t  of  gas  n o n i d e a l i t y  i s  most s u c c i n c t l y  summarized i n  comprs?:;si- 

b i l i t y  f a c t o r s .  

* The s imple r  r e l a t i o n  

The i n t e r p r e t a t i o n  of t h e s e  f a c t o r s  and t h e i r  use  i n  thermodynamic 
I.. I__ 

l o g  Patm = 4.185 - 4332 
T 

will y i e l d  v a l u e s  f o r  p re s su re  r e l a t e d  t o  t h e  more complex equa t ion  a s  follows: 

a t  '158 K t h e  same 
a t  900 K about 0.5% low 

a t  1100 K about 0.5% low 
a t  1'200 K about 1.5% low 
at, 1300 K about le5% low 
a t  1400 K about 2% low 
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c a l c u l a t i o n s  i s  most s t r a i g h t f o r w a r d  when t h e y  a r e  expressed a s  a v i r i a l  expansion, 

Values f o r  t h e  second and t h i r d  v i r i a l  c o e f f i c i e n t s  were obta ined  from 

s p e c t r o s c o p i c  and vapor-pressure information.  

n o t  be r e p o r t e d  adequate ly  he re ;  i t s  main v a l u e  was t o  suggest  an i n c r e a s e  o f  

about 25 p e r  c e n t  i n  t h e  v a l u e  o f  t h e  t h i r d  v i r i a l  c o e f f i c i e n t  over  t h a t  e s t i m a t e d  

from t h e  vapor-pressure measurements. 

The experimental  P-V-T work can 

Th i s  i s  w i t h i n  t h e  e r r o r  l i m i t s  o f  t h a t  

e s t ima t ion .  I t  was, t h e r e f o r e ,  concluded t h a t  t h e  most r e l i a b l e  v a l u e s  of  t h e  

c o m p r e s s i b i l i t y  f o r  potassium g a s  can be c a l c u l a t e d  from t h e  v i r i a l  equat ion,  where 
't 

l o g  ]BI = 8.9912 f 1 . 4 7 1 ~ 1 0 ~  - 2.212 l o g  T 
T 

B' -1Bi 
82.057T 

3 
l o g  IC'l = -6.315 f 4.670~10 /T 

c < o  

Enthalpy, Entropy, and Vapor S p e c i f i c  Heat. 

The measurements ob ta ined  from t h e  i c e  c a l o r i m e t e r  and boi l ing-poin t  

measurements have been used i n  c a l c u l a t i o n s  o f  t h e  en tha lpy  and en t ropy  o f  potassium 

l i q u i d ,  vapor,  and two-phase systems. 

The d i r e c t  measurement o f  t h e  en tha lpy  o f  t h e  l i q u i d  a t  i t s  vapor p r e s s u r e  

and t h e  de te rmina t ion  of  t h e  hea t  c a p a c i t y  o f  t h e  l i q u i d  have been d i s c u s s e d  e a r l i e r .  

rhus, t h e  l i q u i d  e n t h a l p y  a t  t h e  vapor  p r e s s u r e  was measured d i r e c t l y ,  and t h e  

i n t e g r a t i o n  o f  t h e  hea t  c a p a c i t y  t o  g i v e  en t ropy  i s  s t r a i g h t f o r w a r d .  

Heats  and e n t r o p i e s  of v a p o r i z a t i o n  were c a l c u l a t e d  from t h e  Clapeyron 

equat ion  us ing  t h e  vapor-pressure E l a t i o n ,  l i q u i d - d e n s i t y  d a t a ,  and vapor-  

c o m p r e s s i b i l i t y  i n  format ion,  
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The h e a t  and en t ropy  of .the gas  a t  any p r e s s u r e  can be c a l c u l a t e d  from 

t h e  fol lowing equat ions:  

where 

s” 
%p 

s” d T \  2 1 

By means o f  a d i g i t a l  computer, h e a t s  and e n t r o p i e s  o f  (1) t h e  g d s  a t  

v a r i o u s  p r e s s u r e s  and temperatures ,  ( 2 )  t h e  l i q u i d  a t  i t s  vapor p re s su re  a t  v a r i o u s  

temperatures ,  and (3) two-phase systems a t  the  vapor p r e s s u r e  and v a r i o u s  f r a c t i o n s  

of l i q u i d  and vapor were computed. These r e s u l t s  a r e  summarized i n  F igu re  4. 

F igu re  5 summarizes v a l u e s  f o r  t h e  hea t  c a p a c i t y  o f  t h e  g a s  a t  s e v e r a l  

s e l e c t e d  pressures. The v a l u e s  were ob ta ined  by e v a l u a t i o n  o f  t h e  s t anda rd  

re1 a t  i o n  

Agreement between t h e  v a l u e s  f o r  enthalpy,  entropy, and h e a t  c a p a c i t y  

and p rev ious  

a n t i c i p a t e d .  

i s  reasonably good a t  low p res su res ,  a s  might be 

Pronounced divergence i s  apparent  a t  t h e  h ighe r  t empera tu res  and 
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p r e s s u r e s  owing mainly t o  t h i r d  v i r i a l  c o r r e c t i o n s  which a r e  inc luded  he re  f o r  t h e  

f i r s t  time. 

TRANSPORT PROPE RT I E S 

Liquid  V i s c o s i t y  

The v i s c o s i t y  o f  l i q u i d  potassium has  been s t u d i e d  by v a r i o u s  workers;  

however, t h e  agreement among t h e  s e v e r a l  s e t s  of d a t a  was, i n  gene ra l ,  o u t s i d e  of  

t h e  i n d i c a t e d  p r e c i s i o n  of t h e  i n d i v i d u a l  sets.  

covered was g e n e r a l l y  r a t h e r  narrow, only  one worker having gone a s  h igh  a s  700 C. 

In o r d e r  t o  c l a r i f y  t h e  a r e a s  o f  disagreement  arid t o  extend t h e  range of measurement 

t o  11% C, t h e  v i s c o s i t y  of l i q u i d  potassium was measured. 

I n  a d d i t i o n ,  t h e  temperature  range 

A number o f  methods f o r  t h e  measurement o f  t h e  v i s c o s i t y  of l i q u i d s  have 

been reported.  Among t h e s e  a r e  capi l la ry- f low,  o s c i l l a t i n g - c y l i n d e r  ( o r  sphere) ,  

osc i l la t ing-bob,  r o t a t i n g - c y l i n d e r ,  u l t r a s o n i c ,  X-ray, and polarographic  methods. 

E ight  r e f e r e n c e s  (9-16) l i s t  t y p i c a l  a p p l i c a t i o n s  o f  each  of  t h e s e  methods. 

A f t e r  c o n s i d e r a t i o n  o f  a l l  t h e  f a c t o r s ,  t h e  o s c i l l a t i n g - c y l i n d e r  method 

was s e l e c t e d  a s  t h e  one most r e a d i l y  adaptab le  t o  l i q u i d  potassium. 

hollow c y l i n d e r  c o n t a i n i n g  t h e  l i q u i d  was suspended from a t o r s i o n  w i r e  and permi t ted  

t o  o s c i l l a t e  about  t h e  a x i s  of  t h e  suspension. 

c y l i n d e r ' s  o s c i l l a t i o n  by t.he l i q u i d  permi t ted  c a l c u l a t i o n  o f  t he  v i s c o s i t y .  

a p p a r a t u s  (shown s c h e m a t i c a l l y  in Figure  6) c o n s i s t e d  o f  a c y l i n d e r ,  conta in ing  t h e  

potassium s e a l e d  under vacuum, t h a t  was connected through a suspension system t o  a 

0.009-inch-diameter hardened-steel  t o r s i o n  wire. 

e l e c t r i c a l - r e s i s t a n c e  fu rnace ,  and t h e  chamber conta in ing  t h e  c y l i n d e r  and suspension 

was evacuated t o  l ess  than  

by means of an e lec t romechanica l  pos i t ion-sens ing  t r a n s d u c e r  which d i d  not  r e q u i r e  

c o n s t a n t  a t t e n t i o n  dur ing  t h e  So t o  75 swings necessary  f o r  a good measurement o f  

A c losed  

Observat ion of t h e  damping of t h e  

The 

The c y l j  nder was hea ted  by an  

t o r r .  The ampli tude of t h e  o s c i l l a t i o n  was measured 
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t h e  damping. The t r a n s d u c e r  a l s o  provided a peimalient record f o r  f u t u r e  reference. 

I'hc temperature  o f  t h e  c y l i n d e r  'was nieaslired by  a c a l i b r a t e d  Chromel-Alumel thermo- 

couple  placed i n  a wel l  i n  t h e  t o p  of  t h e  cy l inde r .  

t h e  c e n t e r  o f  t h e  support  t ubp  and were so arranged t h a l  t hey  were free dur ing  t i le 

de t e rmina t ion  o f  t h e  dampjng. 

The l e a d s  passed up th ra i igh  

When it was d e s i r e d  i o  read  t h e  ou tpu t  of  t h i s  

thermocouple, e x t e r n a l l y  ope ra t ed  probes wcre broughl i n t o  c o n t a c t  w i t h  t h e  l eads .  

l'hc procedure followed aasp f i r s t ,  t o  eqt i i l i  b r a t s  the l i q u i d  o v c m i g h t  

f o r  te inpera tures  up t o  700 C, and f o r  3 o r  4 hours f o r  h ighe r  temperatures .  A f t e r  

equ i l ib ra t io r i ,  t h e  o s c i l l a t i o n  was t h e n  i n i t i a t e d .  A f - t c r  8 t o  10 swings, t h e  next 

70 swings wcre t i n e d  w i t h  a stopwatch wh i l e  t h e  r e c o r d e r  t r a c e d  t h e  o s c i l l a t i o n s .  

The ampli tude was b u i l t  up aga in  and t h e  process  was repea ted .  

10 sets o f  TO swings were recorded a t  each e q u i l i b r i u m  temperature .  

When p o s s i b l e ,  8 t o  

'The ampli tudes were measured on t h e  r e c o r d e r  c h a r t  and t h e  loga r i thmic  

decrement c a l c u l a t e d  f o r  each  set of  70 swings. The decrements  ob ta ined  f o r  each 

set  o f  swings a t  a given temperature  were t h e n  averag2d. The v i s c o s i t y  was c a l c u -  

l a t o d  from t h e  loga r i thmic  decremmt  by t h e  use of  t h e  a b s o l u t e  equat ion given by 

Shvidkovskv (11). . 

where 

V I kinemat ic  v iscos i ty  

I = moment  of inertia of empty s y s t e m  

M = mass of l iquid 

R = r ad ius  of the cylinder 

6, 6, = logarithmic decrement 01 filled and empty s y s t e m  

T, T o  = period of osci l la t ion of filled and empty system. 
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The end effect correction, c, is  

R 
H 

a = 1 - (3 /2)  x - ( 3 / S ) x 2  - a f - (b-cx) , 
where 

H = 1 / 2  the depth of the liquid - 
2nR' 

a, b, and c are  available as tabulated functions of Y = - 
TY* 

Y* is an approximate value of t he  kinematic viscosity. 

I n  o r d e r  t o  minimize t h e  time requ i r ed  t o  c a r r y  o u t  t h e  c a l c u l a t i o n s  and t o  i n s u r e  

a c c u r a t e  s o l u t i o n s ,  a computer program was w r i t t e n  t h a t  performs t h e  necessa ry  

i t e r a t i o n s  and t a k e s  i n t o  account  t h e  thermal-expansion e f f e c t s .  

The v i s c o s i t y  d a t a  a r e  p re sen ted  g r a p h i c a l l y  a s  v v e r s u s  t i n  F igu re  7 

a n d 3  v e r s u s  t i n  F igu re  8. 

p re sen ted  by Novikov('*). 

Novikov's r e s u l t s  a r e  up t o  5 p e r  c e n t  h i g h e r  i n  t h e  r eg ion  between. The r e s u l t s  

of  s e v e r a l  o t h e r  workers a r e  a l s o  p l o t t e d  i n  Figure 8 f o r  comparison. I'he v a l u e s  

F i g u r e  7 a l s o  sholfls p o i n t s  read  from t h e  curve 

The agreement i s  s a t i s f a c t o r y  a t  100 and 7G0 6,  b u t  

( 17) ob ta ined  i n  t h i s  work a r e  seen  t o  be i n  good agseerrent w i t h  t h o s e  of Sarierwald 

and Gering and Sauerwald(18), who used t h e  c a p i l l a r y  method. Chiong's value:; ( 19) , 
ob ta ined  by means of  a y l a s s  o s c i l l a t i n g  sphere,  a r e  abou-t 6 per  cent  lower a t  70 C 

arid c r o s s  ove r  a t  about 240 C. The c a p i l l a r y  d a t a  of  Ewiny, e t  a l . ,  ( 9 ,  10) are 

lower throughout  t h e  range covered, t h e  d e v i a t i o n  from t h e  v a l u e s  ob ta ined  i n  t h i s  

work being 10 p e r  cen t  a t  350 C. 

The r e s u l t s  can be  expressed by t h e  fol lowing equat ions:  

341 t o  643 K (68 t o  370 C ) :  

1 o g q =  7 287 * - 3.091 1, 

w i t h  a s t anda rd  d e v i a t i o n  of 2 0.005 i n  l o g - .  

643 t o  1423 K (370 t o  1150 C): 

409 7 
T 

1 0 g q =  - - 3.2817, 

w i t h  a s t anda rd  d e v i a t i o n  of 2 0.012 i n  l o g  la. 

- . . . . . . . . . . . . 
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V i s c o s i t y , q ,  i s  i n  p o i s c  and T i s  i n  d e g r e e s  K.  

be abou t  5 par  c e n t  and  t h e  p r o b a b l e  e r r o r  i s  t h o u g h t  t o  LIP n o t  g r e a t e r  t h a n  2,5 

p e r  cen t .  

The maxiiriurrl P r r o r  i s  e s t i m a t e d  t o  

ui d i h e r  mal-.-Conduc t i v i  ty 

Considera1.i.m was g iven  t o  s e v e r a l  methods f o r  making t h e r m a l - c o n d u c t i v i t y  

measurements o f  l i q u i d  potass ium.  In g e n e r a l ,  t h e  s t e a d y - s t a t e  method swmed 

p r e f e r a b l e  t o  t r a n s i e n t  methods because  it y i e l d s  t h e  the rma l  c o n d u c t i v i t y  d i r e c t l y .  

T l ~ o  s t  e ady -st a t  e? 1 ong i  t .udin a 1  -heat - f 1 ow, compar a t i ve  me t hod s we re co n s i  de r e d  . 
was t h e  v a r i a b l . e - q a p  method which u s e s  a d i sk-shaped  specimen, and t h e  o t h e r  was a 

l o n g i t u d i n a l  hea t - f low method which uses a c y l i n d r i c a l l y  shaped specimen. O f  t h e  

two methods, t h e  one  t h a t  u s e s  t h e  c y l i n d r i c a l l y  shaped specimen was s e l e c t e d  

because  o f  t h e  r e l a t i v e l y  h i g h  t h e r m a l  c o n d u c t i v i t y  o f  p o t a s s i u m  and t h e  l a r g e r  

t e m p e r a t u r e  g rad j - en t  s between a d j a c e n t  t he rmocoup les  w i t h  t h e  c y l i n d r i c a l  specimen 

t h a n  w i t h  t h e  t h i n  d i s k  specimen. 

One 

The a p p a r a t u s  c o n s i s t e d  o f  a specimen c o n t a i n e r  approx ima te ly  1 i n c h  i n  

di-ameter and about  6 i n c h e s  long ,  hollowed o u t  of a rod  o f  Nb-1Zr a l l o y  about  13 

i n c h e s  long .  P a r t  o f  t h e  rod was l e f t  s o l i d  t o  s e r v e  a s  t h e  r e f e r e n c e  ina te r ia l  f o r  

t h e  mcasurements.  A h e a t e r  p l a c e d  n e a r  t h e  

t o p  o f  t h e  specimen c o n t d i n e r  p rov ided  h e a t  which  flowed downward t h r o u g h  t h e  

specimen, re fe rence  m a t e r i a l ,  and j n t o  a h e a t  s i n k .  'Thermal g u a r d i n g  was accom- 

p l i s h e d  by an e n c i r c l i n g  gua rd  c y l i n d e r  i n  which t e m p e r a t u r e s  were ad . ju s t ed  t o  

e q u a l ,  a s  n e a r l y  a s  p o s s i b l e ,  t h e  t e m p e r a t u r e s  i n  t h e  specimen chamber- re ference  

s e c t i o n  assembly a t  co r re spond ing  e l e v a t i o n s .  T h i s  t e m p e r a t u r e  b a l a n c i n g ,  coupled  

with t h e  bubbled-alumina the rn ia l  i n s u l a t i o n  between t h e  specimen c o n t a i n o r  and t h e  

gua rd  c y l i n d e r ,  minimized radial .  h e a t  f lows .  i h e  e n t i r e  a p p a r a t u s  was c o n t a i n e d  

i n  a p r e s s u r e  v e s s e l  i n  which a n  a tmosphere  of p u r i f i e d  a rgon  a-t p r e s s u r e s  up t o  

F i g u r e  9 i s  a s k e t c h  o f  t h e  a p p a r a t u s .  



"Joe p s i  cou ld  be maintained.  T h i s  e x t e r n a l  p r e s s u r e  on t h e  t h i n w a l l e d  specimen 

c o n t a i n e r  was a d j u s t e d  t o  equa l  t h e  vapor  p r e s s u r e  o f  t h e  con ta ined  potassium. 

The rma l -conduc t iv i ty  measurements were made by e s t a b l i s h i n g  a thermdl  

e q u i l i b r i u m  and t h e n  measuring t e m p e r a t u r e s  a t  t h r e e  p l a c e s  i n  t h e  r e f e r e n c e  

m a t e r i a l  and a t  seven l o c a t i o n s  a long  t h e  th in -wa l l ed  specimen c o n t a i n e r .  

t h e r m a l  c o n d u c t i v i t y  o f  Nb-1Zr a l l o y  i n  a s o l i d  rod form svas measured i n  anoLher 

appa ra tus . )  

e q u i l i b r i u m  was c a l c u l a t e d  from t h e  t empera tu re  d r o p  i n  t h e  r e f e r e n c e  s e c t i o n  and 

from t h e  p h y s i c a l  dimensions of t h a t  s e c t i o n .  

t h e  t h i n  wal l  o f  t h e  specimen c o n t a i n e r  was a l s o  c a l c u l a t e d ,  u s i n g  t h e  measuied 

the rma l  c o n d u c t i v i t y  of  t h e  N'b-1Zr a l l o y ,  t h e  w a l l  c r o s s - s e c t i o n a l  a r e a ,  and t h e  

t empera tu re  d r o p s  o v e r  measured l e n g t h s  o f  t h e  wal l .  r h i s  h e a t ,  when s u b t r a c t e d  

from t h e  E o t a l  h e a t  f l owing ,  gave t h e  h e a t  f lowing t h r o u g h  t h e  potassium. From 

t h i s ,  t h e  c o n d u c t i v i t y  of  each  s e c t i o n  o f  t h e  potassium specimen was c a l c u l a t e d  f o r  

i t s  mean t e m p e r a t u r e ,  which was t h e  ave rage  o f  t h e  two bounding thermocouples  f o r  

t h e  s e c t i o n .  

(The 

The q u a n t i t y  o f  h e a t  f l owing  i n  t h e  specimen assembly a t  each  the rma l  

The h e a t  flojviny i n  each s e L t i o n  o f  

Tab le  3 shows i n t e r p o l a t e d  t h e r m a l - c o n d u c t i v i t y  v a l u e s  f o r  po ta s s ium and 

U n c e r t a i n t i e s  i n  a c h i e v i n g  the rma l  t h e  Nb-1Zr a l l o y  used t o  c o n t a i n  t h e  specimen. 

e q u i l i b r i u m  above €330 C p r e c l u d e  r e p o r t i n g  d a t a  t o  h i g h e r  t empera tu res .  

shown i n  Tab le  3 a r e  l i t e r a t u r e  v a l u e s  f o r  t h e  the rma l  c o n d u c t i v i t y  o f  potassium. 

Alc,o 

Over t h e  t e m p e r a t u r e  r ange  100 t o  EO0 C, t h e  Wiedemann-Franz-Lorenz 

number f o r  l i q u i d  potassium, c a l c u l a t e d  from t h e  d a t a ,  a v e r a g e s  2.14 x w a t t  ohm. 
C K  

-8 The t h e o r e t i c a l  v a l u e  i s  abou t  2.45 x 10 w a t t  ohm where C = t e m p e r a t u r e  C e l s j u s  
C K  

K = t empera tu re  Ke lv in  
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TABLE 3. INItKPOLATED TFERMAL CONDU(;TIVITY OF L LQUID 
P X A S S I U M ,  PRESENT WORK AND L I T E R A T U R E  VALUES, 
AND THt  1NrEKPOZATED Tli‘i-RMAL CONDlJCTIVI1’Y 0% 
Nb-1Zr ALLOY 

100 

200 

390 

400 

500 

600 

700 

750 

800 

900 

1000 

0. 510 

0 .45 

4 0.44 

0.  410 

0 .377 

0.34, 

0.310 

0.294 

0.2’T7 

0.449 

0.424 

0. 400 

0. 376 

0 354 

.1 

0 .600 

0 .522 

0.4ij8 

0 .42 ..~ 

0. 395 

0. 3T5 

- .^ 

0 .465 

0 .434 

0. 395 

0.34, 

0. 303 

0 .262 

/ 

0 .256 

-- 

0. 4r4 

0.495 

0.514 
0 .530 

0. 546 

0 .560 

0.574 

- ... 

0 .588 

0 .601 

0.61, 
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Table 4 shows e l e c t r i c a l - r e s i s t i v i t y  va lues  f o r  l i q u i d  potassium and 

Nb-1Zr a l l o y  obtained from experimental  measurements b u t  i n t e r p o l a t e d  t o  

selected temperatures .  

TABLE 4. INTERPOLATED ELECTRIG& 
RESISTIVITY OF LIQUID 
POTASSIUM AND Nb-1Zr ALLOY 

Temperature, C E l e c t r i c a l  R e s i s t i v i t y ,  microhm cm 

_c_ 

Liquid P o t  a ssi urn Nb -1Zr  h l l o y  
15 '4 19.5 

21 .5 23.7 

28.4 27 "7 

31 .4 

100 

200 

300 

400 

500 

600 

700 

800 

35 .8 

44.4 35.1 

.79 .5 45.4 

54  .7 38.7 

66 .4 42.1 

900 93.8 

1000 l10 

1100 131 

1150 145 



CONCLUSIONS AND KECO,WENIlAT IONS pYI-..slI--. 

R e l i a b l e  v a l u e s  f o r  many o f  t h e  b a s i c  thermodynamic and t r a n s p o r t  p r o p -  

e r t i e s  of  po tdss ium have Seen measured o r  d e r i v e d .  The work h a s  l e d ,  a s  w e l l ,  t o  

t h e  development o f  some new e x p e r i m e n t a l  t echn iques .  b u t  has  a l s o  p o i n t e d  o u t  t h e  

ex t reme d i f f i c u l t i e s  which can be encoun te red  when work a t  such  h i g h  t e m p e r a t u r e s  

i s  n e c e s s a r y .  Not t h e  l e a s t  o f  t h e  problems was f i n d i n g  a n  adequa te  m a t e r i a l  f o r  

conta inment  o f  po ta s s ium and p r o t e c t i n g  i t  from a t t a c k  by t h e  normal a-tiiiospheric 

envi ronment  

D e s p i t e  t h e  r e a s o n a b l e  s u c c e s s  ach ieved ,  f u r t h e r  work i s  deemed n e c e s s a r y .  

A d d i t i o n a l  d a t a  p o i n t s ,  pa r t i cu1a r J .y  a t  h i g h  t e m p e r a t u r e s ,  would improve t h e  

c o n f i d e n c e  i n  t h e  results.  I n  some c a s e s ,  t h e  u s e  of a l t e r n a t i v e  e x p e r i m e n t a l  

methods would be v a l u a b l e  i n  t h i s  r e g a r d .  
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Legend 

A- Outer vessel 
8- Mercury reservoir 
C- Mercury tube 
D- Inner vessel 
E- Filling tube 
F- Dropping tube 
G- Copper tube and fins 
H- Dry argon tube 
I- Gate 
J - Ice mantle 
K- Outgassed distilled water 
L- Specimen capsule 
M- Radiation shield 
N- Dropping wire 
P- Dry 602 atmosphere 
Q- Low-wattage resistance heater 
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FIGURE 1. STAINLESS STEEL ICE CALORIMETER 
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FTGUKE 4. ENTHALPY-ENTROPY DIAGrtLnM FOR POTASSIUM 
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FIGURE 5. HEAT CAPACITY O F  GASEOUS POTASSIUM 
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FIGURE 6. SCHEMATIC DIAGRAM OF' LIQUID-POTASSIUM VISCOMETER 



FIGURE 7. KINEMATIC VISCOSITY OF LIQUID POTASSIUM 
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FIGURE 8. ABSOLUTE VISCOSITY O F  LIQUID POTASSIUM 
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FIGURE: 9. SCHEMATTC SKETCH O F  THE LIQUID-THER M A L -  
CONDiJCTlVl ' rY APPALPAI'US 

1 .  P r e s s u r e  container 
2 .  Specimen assembly  

3.  Guard  assembly  8. Heaters  
4.  Guard cooling coi ls  

5. Specimen sink assembly  10 .  Insulation 
6. S ink  inlet  a n d  outlet 

7. Herlrietic s ea l s  for  iicater 
leads  and thern-locouples 

9. Thermocouples  
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DISCUSSION 

MR. B F m S O N :  >hat; w r e  the major areas  of disagueernen-t i n  your H-S 

diagram r e l a t i v e  t o  the  Weatherford (1961) Report? 

K!?. LEMMON: Refe.rrlng back t o  Figi-ire 4-, Wea-t;'neri?ord's l i n e  f o r  1.00 

per cent vapor d id  no t  have EL decrease i n  enthal-py valueo a t  the higher 

temperatures as does the prese.mt plot. Also, the 1.i.nes fox- o the r  qual- 

ities do not curve down correspondingly. 

MR. BEREnTSON: A t  w h a t  pressure does it stark its major deviation? 

b?R. LEbPIOH: ??iere a r e  di:rferences in all regions, liut the.major 

deviation starts a t  about 800°C, t h a t  is, a t  a pressure o f  about 1 atmos- 

phere absolute. 

MR. LEMMOMr Y e s ;  the original. has a g r i d  s i z e  of 12 by 20 inches. 

MR. BENENSON: Are copies avai lable? 

MR. LEMMON: Yes. Viere wil l . .  be a slightly larger chert i n  our 

topi.ca.1 rsport, and, riP you want one of  t he  IP-by-20-inch size, p.l.ense le-t  

m.e know. 

MR. DAVIS: I n  the thermal conductivity measixremerit:;, are the thermal 

convection e f f e c t s  negl igible? 

MR. LFMbION: Y e s ;  they are .  If you r e f e r  t o  Figure 9, you will see 

liliat t he  ce1.l containing the po-Lassiim. had t h e  heat :i.iitiroduced a t  the  top 

and removed :xt t h e  bottom. 

ne-tural convection. Al.so, in t21e literature, there i R much evLdence, es- 

t ab l i shed  by varying .the geoutetry of the cell, that this technique gives 

r e l i a b l e  v-dines not; effected by thermal convection. 

Tnis technique eliminates a n y  tendency for. 
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INTRODUCTION 

Though i t  i s  not  gene ra l ly  recognized, a l l  e l e c t r i c a l  

conductors show thermoelectr ic  e f f e c t s .  For ins tance ,  N i S O q  

so lu t ions  with n i c k e l  leads  have a thermal EMF of about 0 .89  

m i l l i v o l t s  p e r  OC (2). 

MgO show a thermal E@? when h o t  enough t o  conduct e l e c t r i c i t y  

(2). Even gases have thermoelectr ic  p rope r t i e s  when ionized;  

cesium plasma i n  d i r e c t  conversion processes shows approximately 

1 . 3  m i i l i v o l t s  pe r  OC (3-1. 

Also, e l e c t r i c a l  i n s u l a t o r s  such as 

APPLICATIONS OF LIQUID PETAL THERMOELECTRICITY 

It i s  obvious t h a t  l i q u i d  metals ,  which have an e l ec t r i . ca l  

conduct ivi ty  c lose  t o  t h a t  of the so l id  phase, must a l s o  have 

thermoelectr ic  p rope r t i e s .  I n  f a c t ,  ins tances  have a l ready  

been described i n  which l i q u i d  metal  thermoelec t r ic i ty  has been 

used, o r  has been presumed, o r  would be use fu l .  

The s i m p l e s t  app l i ca t ions  a r e  t o  quiescent  bodies of mol- 

t en  metal .  F o r  ins tance ,  thermal contac t  r e s i s t ance  of mercury 

was measured i n  a v e r t i c a l  c y l i n d r i c a l  p l a s t i c  c e l l  with a 

heated s tee l  top p l a t e  and a cooled bottom p l a t e  ( 4 ) .  - 
pera ture  g rad ien t  in t he  mercury, and thus the  hea t  ve loc i ty ,  

were ca lcu la ted  from the thermal EMF measured between t i n y  i ron  

wires  passing through the s ide  wal l  i n t o  the mercury, knowing 

the  Hg/Fe thermoelectr ic  power. 

The tem- 
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Thcrmoelectrici .cy has a l s o  been u t i l i z e d  wi th  flowing 

l i q u i d  meta1.s. Natura l  convect ion f l o w  pa ths  i n  mercury en- 

c losed between p a r a l l e l  v e r t i c a l  planes and heated a t  t h e  b o t -  

tom and cooled a t  t he  top have been t r aced  wttl-I a f i x e d  g r i d  of 

c l o s e l y  spaced i r o n  con tac t s  ( 5 ) ,  - and t u r b u l e n t  temperature 

f l u c t u a t i o n s  i n  a p o o l  of b o i l i n g  mercury have been measured 

by movable sheathed probe wires ( 6 ) .  A l s o  the r a d i a l  A t  a c ros s  

an aiinul.ar s t ream of sodium can be measured by sheathed wires 

connected t o  the annulus w a l l s ,  t o  g ive  t h e  temperature of the 

inne r  wal l  from t h a t  of the outer w a l l ,  s e p a r a t e l y  measured by 

a s tandard e x t e r n a l  thermocouple ( I ) .  

Another f i e l d  i s  the d t r e c t  measurement of f i l m  h e a t  trans- 

f e r  temperature d i f f e r e n c e .  A mercury- f i l l ed  c a p i l l a r y  touch- 

ing mercury condensing on a s t e e l  p i p e ,  and wi th  s t e e l  w i r e  

l eads  t o  the  vapor e n d  of t he  mercury i n  the  c a p i l l a r y  and t o  

t h e  p ipe  d i r e c t l y ,  gave the  mercury condensing E i l m  A t  (8 ) .  I 

S t a i n l e s s  s t e e l  wires  a t tached  t o  the o u t s i d e  of a heated s t a i n -  

l ess  s t e e l  b o i l i n g  su r face  and t o  ad_jacent unheated su r face  

gave the  nucleace b o i l i n g  A t  of  NaK in a loop  ( 9 )  and t h a t  of 

IUD and K i n  pool  boi.l.ex-s (10). 

A nurr~ll:,er of prac  L-ical a p p l i c a t i o n s  have al.so been proposed. 

Subs tan r i a l  thermal Ems can, of course ,  be  observed across 

l i q u i d  metal  hea t  exchangers in opera t ion  (11). Such v o l t a g e s  

could be used, a f t e r  c a l i b r a t i o n ,  f o r  f l o w  o r  temperature ind i -  
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ca t ion  o r  c o n t r o l .  Since the i n t e r n a l  r e s i s t a n c e  would be very 

l o w ,  heavy e x t e r n a l  cu r ren t s  can be drawn, and direct-conversion 

l iquid-metal-cooled nuclear  r e a c t o r s  of t h i s  type have been pro- 

posed (a). Also, the heavy i n t e r n a l  c i r c u l a t i n g  cu r ren t s  i n  

l i qu id  metals i n  hea t  exchangers o r  nuclear  r eac to r s ,  when com- 

bined with an e x t e r n a l  magnetic f i e l d ,  have been considered a s  

a se l f -d r iv ing  EPlpump (131 ,  - and even simultaneously a s  a con- 

t r o l  t o  develop uniforiii coolant  o u t l e t  temperature (14). A 

b o i l i n g  ind ica to r  f o r  l iquid-metal-cooled r e a c t o r s ,  based on 

the increase  i n  thermoelectr ic  no ise  when b o i l i n g  i n i t i a t e s ,  has  

also been described (1.5, 1 6 ) .  

1_ 

- -  
It should a l s o  be pointed ~ u t  that: when heavy d i r e c t  

cu r ren t  i s  d e l i b e r a t e l y  passed through a s o l i d / l i q u i d  metal  

i n t e r f a c e ,  as  i n  some hea t  t r a n s f e r  experiments (171, the re-  

s u l t a n t  P e l t i e r  loca l ized  heat ing o r  cool ing of the  i n t e r f a c e  

- 

might a f f e c t  nearby thermocouples, more so the higher  the  cur-  

r e n t  and thus the lower the vol tage.  The Thornsen hea t ing  or 

cooling due t o  cu r ren t  f lowing  along a temperature g rad ien t  i n  

a s i n g l e  metal  (18) - might a l s o  cause an appreciable  e r r o r  i n  

the ca lcu la ted  heat ing a t  low vol tages .  

I n  s p i t e  of the  many app l i ca t ions  of l i q u i d  metal thermo- 

e l e c t r i c i t y  p o t e n t i a l ,  no theimal EMF data could be located i n  

the  open l i t e r a t u r e ,  a p a r t  from seve ra l  e a r l y  s tud ie s  on mer- 

cury (19) and on o the r  l i qu id  metals (20) - a t  r e l a t i v e l y  l o w  tern- 



p e r a t : ~ r e s .  I n  addi i io i l ,  r b ~  e a r l y  work d7: sagi-ess cons iderably  

W i t h  the  present r e s u l t s  based on curreriir cormiie? c i  a l l  y p u r -  m e t a l s ,  

sirrcc e ~ F d e n " i - ~ y  siich p a r i t i e s  were not a b a i l a b l c  the:? I n  v i e v  of 

the expanding  appl icabi l i t -y  of such d a m  i n  t h i s  and o t h e r  l a b o r -  

a t o r i e s ,  a contiriuing program i n  t h i s  d i r e c t i o n  has been c a r r i e d  

out 01-1 mercury (31)  - and on t h e  a l k a l i  m e t a l s  (22, -- 2 3 ) .  

The t o t a l  thenna?~. EMF , thevmo o r  t he rmoe lec t r i c  p o i e n ~ i a l  

A 
AB ' 

of a the rmcoup le  employing metals  -4 a n d  B i s  designated E 

p o s i t i v e  s ign  icrdicates t h a t  t h e  ( p o s i t i v e )  c u r r e n t  g e n e r a t e d  woil1.d 

f l h w  from A t o  B through the c o l d  juileti.on, and a nega t ive  s i g n  

i n d i c a t e s  t he  r eve r se  d i r e c t t o n .  Unless ocherwise s t a t e d ,  t h e  c o l d  

j u n c t i o n  temperature ,  to ,  i.s taken a s  0 C .  

Seeheck EMF, and when measured w j t h  a po ten t iometer  and p l o t ~ e d  v s .  

tlw h o t  junct i -on temperature ,  t ,  constJ . tutes  the c a l i b r a t i o n  curve , 

which se rves  t o  g ive  t i n  the usua l  manner from the  observed E 

o 
EAB i s  known a s  t he  

AH * 

'Tile s l o p e  o f  E v s .  I;, d ( E  ) / d t ,  i s  known a s  t h e  "Seebeck 
AB AB 

coeff i .c ienr"  o r  the "therrnoel.ectric power" of th.e thex:mocouple, 

Knowing E a s  a poi.nt  func t ion  of t fac i l i . -  a l s o  designated E 

t a k s  Che directs conversion of s m a l l  o b s e r v e d  d i f f e r e n t i a l  thermo- 

couple vo l t ages  AE t o  the temperature  d i f f e r e n c e s  causing them. 

The use of d i f f e r e n t i a l  thermocouples and t h e i r  i n t e r p r e t a t i o n  i n  

tl-tis manner i s  p a r t i c u l a r l y  convenient i n  l i .quid meta l  h e a t  t r a n s -  

fer, d u e  t o  the small temperacure d i f f e r e n c e s  a t t a i n a b l e ,  and 

Bts AR * 

AB 
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s p e c i a l l y  s o  i f  the l i qu id  metal  can be used a s  the intermediate  

metal ,  s ince  then the e r r o r s  o r  u n c e r t a i n t i e s  of ho t  junc t ion  

loca t ion  a r e  avoided, or a t  l e a s t  minimized. 

THERMAL EMF OF SOLID METALS 

A P t / P t ,  10% Rh thermocouple w a s  employed for measuring a l l  

hot  j unc t ion  temperatures.  

from a Bureau of Standards ca l ib ra t ed  thermocouple; 0.20% w a s  a p p l i e d  

as  a co r rec t ion .  

It showed a devia t ion  of  0.14  t o  0.26% 

Annealed wires  of  s eve ra l  a l l o y s  used i n  the f a b r i c a t i o n  of 

l i q u i d  metal  loops were a l s o  connected thermally and e l e c t r i c a l l y  

t o  the  hot j unc t ion ,  t o  provide thermoelectr ic  da t a  for converting 

l i qu id  metal  c a l i b r a t i o n s  from one s o l i d  metal t o  another ,  An i c e  

b a t h  was employed f o r  the cold junc t ion ,  and the vol tage  was read 

on a I,. and N .  Por tab le  Prec is ion  Potentiometer.  Experimental 

po in ts  w e r e  obtained up t o  about 800 C .  They were then p l o t t e d ,  

for g r e a t e r  accuracy, as  E / t  v s .  t ,  in t e rpo la t ed  a t  even tempera- 

t u r e s ,  and mul t ip l ied  by t t o  ob ta in  E .  Table I g ives  the vol tages  

obtained vs. platinum, w i t h  ex t r apo la t ions  t o  900 C .  Considering 

t h a t  these metals a r e  ava i l ab le  from many manufacturers,  and not  

0 

0 

mde t o  extremely p rec i se  compositions or tempers these c a l i b r a t i o n s  

w i l l  probably n o t  be exac t ly  dupl icated by o the r  samples, arid should 

b e s t  be v e r i f i e d  i n  each case ,  at: l e a s t  a t  one hot  j unc t ion  tempera- 

t u r e .  However, f o r  most of t he  a l l o y s ,  they would be expected t o  

hold wi th in  poss ib ly  1 o r  2%, a s  no c r i t i c a l  f a c t o r  i n  composition 



I A T ~ U I ~  be s n t i c i p a t e d  due to i t s  large d i f f e r e n c e  f r o i n  a n y  pure  

component .  This  i.s seer, by  comparing the chez-mal EMFs of 301: a n d  

316 stainless s t e e l s ,  which di.:fCer by l e s s  than 87, a t  any  tempera- 

t u r e ,  i n  spi.C-e of a compos2i ion  d i - f f e r e n e  of Sorn:? 4% i n  N i .  a n d  

2% i n  Mo. A l s o ,  the thema; .  EPSFs talml.ated by  Weber ( 2 4 )  - fo-r 

0 1-8-8 S t a i n l e s s  Steel." are  5 a i . r l y  c lose  to the  304 values  a t  300 C 

a n d  highex, The thermal EMFs of  Chr~meZ P ,  A l i i r n e i ,  and some o t h e r  

a13.oys vs. pl.atinum are a l s o  a v a i l a b l e  (2, 5.). 

I 1  
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TABLE 1 

THERMOELECTRIC POTENTIALS OF SOLID METALS I N  MILLIVOLTS 

WITH RESPECT TO PLATINUM ( 2 3 )  

Temp. P t /N if< 

(OC 1 
25 
50 
75 

100 
12 5 
15 0 
175 
200 
225 
250 
2 75 
3 00 
325 
35 0 
3 75 
400 
42 5 
45 0 
475 
500 
525 
550 
5 75 
600  
625 
65 0 
6 75 
700 
72 5 
75 0 
7 75 
800 
825 
850 
8 75 
900 

( l o w  C) 

- 390 
.729 

1 .088  
1.480 
1.875 
2.283 
2 .695  
3.105 
3 .508  
3 .905  
4 .276  
4 .620  
4 . 9 1 1  
5 .145  
5 . 3 1 8  
5.472 
5 .640  
5 .796  
5 . 9 7 1  
6 . 1 5 0  
6.342 
6 . 5 2 3  
6 .705  
6.882 
7 .100  
7 .319  
7 .540  
7 .784  
8 .02  
8 .25  
8 .48  
8 . 7 2  
8 .97  
9 . 2 3  
9 .48  
9.72 

P t / N i  

("A" ) 

.378 

.749 
1.098 
1 .435  
1 .768  
2.089 
2.407 
2 .714  
3.015 
3 * 305 
3 .595  
3 .873  
4 .144  
4 .417  
4 .677  
4 .924  
5.168 
5 .404  
5 .639  
5 e 855 
6.075 
6 .281  
6 .481  
6.672 
6 .847  
7 . 0 2 0  
7 .  I 7 6  
7.315 
7 .439  
7 .560  
7 .673  
7.768 
7 .854  
7 .922  
7.989 
8.037 

304 

S S / P t  

.095 

.196 

.320 
.455 
.595 
.746 
* 901  

1.066 
1 .238  
1 . 4 2 0  
1 . 6 0 3  
1.797 
1 , 9 9 9  
2 .198  
2 . 4 1 1  
2 636 
2 .865  
3 . 1 0 1  
3.339 
3.595 
3.848 
4 .114  
4.387 
4.668 
4.966 
5 265 
5 .582  
5 .915  
6 . 2 6 4  
6.615 
6.975 
7.352 
7 .739  
8 .143  
8 .549  
8 .973  

3 16;ka 

S S / P t  

.093 
.200 
.326 
.464  
.615 
.774 
.945 

1 .124  
1 .310  
1.500 
1.702 
1 .914  
2 132 
2 .359  
2 .599  
2 .844  
3 .094  
3.362 
3 .634  
3 .915  
4 .205  
4 .505  
4 . 8 1 3  
5.118 
5 " 444 
5 .779  
6 .122  
6.4.82 
6 .851  
7 .230  
7 .626  
8 .008  
8.415 
8.832 
9.258 
9.693 

~-6059:;';;~ 

/ P t  

.176 

.365 

.580 

.814 
1.063 
1 .328  
1 .612  
1 .910  
2 .216  
2 .525  
2 .888  
3 .210  
3.569 
3 938 
4.316 
4 .708  
5 . 1 0 0  
5 .504  
5 .914  
6 .340  
6 .778  
7.227 
7.682 

8.625 
9.113 
9.605 

10.115 
10 .421  
11.138 
11 672 
12.216 
12 .771  
1 3  345 
13 .913  
14.490 

8 .  154 

Fe/Pt 

(25) 

0.444 
0 . 8 8 5  
1 . 3 2 3  
I .  754  
2 .174  
2.579 
2.972 
3 .346  
3.697 
4 .033  
4 .352  
4 .656  
4 . 9 4 3  
5 219 
5.479 
5 .720  
5.950 
6 . 1 8 3  
6 4 2 2  
6 , 6 5 5  
6 .904  
7 . 1 6 1  
7 . 4 2 9  
7 . 7 1 0  
8.000 
8 . 3 3 3  
8.687 

9.454 
9.870 

10.292 
L O ,  7 4 4  
1 1 , 2 2 0  
11 662 
12 .084  
12 e 483 

.2  18 

.529 

.862 
1 .203  
1.581 
1.985 
2 % 422 
2.892 
3 .404  
3.945 
4 . 4 9 1  
5.046 
5.642 
6.251 
6.926 
7 .616  
8 .279  
8 .973  
9 .680  

10.435 
11.109 
12 .023  
12.857 
13 ,722  
14 .569  
15.431 
16 .321  
17.220 
18.1.16 
19.008 
20.079 
21 .064  
22 .075  
2 3 , 0 7 0  
24.138 
25.218 

Notes :  Cold junction is at: O°C. 

Wigh-pur i  ty low-carbon n i c k e l  ( N i  99.8% m i n ,  C 0.03% max). 
*;kGr 1 7 .  91, Ni 1 2 , 8 ,  Mo 2 . 4 ,  Mn 1 . 9 1 ,  Si 8 . 4 6 ,  C 0 . 0 5 ,  P 0.014. S 6 .009 .  

Fi r s t -named  metal i s  posit j-ve at: the  
c o l d  junction when E3fE's are l i s t e d  a s  p o s i t i v e .  

J .CW::L-C~O~ v 1 i s  a l s o  knom as 1-1aynes-25. >k>k*Wt%ndard Mo(g9. !h%>. 

...I...I_ _____.......... ;< _,__,____... _. ..__. __.. . ...........,..-. . . . . . . . . . ., . . _. . . . . . .:: . .~ . . . 
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It should be noted that  a l l  s o l i d  metals are riot necessar- 

i l y  desirable as  thermocouple elmnenks over t h e i r  f u l l  cempera&ure 

ranges. 

and of ni.eke1 and i t s  al.loys near  300 C ,  can ciause some var ia - ,  

b i l i t y -  i n  the Seebeck p o t e n t i a l ,  and l a rge  rshanges i n  the tlierino- 

e lcc 'cr ic  power over certain.  ranges.  A l s o ,  s o ~ m  of thein show a 

11 n e u t r a l  tempexature" range over which d E / d t  approaches z e m ,  

and they  are use l e s s  ( e .g .  

Cs/316SS from 100 tfi 3 O O 0 C ) .  

i n  therinocoupleswith 1iquj.d o r  other s o l i d  metals may be un- 

avoidable .  I n  general ,  f a i r  accuracy can be o b t a i n e d ,  and high 

accuracy oveii tested ranges, making such thermocouples p r e f e r -  

ab le  i.n many applicaLions t o  the insertion o f  standard but  ex- 

t raneous thermocouples. 

F o r  ins tance ,  the phase changes o f  j.ron abov,s 7 7 5 O C  (E), 
0 

0 
F e / 3 0 4 S S  from 300 to 700 C and 

H o w ~ ~ e r ~  the  use of such metals 

The thermoelectric powers d E J d t  of the thermocouples i n  

Table I have not been t abu la t ed ,  b u t  can be c a ? ~ c u l a t e d  w i t h  ade- 

quate accuracy f o r  most cases b y  d i f f e r e n c h g  si-iccessive values 

of  E i n  the t a b l e .  

For  measuring the small temperature d i f f e rences  in Lhe mer- 

cury wercing and  heat t r a n s f e r  s tud jes  previous1 y mentioned (&, 2, 

&)., t he  rherrnoelectrie p a w e r  of mercury v s .  i r o n ,  n i cke l ,  and 304 

s t a i n l e s s  stez! was r e q u i r e d .  'The published d a t a  of Oos.i-erhiiis v s  

i ro l i  ( 1 9 )  - o n l y  reach 283 C .  Fursherrriorr, 2 raugh check showed 
0 
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these thermalEMFs a r e  too low f o r  p re sen t ly  employed ma te r i a l s .  

For these reasons a mercury thermdEMF program was ca r r i ed  out. 

I n i t i a l l y  i t  was alrternpted to  measure CLE d i r e c t l y  f o r  small 

temperature d i f f e r e n t i a l s .  A wide, 2 mm. I. D. fused-quarts  U-tube 

was i n s t a l l e d  with each leg  r i s i n g  through a v e r t i c a l  tube-furnace.  

The U-tube was f i l l e d  t o  the  middle of each furnace with v i r g i n  

t r i p l e - d i s t i l l e d  mercury (99.95% average p u r i t y ) ,  and a thermocouple- 

grade i r o n  w i r e  was passed down each leg  t o  the mercury surface.  

However, it proved d i f f i c u l t  t o  ob ta in  and t o  measure s m a l l  tempera- 

t u r e  d i f f e rences  between the furnaces ,  a n d  t o  obta in  cons i s t en t  

thermalEMFs. I n  the  f i n a l  apparatus ,  one of the furnaces  was r e -  

placed by an i c e  ba th  and the  o the r  by a bo i l ing  chamber and r e f lux  

condenser. I n  the b o i l i n g  chamber, the following l i q u i d s  (with t h e i r  

normal bo i l ing  po in t s )  w e r e  employed : water ( l O Q ° C ) ,  naphthalene 

(217.96OC),  benzophenone (305.9OC), and mercury (353.36'C). The 

barometric pressure  w a s  noted during each t e s t  and the appropr ia te  

b o i l i n g  poin t  co r rec t ion  appl ied .  The da ta  obtained are given i n  

Table 11. 

2 A power equat ion of the form: E = a t  f b t  4- c t 3  was E i t t ed  

t o  the  fou r  poin ts  by Least  Squares, er tploying mul t ip le  regress ion  

of (E / t )  aga ins t  t and t . The following equation w a s  obtained:  2 

(11 -5 2 -9 3 
E = 0.019948t  - 1.525 x 10 t + 4.88 x 10 t 

0 
f o r  E i n  m i l l i v o l t s  and t i n  C ,  with the cold junc t ion  a t  B°C, and 

Fe+. This equat ion l i e s  about 10% above Oosterhius '  da t a  (v. 
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'Table 11). Calculat-ed va lues  a r e  l i s t e d  i n  Table 111. 

Published d a t a  on che thermalkNF o f  h i s  i r o n  wire  v s .  p l a t -  

inum ( 2 6 )  - d i sag ree  cons iderably  wi th  Table 1, and it  must be p r e -  

sumed t h a t  i r o n  w i r e  of p re sen t  p u r i t y  was no t  then a v a i l a b l e .  

But t he  Fe/Pt  disagreement i s  g r e a t e r  than  the  Hg/Fe thermalEMF 

disagreement between h i s  and p resen t  r e s u l t s .  Thus i t  would seem 

t h a t ,  i n  a d d i t i o n ,  h i s  inercury d i d  n o t  match the  p re sen t  normal 

p u r i t y  . 
To compute t h e  the rmoe lec t r i c  EMF of mercury wi th  r e s p e c t  

t o  o t h e r  me ta l s ,  their Ems v s .  plarinvm and t h a t  of i r o n  vs .  p l a t -  

inum from Table I ,  e t c .  can be combined a l g e b r a i c a l l y ,  e . g . ,  

= E  -1- E 
Hg/305 Hg/Fe F e / P t  

E 

For in s t ance ,  a t  3 O O 0 C ,  

4.744 i- 4 . 8 5 0  - 

1- 
El?t/30$ 

1 . 7 9 7  = - 1 . 6 9 1  mv 

( t h e  nega t ive  s i g n  i n d i c a t e s  t h a t  t h e  mercury i s  nega t ive  a t  the  

cold j u n c t i o n ) .  

I n  a d d i t i o n ,  the  thermal EME' of  sodium amalgam of  0.058 

0 
weight Y, Na was measured t o  375 C v s .  i r o n .  The EMF' va lues  ave r -  

age some 2% below the  Hg/Fe values  of Table T I ,  t he  d e v i a t i o n  

agree ing  roughly p e r  u n i t  contained Na wi th  publ ished thermal E P F s  

f o r  s e v e r a l  t i m e s  hi-gher N a  concent ra t ions  ( 2 0 ) .  Evident ly  s m a l l  

t r a c e s  of wet t ing  agents  added to  mercury w i l l  not  g r e a t l y  a f f e c t  

the  thermal EMF, and can be calibrated i f  d e s i r e d ,  



THERMOELECTRIC POTENTIAL OF MERCURY- 

CJ Corrected Observed Calculated Deviation, Oosterhius Oosterhius,  4 

Liquid Boiling P t .  Po ten t i a l  (Equation 1) % lower Equation(l9) - % lower 
~ - - - 

(OC1 (mv. 1 (mv. 1 (vs .  obs 'd)  (mv. 1 (vs.  obs 'd)  

Water 99 .78  1 . 8 4 2  1 . 8 4 3 4  -0.08 1 .620  1 2 . 0  

Nap h t ha1 ene 216.86 3.672 3.6586 443.37 3.287 1 0 . 5  

Benzophenone 305 .63  4 . 7 8 1  4.8117 -0 .64  4 . 3 3 6  9 . 3  

Mercury 353 .36  5 .379  5.3602 i -o .35  4 .805  1 0 . 7  
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THERMAL EMF OF ALKALI METALS -~ 

Pro c e dure 

I n  view of  t h e  r educ t ion  of  s i l i c a  by a l k a l i  meta ls ,  p a r t i -  

c u l a r l y  a t  t h e  h ighe r  temperatures  of i n t e r e s t ,  a d i f f e ren t ;  type of 

c e l l  w a s  employed than wi th  mercury. A thin-wallled 316 s t a i n l e s s  

s t e e l  tube was sea l ed  shut a t  one end. Then a s l i g h t l y  s h o r t e r ,  

o p e n - e ~ ~ d e d  f a i r l y  wel l - f  i.tE.:i.ng l i n e r  of  fused quartz o r  aluulina 

( G . E .  Lumalox) w a s  i n s e r t e d .  The tube  was then  approximately 3 / 4  

f i l l e d  under argon wi th  the d e s i r e d  a l k a l i  meta l ,  which rose bo th  

i n s i d e  and o u t s i d e  of  t he  s l eeve ,  b u t  n o t  t o  the t o p .  The tube w a s  

then  sealed of f  wi th  a rubber  s topper  varnished i n  p lace  wi th  G l y p -  

t a l .  Annealed 316 SS wire t o  serve  as one of Che thermocouple leads 

en tered  through thes topper  and dipped s l i g h t l y  i n t o  the  alkali.  metal  .I 

Another i d e n t i c a l  w i r e  w a s  bound t o  the bottom of the  SS tube, a long  

wi th  the  hot. j u n c t i o n  of a c a l i b r a t e d  P t - P t  1.0 Rh thermocouple. 

I n  ope ra t ion ,  the bottom end of the tube was placed near t h e  

c e n t e r  of a v e r t i c a l .  t ubu la r  furnace  and the t o p  end rose through 

an i c e  ba th .  The s t a i n l e s s  steel. wires went t o  s tandard  i ce -co ld  

j u n c t i o n s  and thence v i a  copper leads t o  a potent iometer ,  where 

the thermal EMF ~7as read, Although the  upper end  was t h e  co lde r  

one, no vo l t age  f l u c t u a t i o n s ,  such a s  would be  caused by the  i n -  

s t a b i l i t i e s &  n a t u r a l  convect ion,  w e r e  eve r  observed, no doubt  

due t o  suppression of convect ion by the relat ive1.y small. d iameter  

( l a r g e  L/T)). 

When a Ixca lox  l i n e r  w a s  employed, t he  ho t  end could be taken 

t o  h igh  temperatures  without  s i g n i f i c a n t  co r ros ion ,  as shown by 
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subsequent f a l l i n g  thermal EMFs agreeing with the  i n i t i a l  r i s i n g  

thermal Ems. However, with S i 0 2  l i n e r s  the maximum temperature 

employed was 350°C, as cor ros ion  of the  l i n e r  and thermal EMF dev- 

i a t i o n s  were an t i c ipa t ed  a t  higher  temperatures.  

When higher  temperatures were requi red ,  an a d d i t i o n a l  316 

s t a i n l e s s  s t e e l  tube of the same s i z e  and gauge, b u t  without in -  

su l a t ing  l i n e r ,  was also prepared, and 3 / 4  f i l l e d ,  as before ,  with 

the  a l k a l i  m e t a l .  I n  t h i s  case ,  however, the top of the tube was 

pinched and welded shut ,  ins tead  of using a rubber stopper.  The 

t w o  s t a i n l e s s - s t e e l  w i r e s  were a t tached  on the outs ide  a t  the bot -  

tom, as  beEore, and j u s t  below the l i q u i d  l e v e l  near the top. 

Thermal Ems obtained with an in su la t ing  l i n e r  were genera l ly  

p l o t t e d  a s  (E / t )  vs .  t ,  as before ,  and values  of ( E / t ) ,  thence E ,  

i n t e rpo la t ed  a t  25OC i n t e r v a l s .  

a maximum and reversed,  so t h a t  d i r e c t  p l o t t i n g  of E us .  t was 

preferab le ,  and was used. The r e s u l t s  a r e  given i n  Table 111, 

a f t e r  co r rec t ion  t o  platinum with the  E f o r  316 SS v s .  P t  f rom 

Table I. 

However, E values  f o r  cesium reached 

When an in su la t ing  l i n e r  was n o t  used t o  the  maximurn tempera- 

t u r e ,  E f a r  the  unlined tube was obtained by in t e rpo la t ion  of E 

o r  ( E / t ) ,  a s  above. Then i n  add i t ion ,  the r a t i o  of the  EMF with 

the l i n e r  divided by the EMF without the  l i n e r  was p l o t t e d  aga ins t  

temperature and ex t rapola ted  t o  the  des i red  maximum temperature. 

This " shor t - c i r cu i t i ng  r a t i o "  was found t o  be s u f f i c i e n t l y  inde- 

pendent of temperature,  a s  a n t i c i p a t e d ,  t h a t  l i t t l e  e r r o r  would be 



TABLE ixr 

Temp 

(OC) 
_I_ 

2 5  
50 
75  

100 
12.5 
150 
1.7 5 
200 
225 
2 50 
275 
300 
32 5 
3 50 
375 
400 
42 5 
450 
47 5 
500 
5 2 s  
5 50 
57 5 
600 
62.5 
6 50 
67 5 
700 
72 5 
7 50 
77 5 
800 
825 
8 50 
875 
900 

TI-EKMOELEC'I'RTC POTENTIALS OF L I Q U I D  METALS 

IN MILLIVOLTS WITH RESPECT TO PLATINUM C3) 

9t: 
Pt lHg 

0 . 0 4 5  
0 . 0 7 9  
0 . 0 8 9  
0 . 0 9 3  
0.091. 
0 . 0 8 7  
0 . 0 7 8  
0 . 0 7 3  
0 . 0 7 5  
0 .077 
0 . 0 8 2  
0 .088 
0.097 
0.104 
0 . 1 1 5  
0 . 1 3 2  
0 . 1 4 8  
0 . 1 5 1  
0.1.36 
0.11.7 

PtlMa 

0.029 
0 . 0 5 3  
0 . 0 7 0  
0 . 0 8 4  
0 . 0 9 4  
0 .109  
0 . 1 2 2  
0 . 1 3 6  
0 . 1 5 3  
0 . 1 7 5  
0 . 2 0 2  
0 . 2 2 6  
0 . 2 6 3  
0 . 3 0 1  
0 . 3 4 1  
0 . 3 9 0  
0 . 446 
0 .497 
0 . 5 5 1  
0 . 6 1 5  
0 . 6 9 9  
0 . 7 8 9  
0 . 8 8 8  
0 . 9 9 6  
1 .110  
1 . 2 2 5  
1 . 3 5 0  
1 . 4 7 0  
1 . 5 9 1  
1 . 7 3 1  
1 . 8 5 6  
2 . 0 1 6  
2 . 1 7 3  
2 . 3 1 6  
2 . 4 6 1  
2 . 6 2 9  

Pt/M 

0 ~ 183 
0 . 3 6 8  
0 . 5 6 3  
0 . 7 3 6  
0 . 9 2 6  
1.124 
1 . 3 2 7  
1 .  536 
1 . 7 5 3  
1 .988 
2 * 2 2 1  
2 a 466 
2.727 
3 .028 
3.337 
3 . 6 6 6  
4 . 0 0 8  
4 . 3 6 0  
4 .717 
5 . 0 7 5  
5 .439 
5 . 8 2 4  
6 . 2 0 b  
6 .  624 
7 . 0 3 1  
7.4.55 
7 . 8 8 4  
8.31.6 
8 . 7 5 8  
9 .218 
9 .672 

10 .168 
1 0 . 6 4 3  
1 1 . 1 4 3  
11 637 
1 2 "  150 

-- 
P t / C s  

0 . 1 8 3  
0 . 3 8 2  
0 . 5 9 8  
0 . 8 2 5  
1 . 0 6 3  
1 . 2 9 8  
1. 5 1 7  
1 . 7 2 0  
1 "  906 
2 . 0 0 5  
2 .198 
2 342 
2 . 4 7 8  
2 . 5 9 3  
2 "  694 
2 . 7 6 4  
2 . 8 1 9  
2 .857 
2 . 8 7 2  
2 a 871 
2 . 8 6 6  
2 . 8 5 4  
2 . 8 3 9  
2 .818 
2 . 8 0 5  
2 . 8 0 1  
2 . 8 0 3  
2 . 8 2 2  
2 , 8 5 0  
2 . 8 8 5  

I.___^ 

Pt/Kb 

0 .061  
0 . 1 1 0  
0 . 1 4 6  
0.17'3 
0 . 2 1 4  
0 . 2 6 4  
0 . 3 2 4  
0 . 3 9 6  
0 . 4 7 9  
0 . 5 7 5  
0 . 6 8 3  
0 . 8 1 6  
0 . 9 7 2  
1.138 
1.. 310 
1 .494  
1 . 6 8 4  
1 I868 
2 . 0 6 6  
2 . 2 8 5  
2 , 5 0 5  
2 ~ 7 3 5  
2.962 
3.207 
3 "  456 
3 . 7 1 1  
3 .968 
4 . 2 3 8  
4 . 5 I. 3 
4 . 8 0 5  

1 _ . - _ ~  

Notes: Cold  junction is at O°C. 

*Equat ion 1 minus E 

Platinum is pos i  Live  at t h e  c o l d  
junct ion i n  a l l  cases .  

from Table 1. F e / P t  
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expected i n  i t s  ex t r apo la t ion .  E i n t e rpo la t ed  f o r  the  unlined 

tube a t  any high temperature, mul t ip l ied  by  the extrapolated shor t -  

c i r c u i t i n g  r a t i o  a t  t h a t  t, gave the cor rec ted  o r  t r u e  E. 

Potassium: T r i p l e - d i s t i l l e d  potassium w a s  run from 372O t o  8 Q 7 O C  

i n  a S S  316 tube wi th  a 0 . 2 1  i n .  I D  Lucalox l i n e r ,  then from 339O 

down t o  1 3 8 O C .  (E / t )  p l o t t e d  s t r a i g h t  aga ins t  t above 46OoC, and 

the  ascending and descending por t ions  below 46Q0 merged wel l ,  though 

not  e n t i r e l y  s t r a i g h t .  Thus, there  i s  no evidence of corrosion of  

t he  A 1  0 a t  these  temperatures.  
2 3  

In  add i t ion ,  e a r l i e r  t e s t s  were run (23) on MSA Research com- 

mercial  98+% potassium (v. Table I V )  t o  30Q°C i n  a 56 inch x 0.5 

inch OD x 0.035 inch wall 316 SS tube with a 53  inch  x 10 mm OD x 1 

mm w a l l  quar tz  l i n e r ,  and t o  800°C i n  a similar empty 316 S S  tube. 

The s h o r t - c i r c u i t i n g  r a t i o  up  t o  300 C was s u b s t a n t i a l l y  constant  at: 

3.94 (average devia t ion  0.015). The unlined tube da ta  when mul t ip l ied  

by t h i s  r a t i o  gave SS 316/K thermal EMFs t h a t  averaged w e l l  wi th in  

1% of the  Lucalox da ta  over t h e i r  whole range, ev ident ly  ve r i fy ing  

the  l a t t e r ,  as w e l l  as i nd ica t ing  t h a t  normal. impur i t ies  i n  commer- 

c i a l l y  pure potassium don ' t  a f f e c t  the thermal EMF s i g n i f i c a n t l y .  

0 

The p r i o r  published d a t a  of Bidwell (2) extend only t o  30OoC, 

and are not  claimed t o  be r e l i a b l e  a t  low temperatures (presumably 

below the melting po in t ) .  

200/100°C and 300/10Q°C they showed the  c o r r e c t  p o l a r i t y ,  but: only 

about 2 / 3  of  the magnitude f rom Table 111. They were reported i n  

1914-1924, and p u r i t y  of the mater ia l s  seems doubt fu l -  

For d i f f e r e n t i a l  couples P t / K / P t  a t  

- :....... ~ - .... 
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Table IV 

METALLIC IMPURITIES EN PFpl IN ALKALI ME'1'ALS EMPLOYED (23) 

B a  
s i  
C a  
FEI 
e r  
Mn 
Mg 
P D  

A l  
R e  
MO 
Sn 
V 
CU 

Ti 
CO 

N i  
N 
cs 
K 
NEI 

L i  
Rb 
B 
T P  
ST 

43 

10 
10 
5 
1 
1 
1 
5 
4 
2 
1 
1 
1. 
2 
3 
1 

10 
5 
2 
1 

(98+%$ 

C e s i u m  Rubidium 
(Dow) (I4SA.R) 

8 
2 9  
10 

6 
2 
2 
2 
2 
5 

2 

2 

(99.5+%) 7000 
1 6  1000 
1 6  100 
16 70 

116 
1.6 
2 
2 

(99%) 
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down. Higher temperatures were not employed because they caused 

boiling, presumably due to insuff ic ient  pressiarizaticm w i t h  argon 

before  seal ing,  

 he short-circuiting r a t i o  rose close to  l i n e a r l y  from 

1 . 1 2 9  at 20OoC to 1.147 at 350*C. 

a t&ou t  1.200 from 50 to b50Q@. Thus,  the avorage figure cif 1.. 17 

However, it w a s  fairly sonsrant 



was employed as  t h e  m u l t i p l i e r  f o r  the u n l i n e d  tulie d a t a .  

0 
C s / S S  316 shows a thermal EMF maximum a t  abou t  210 C ,  

dropp ing  o f f  t o  z e r o  a t  389 C and reversing thereafLer .  Accor-d- 
0 

i n g l y ,  (E/r)  p l o t s  were i-mt employed. The Bidwel l  e q u a t i o n s  (20) 

y i e l d e d  d i f f e r e n t i a l  P t / C s / P t  thermal EMFs some 7% low a t  2 0 0 / l @ @ ° C ,  

and 23% low a t  3O0/1OOoC, €or  t h e  b e s t  agreement 

I_ 

of any a1kal.i 

-.- Sod,ium: Subsequent  t o  the work w i t h  t he  o t h e r  1.i.quid metals 

( 2 1 - 2 3 ) ,  -- t r i p l e - d i s t i l l e d  Sodium w a s  run i n  a SS 31.4 tube w i t h  a 

0 . 2 1  i n .  ID 1,ucalox l i n e r  from room t empera tu re  up t o  699 C. 

Temperatures  f r o m  100 t o  272°C were t h e n  r e p e a t e d ,  showing c lose 

0 

agreement ~7 i t l i  t h e  e a r l i e r  low t empera tu re  p o i n t s ,  and l a c k  of 

corrosi .on o f  t h e  A 1  0 by t h e  N a .  The the rma l  EMFs i n  Tab le  111 

up through 700 C were obtained by ( E / t )  i n t e r p o l a t i o n  o f  t h e s e  

d a t a .  

and ( E / t )  s i m i l a r l y  o b t a i n e d  t o  900°C a t  2 5 O C  in te rva ls .  

s h o r t - c i r c u i t i n g  r a t i o  from 450 t o  7OO0C plotted smoothly from 

l .037  L O  1.065 and was e x t r a p o l a t e d  t o  l .076 a t  900°C, y i e l d i n g  

2 3  
0 

Ancsther SS 316 t u b e  w i t h o u t  a l i n e r  w a s  c a r r i e d  t o  879OC 

The 

w i t h  t h e  u n l i n e d  tube  d a t a  t h e  h igher  v a l u e s  i n  Table 111. 

B i d w e l l ' s  e q u a t i o n  (20) -I shows a n  i n c o r r e c t  p o l a r i t y  f o r  

t h e  P t /Na/Pt  d i f f e r e n t i a l  coup le  a t  200/100°C, and correct p o l a r -  

i t y  b u t  40% t o o  h igh  a value a t  300/lOO0C. 
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DISCUSSION 

m. I,YOlV: '].!he f ixed r a t i o  vhich you. got br-tween t;he insu?..ated ,arid 

im.insd.ated tube, and the fact  Ynat that renra?md constant  over a r a ~ z g e  

of temperatu-re, does Y n a t  i.inply na!;ural. (:ircul-:ition effects were ~ o t  a 

problem? 

BR. BONILLA: I bel.ieve 6 0 )  part icular1.y since tne i n t e r n a l  d i m e t e r s  

of t h e  .two t i h e s  were different, and nat;ural corwection woinld have beer1 

expected t o  show up a t  d.iffere1-1'~ temperatures i.n the two tulles, R u t  i n  

ad.d.itioiz, substantial l.s:ngths a t  each end. wm.11 be isothermal, more o r  

less, and might;  be expected t o  m i n i i n i . Z e  the ther?iioelect:vic effect  of a 

na-tvral circul-ation I ; h a t ,  d id .  occur; ai; l e a s t  we o'atained. p e r f e c t l y  stetndy 

i-cad-ings wi.th the coli? end. on top.  We tri.eci it t h e  other way, wi:th the 

hot end on Lop, which we cou7.tl use wl.'ch the sealed cell; but we frecpm-Lly 

obtai.ned sLeadier rea,dj.ngs wit ; i i  the cold end up, possibly re lated -t,o 

fiAec;zing -21111 sh:rinking of the a l k a l i  m e t a l .  Nat,u.ral.ly, when you use i.ce, 

y o u  ha-ve 9 liqini&-to-solid interface i n  .there somewhere I 

and i t s  instability are l e s s  likely vlien the h o t  end is belov, as the  

l i c p i d  head. r a i s e s  the boj.l.irlg point .  

A l s o ,  b o i l i  ne, 

M?. TEPI3'B: Dr. ~o:ni l_la ,  there i s  apparently a real. inversion i.n t,he 

3l6,/eesiixm. Do you have zny reason t o  :;cispec.t &at caused 'ihls? 
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MR. F3:SBI'X: 

p o s i t i o n  of staiiilfss s t e e l  al.loys from hea t  to heat, w i l l  a f f e c t  the 

cumulative p o t e n t i a l s ?  

Does your experience indica'ce how imch t i le varying [::om- 

NE?. BOl\I:I:T.,L!i: We didn't make an exhaust ive study of t h a t ,  but we have 

had it i n  i!t:ind.. There i s  c e r t a i n l y  some effect , ,  Weber l i s t s  1.8-8 vs. 

pl-atinwfl, hiitlia-ui; d-escribing %he 18-8. It dev.i.al;e:; by s e v e r a l  $ i'rorrl our 

own dais on 304 s ia in l .ess  v s .  platinum, t>hougli probably the  dj-fference i n  

coniposi'iion i s  sna2-1. 

On t h e  oi l ier  hand, the 304 and the  316 daix t h a t  we obtaiiicd d e v i a k  

throughout by I.ess than I.%, even though. thei'e are substau-Lial changes i n  

composition. So our general b e l i e f  i s  t h a t  it i s  not  ayp iupr i a t e  t o  

a t - tach  h igh  r ep roduc ib i l i t y  t o  results with tnese a l l o y s ,  becFt1.,xc both 

Llie composi-tion and t h e  teiilper a r e  not  necessary con t ro l l ed .  O n  t h e  o t h e r  

hand, one cou1.d re1.y on these  t a b l e s  Tor approximate results with any 

al.i.oys of t h e  same general. composition. Tiny t r a c e s  of impurii,ics i n  a 

pure material. seex t o  be much more jrnportant i;han substantia!. va r t a t io i i s  

i n  p r i n c i p a l  i.ngredieiits of a l l o y s .  

Comparing OUT mercury results w i t h  -t;hose of Oosterhius, i'i seems t h a t  

t.i.ny i r acec  of impurLties ii tile mercury must have imde a l a r g e  d i f f e rence  

iii the-r-rrla1. EMFF. The thema1 E W  of  Oosterhius ' iron versus yledLinum i s  

qiri.'te d i f f e r e n t  from t h a t  of pl'e$ci?t IAiermocouple iron, but. a P t e i .  appl.ying 

t h a t  co r rec t ion ,  Yliere is s t i l i  a bj.2 3 i f f e rence  between his and our  

Hg/Fe ECQs. It n:usi, be i n  the  mercury. 
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REPORT ON HIGH TEMPERATURE LI 

METAL MEAT TRANSFER RESEARCH A T  

GEOSC!IENGE LT 

By H.  F. Poppencliek and N. D. Greene 

The high temperature liquid metal heat transfer reseacln at @eoscienet: Etd. 

i s  being conducted for the Atomic Energy Commission, Thc studies consist of 

analytical and experiniental liquid metal boiling wid condensing with emphasis on high 

gravity or rotational flow 

thc research resul ts ,  design correlations and c:riteria are being developed so that 

nuelear reactor and hcat exchanger performanec can be predicted. The asstsciatcd 

problems rsf the irifluence of coolant void pert,u~bations on neutron and heat flux as 

well  as the effect of boiler lube wzll temperature tluctuations on metal fatngue are 

a l so  being eonsidered. 

Livett are also participating in the research program 

Roth mercury and potassiiirn we  being invesl igated. FrC9nl 

F. R. MacDonald, C .  M. Sabin, A .  $3. Thompson and R. K. 

h3uri~ig the past year,  1) boiling and condensing heat and inornentuni 

transfer mortcas have been analyzed, 2) R liquid metal heat transfer facility has been 

fabricated 

experimental boiling and condensing measiarements kr,&v;ve bemi made and, 5 )  experi- 

mental results are being conipred to pi-etlietions . 

3) hvo supplementary heat trans1c.r apparatuses have been constructed, 4) 
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ICE SE.A RC II  P RQGRANI 

There a r e  a tiumbcr of different forced flow boiling regimes depending upon such 

parameters as quantity, mass  flow rate and gravity field. One regime of interest is 

that of slug flow. 

tion on the temperatrlre fluctuations in the wall  of a boiler tube as alternate slugs of 

vapor and liquid flow through it. It is postulated that the boiler tube has thermal capac- 

ity, zero thermal resistance in the radial direction and infinite thermal resistance in 

the axial direction. The thermal resistance of the fluid is cyclic (see Figure I ) ,  and the 

mixed-mean fluid temperature is postulated to he a constant saturation temperature. The 

differential and boundary equations which define the transient heat transfer at  a given 

station along: the tube a r e ,  

An investigation of this type of boiling process has yielded inforrna- 

t ( 0  = 0) = t (0  = e ) (3 ) 2 

0 

The solutions for the boiler tube wall  temperature at  the beginning of the cycle and the 

mean wall  temperature during the cycle have been derived (reference 1). 

difference between these two temperatures is the amplitude of the wall temperature 

fluctuation. This solution has been used to calculate wa l l  temperature fluctuations in 

boilcr tubes under representative slug flow conditions. The temperature fluctuations 

were found to be significant only in  the low quality region where vapor and liquid slug 

The 
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Note that as the gravitational field increases, both the film Ihickness and drop lifetime 

decrenses thereby increasing the heat transfer to the drop. A s  the gravitatiorml field 

increases, the droplet popula.tion increases at the wall and the total heat transfer is 

further increased. Figure :? shows R comparison of experimental lifetimes of water 

droplets with predicted values. 

droplet vaporization oil a hot plate containing an embedded thermocouple" The expcri- 

mental water data fall approximately 2576 above predicted values. Only limited droplet 

lifetime measurements fo r  mercury have been made. 

1ifel.iines appear to be falling approximately 20% below the predicted values. 

The experimental data were obtained by observing 

Howevcr, lhese experimental 

.Some researchers have suggested that as a drop collides with the heat transfer 

surface ii? a boiler tube, the drop is completely vaporized and this process is  the prime 

heat transfer mechanism. After observing many liquid droplets evapomting cn  a hot 

plate,it is  thought that total vaporization on impact is  not completely dominant. 

seeins probable that, droplet evaporation takes place at all radial positions in the fluid; 

there is no doubt, however, that evaporation i s  greater near the wall than in the core 

region of the fluid. 

convection with a volume heat sink. 

It 

Therefore, heLit transfer in fog flow can be thought of as Forced 

The equations that define the model a r e ,  

where, 

t -.t 
d m  
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The velocity decay of thin, unconstrained, rotating, liquid layers in a stationary 

Figure 8 depicts the rotational flow decay model. A iurbulent tube has  been studied. 

liquid layer  is separated from the wa.11 by a viscous vapor f i lm.  

analysis has  been made which yields a solution for  the normalized tangential Reynolds 

iiumber of the liquid layer  a s  a function of dimensionless decay I.ime, +, and a new 

parameter  C which i s  a function of the liquid and vapor thicknesses and viscosities. The 

resul ts  of the analysis are shown in Figure 9. 

develop, the decay t imes increase.  

useful in designing rotational flow guide vanes for  high quality regions of boiler tubes. 

A momentum transfer  

Note that as the vapor film thicknesses 

It is felt that the resul ts  of this analysis will be 

Calculations have been made of the changes in neutron and heat flux in local 

regions of idealized nuclear reac tors  as a resul t  of local coolant density perturbations. 

Details of this work can be found in reference (4). 

Cfioscience has  constructed and operated two experimental, liquid metal systems 

To to obtain heat and momentum transfer  data in both linear and rotational flow boiling. 

date, both systems have been used to obtain boiling mercury and water heat t ransfer  

data which permit  preliminary comparisons to be drawn between linear and rotational 

flow boiling in both the high and low vapor quality regions. 

The system in which the  low vapor quality boiling mercury measurements have 

been made i s  constructed entirely of tantalum and i s  capable of operating at 300  psig. 

The sys tem has  been designed to operate a maximum power input of 25 kw. It is also 

estimated that several hundred degrees of potassium vapor superheat could be attained 

in this system. A schematic diagram of the tantalum system is shown in Figure 10.  

The liquid metal flow is accomplished by pressurizing a tantalum-lined reservoi r  with 

argon gas.  The mercury coolant is forced successively through a va.cuurn containment 

vesse l ,  a res is tance heated preheater ,  a boiler section whose walls a r e  instrumented 

with thermocouples, a separator  in which the vapor is removed from the unvaporized 

fraction, a subcooler with tank, and a condenser havitig a s imi la r  tank. 

Presented in Figure 11 is a par t ia l  view of the assembled, tantalum heat t ransfer  

system. 

separator  are enclosed in the containment chamber shown in the center  of the photograph. 

The high temperature components such as the preheater ,  boiler and vapor 
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The load cell instrumentation, lroni which the tanks are suspended, yieldb the wei&e- 

time variation of mercury .I 

The thick wall ?>oiler is schematically pictured in Figure 12.  In the f i rs t  ser ies  

of experiments, this tcst  section w a s  used to obtain low vapor quality boiling mercury 

heat transfer conductances. The tantaluni sheathed thermououplcs are embedded 1ung-i- 

tetdiiially in  the tubular heating surface to negate possible radial conduction e r r o r s .  'To 

insure uniform circumferential wall teniperatures, the burl er tube was constructed by 

plasma-spraying with tantalum to a depth of about 0.3 0 inches Approximately 0 I 0 1 

inches of plasma-sprayed a1 umna provided both elcc'crical insulation for the heating 

elements and a thermal Bond as shown. 

Subsequent to the final system assembly and prior to cleatling, a series of 

measurements o f  heat transEer conduckances to ordinary watcr  w e r e  conducted. 'Yhe 

results o f  a typical measurement a t  a Rcynulds number of 25,600 are shown in Figure 1 3  

(reference I). The experimental Nusselt numbers ~ c r e  found to be in good agreement 

with the literature values These measurements were niade to obtain additional veri-  

fication of system accuracy, response and integrity. 

Some typical low vapor quality, 1ine:tr flow, boiling mercury heat t s ~ n s f e r  data 

are shown in Figure 14. The sudden wall temperature rise which occurred during a 

small increasc in heat i l ay  may Ise attrilrautix3 to the trans ltion from nucleate bojling 

So f i lm  boiling. 

Figure 15 indicates s c m c  representative heat transfer results for helically flowing, 

boiling mcrcurgr. 

th? data in Figwe 14,  hut it is now n o t ~ r l  that the peak wall temperatures are mnaterially 

lower. The differences between mrniniutn and maxirnunn wall temperatures far the 

helical $low experiments are less than kla4f the COT rcspondarig valuer; measurcd in Bi~lear 

f k w  . 

The coolant flow rates arid heat f l i ~ w s  are approximaite?y similar 

A comparison i s  n,adu in  Figurt  1 F  !>ettve:en one linear f low anti hvo helical tiow 

walk temperlrtwe distrabiitions for siani;ar conditions of hmt  Flux and Slow rate. The 

A T  ( "  F) denotes the dilfereace Setween the wa14 and saturaricm temperatures. j $  i s  of 

'nkerest, p:,rticLdarly, to coim75aare ..Mal; tetnpertttures Hli, r u n  No. na a: a k3tc?l now rate 
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of 60 lb/hr with corresponding values in r u n  N o .  22, where the flow rate w a s  50% 

greater atid the quality was about 50%) l e s s .  

The auxiliary system in which boiling mercury heat and lilomcntum transfer 

data were obtained was essentially constructed of a single, 25 ft section of 3 / 8  inch 

stainless steel tubing. 

couples and pressure taps, and the boiler was heated by passing an electrical current 

through the tube w a l l .  The system w a s  gravity fed from a 12-foot standpipe containing 

the mercury reservoir .  The heated components of the system were heavily insulated 

and heat. loss corrections were determined from the equilibriuni power input over the 

desired temperature range with no fluid flow. Pressure levels of about 30  psia were 

obtained at wall temperatures of about 1850°F. It was ascertained that, at vapor 

qualities f rom approximately 20 to 100 per cent in the film boiling and fog flow regimes, 

no measurah1.e power was generated within the working fluid. 

established from the measured linear potential distribution along the boiler length for 

thc above vapor quality range. 

Three feet of the exit end were instrumented with wall thermo-- 

This condition wa.s 

Shown in Figure 1 7  a r e  some typical boiler wall temperature distributions for 

both linear and helical flow. 

far  beyond the heated section represent the mixed mean fluid temperatures. 

noted that although the heat flux in  the helical, o r  rotational flow case was about twice 

the linear flow value, the wall temperatures were compamble . 
27 % and 74% for linear and helical flow, respectively. 

comparable. 

The last  two wall temperature stations which were located 

It may be 

Vapor qualities w e r e  

Coolant flow rates were ngain 

Pressure drop data at n constarit flow rate of about 65 lb/hr were obtained in 

Vapor qualities ranged from approximately 27 to loo$&. both linear and helical flow. 

In Figure 18 the results of the pressure drop measurements a r e  presented versus 

mercury vapor quality. The pressure drop measurements for helical flow fall only a 

little above the values for linear flow. 

cases.  

The flow cross  section w a s  identical in both 

Helical and linear boiling heat transfer conductances a r e  compared a s  a function 

The data have been normalized on the basis of the linear of vapor quality in Figure 19. 
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flow wntPuc;tances. 

constant until  very high vapor qualities 31-e at ta ined,  then fall rapidly to $,he predicted 

value for  single-phasc helical flow. 

flow are nea r ly  foitr fold higher than the wrresponding values in linear boiling ovcp 

the quality and mean flow rate ranges studied. 

quality of 90  per cent were not Obtdined in t h i s  series (if experiments 

ments wi l l  yield more detailed iiifornxation on boiling heat transfer and f l u  id friction 

over :I broader range of varixhles I 

It may be nolcd  that the c.onduct,tnces in helical flow boiling r e m a i n  

It is also mtcd that conductance values for hcblie,d 

Linc:tr flow conductance data beyond ;L 

Current  experi- 
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Y w eight dens i ty 

liquid weight  density 

v q m r  weight densily 

liquid inass density 

vapor mass density 

t i m e  

droplet vapn 1- izat io n time 

Weisbnch friction factor 
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Figure 1. Thermal circuit and square wave conductance 
function for s lug f!ow model. 
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Figure 2 .  Geometry and pressure field for droplet model. 
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F i g u r e  1. Typical graph of (t - t ) f o r  water  boiling in the 
high quality region using the fog VJ h%at t r a n s f e r  model. 
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Figure 5 I Experimental water boiling data in the high 
quality region (linear flow). 
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Figure 6 .  Linear fog flow, 

Figure 7 .  Helical fog flow (P/D = 1). 
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Planar View of Tangential Velocity Profile 

t----.-j 'flow direction 

Figure 8. Two-phase flow decay model 



1
5
8
 

n
 

m
 

ID
 

N
 

0
 

-
 

0
 

0
 

x 
?
 

n
 

2 0
 

v
 m
 

0
 



TRANSDUCER 
INSTRUMEMTATION 

RADIATION 
SHIELD 
TE M PERATU H E S 

RADIATION 

ARGON 
CONTAINMENT J 

SUB COOLER -3 *CONDENSER 

LOA0 CELL 

LOAD CELL 
WSTRUMENTAY ION - 

LEGEND 

ELECTRICAL 

--- --- THERMOCOUPLE 

PRESSURE 

- - - - WATER 

_m__ MERCURY - ARGON 

TATION 

Figwe  PO Experimental mercury heat transfer system. 



160 

r" 'I 

*' J 

&ii 

_ - -  . -  

, 

R' 

Figure 11. View of completed heat transfer system. 
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Figure 12. Thickwall boiler design. 
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DISCUSSiON 

PIR. HAYS: Do you have zn explanation a s  to  why t h e  thermal power 

ranged as iiiuch as 15% qreater than e l e c t r i c a l ,  on t'ne s l i de ,  and, secondly, 

what, jn general  w a s  tire experiinental s c a t t e r  on t h e  curves of  ii h e l i c a l  

over Ira l i nea r?  

MRm GEEENE: The d a t a  shown i n  the cu-n-e were based- on. tile r e s u l t  of 

preliminary heat  balances which were obtarined with this system. We f e l t  

t h s t  from our measurernents and observations a range of plus  or minus 15% 

included a l l  of t he  s c a t t e r .  

What -Yne accuracies of  t he  experimental conductance data  were a t  th i s  

time, I would iTot say definitel-y,  but %re feel .  t h a t  the data presented a r e  

correct  within plus  or minus 25$* 

However, I would. Like t o  add thak tne  comparison we made here be- 

i;,deen l i n e a r  flow and helical.. f l o w  w a s  one f o r  one. It w a s  made w - i t i i  t h e  

same surface area i n  both cases, Yne sane duc-t and the same Lu'ue. Secondly, 

t'nis id-enti-cal tube was used with the  s a m e  pressure t a g  connections with 

the  'iwisted tape inser ted;  thus, a Lo-tal pressure d.rop was measured.. WhTle 

the  magnitude I s  perhaps not p rec i se ly  known, c e r t a i n l y  t h e  cornpartson be- 

tween the two w a s .  

PIR. FISHW: 'The use of these model D predricted drop diameter. Are 

yoii doing any work on t h i s ?  

MK. POPPETiDIEK: We a r e  t ry ing  t o  ca l cu la t e  fog  flow heat  t r a n s f e r  

using R number of possible cel.1.-to-pipe radl.iis ratios.  We a r e  going t o  

make some more de t a i l ed  exnmirvations of wha-1, the possible  p rac t  kal. r a t i o s  

might be. 

ME. GOLDWJ: I wss a l s o  very i.ni,eyested i n  your droplet  model. I 

think perhaps tnat t h e  s i z e  of d rop le t s  i s  qu i t e  a b i t  simller than the  

drople'cs .we have been looking a t .  We have, s m e  time ago, made estirnates 

of what dI'opiet s i z e  t o  expect i n  high-vel o c i t y  steam-liqutd systems, and 

it looked t o  us t h a t  the average CropleL s i z e  might be arou:rid 1!-O microns, 

with a maxiimm s i z e  of aboiut ZOO microns. 
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Now the corvespoliding lifetjirie span for a droplet  which rnoves i n t o  

the boundary i s  a l s o  qu i t e  a b i t  shorter than Lhat which you have ind i -  

cated; and the re  i s  a coiisiderable amouni of data  on spherical  droplets ,  

r a t h e r  t h m  c y l j n d r i c a l  droplets .  I believe much of  iiiis data  can be 

used io  develop drop1 e t  evaporation models. 

PPK. POPPENDIEK: The purpose of t h i s  model was j u s t  t o  show - h e  re-  

lati~cjn between the  various pararneters . 
must be studied, as you indicate .  It i s  not easy t o  watch l i t ‘de  d-roplets 

while they a r e  evapoyating; we started. w i t h  the  l a r g e r  ones. We have a 

microscope system, now, t h a t  i s  used i n  these s txd ie s .  One can observe 

a riuiiiber of interes- t ing f ea tu res  while viewring tile l a r g e r  d r q i l e t s .  

example, when the AT i s  reduced su f f i c i en t ly ,  then the  ].life-trimes a r e  

drast ical l -y  reduced because of  nucleate boriltng. 

Certainly sniall-diamete:r d.roplets 

For 
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LITHIUM-BOXLING FOTASSI-UM FSWRACTORY M3TAL LOOP FACZ1,ITY 

by Jerry P.  Davis 
Gerald M. Kikin 
Wayne M. Phillips 
Lawrence 5. Wolfson 

Jet Propul.sion Laboratory 
Pasadena, California 
August 1, 1963 

Abstract 

A 30 kw lithium-boiling potassium two-loop facility is presently 

iindes construction at the Jet Propulsion Laboratory and is expected to 

be in operation di-iring 1964.  

%ne loop i s  totally constructed of colezmbim-l% zirconium alloy and 

\,ill operate at temperatures up to 2 1 0 0 ~ ~ .  

The primary purposes o f  this loop facility are as f o l . l ~ w s :  

1. To investigate over-all transient and steady-state character- 

istics 05 a two-loop system ~~7hich approximately simulates vel.oritles, 

temperature, I)K(~:SSIIXS, t r a n s i t  times, and heat  fluxes in the range of 

actual  system interest. The primary loop heat source is by dicect-resist- 

aace heat generation in a section of tube wall and liquid metal, which 

lends itself to programming o f  reactor kinetic equations f o r  siinulation af 

p w ~ t  response to var ious  system perturbations. A detailed study of re- 

gimes of boiling stability under  various operating cond5tions > heat f lilxes, 

exit vapor quality, inlet s~uhcool ing,  e t c ,  w i l l  be accomplished. 

2 Steady-state local-boiling heat - t r ims fer  coefficients and two- 

phase pressure drop data w i l l  also be obtained for a variety of operating 
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3. Components such as throttling valves, centrifugal pu-ps, hot 

traps and experimental turbine-alternators, will be evalhated for poten- 

tial application to actual systems. 

I. Areas of Investigation. 

The tWQ 100p lithium-boiling potassium facility under construction 

at JPL represents an attempt to simulate the major elements of a two-loop 

nuclear turboplant concept of potential interest for spacecraft propulsion 

application. The primary purpose of this facility is the investigation 

of overall transient and steady-state characteristics of a Rankine cycle 

alkali metal plant which approximately simrilates operating conditions of 

actual system interest. Various programed startups, power demand tran- 

sients, control concepts for power range operation, etc, will be studied 

in parallel with an attempt to predict and/or formulate the necessary models 

to predict system behavior by analog representation. 

In addition to the system dynamics program, a study will be attemptcd 

to define regimes of boiling stability as affected by various operating 

conditions, heat fluxes, exit vapor quality, inlet subcooling, liquid and 

two-phase pressure drop distribution, and their pertinent parameters, 

Various types of boilers are contemplated for investigation including 

tube side boilers and shell side cross-flow boilers. Steady state local 

and overall heat transfer coefficients and pressure drop data will also 

be obtained for a variety of boiler configurations and operating conditions. 

Finally, a facility of this nature is, of necessity, engaged in com- 

ponent evaluation. Items such as throttling valves, centrifugal pumps, 

hot traps, liquid vapor separators, and experimental turbine-alternator 

components will be evaluated for potential application to space power 

systems. 
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TI. Loop Design. 

F ig .  1 represents a f l o w  schematic of the system arid loop operating 

conditions are shown i n  Table T .  Brief ly ,  the primary s ide l i thium flow 

en te r s  a d i r e c t  current  sesis tance heated hal?.cal c o i l  t o  which reactor 

kirietic equations may be programmed f o r  simulation of power response t o  

various system perturbat ions.  The l i thium enters a cen t r i fuga l  pwnp which 

employs a combination r ec i r cu la t ion  and l i qu id  l e v e l  i nd ica to r  srrmp , through 

a bellows seal throttle valve,  electromagnetic flowneter, boi ler ,and r e tu rn  

to  the heater  i n l e t ,  About 15% o f  the fl.aw i s  bypassed to an yttrium ho t  

trap located i n  the  coolest  p a r t  of the system f o r  minimization of mass 

t r ans fe r  e f f e c t s  ~ 

%he secondary s i d e  potassium enters a coiintercurrent annular flow b o i l e r ,  

exits through a f l o s ~  o r i f i c e  t o  the experimen.tal turbine,  o r  bypass be11ow 

seal vapor t lzrot t l iag valve ,The condenser i s  

surrounded by an array o f  ro t a t ing  r ad ia t ion  sh ie lds  t o  vary the e f f ec t ive  

c~~-t.denser area.  “Tne potassium continues through a subcooler electromagnetic 

pump, electromagnetic flowmeter, preheater ,  z;irconi.um g e t t a r e d  hot t r a p ,  

l i qu id  t h r o t t l e  .Jal.ve, and returns t o  the boi ler  i n l e t .  

t o  a radir;ti.ng condenser. 

I’he loop i s  contained i n  a 5 foo t  diameter by 7 foot long main encl.osure 

with aux i l i a ry  enclosures f o r  the condensing r a d i a t o r  and fill/dlemp system as 

shown i n  Pig. 2 .  The syste.m w i l l  be run i n  a r ec i r cu la t ing  arson atrnosphew 

s l i g h t l y  above atmospheric pressure.  Make-up argon w i l l  have an oxygen con- 

tent  of about 1 ppm oxygen and 1 / 2  ppm water vapor. 

i n  the enclosure i s  expected t o  be several orde r s  of magnitude below these 

f igu res  and unmeasiirab1.e by cont i .mio~s  stream analysis  techniques. 

Equilibrium concentration 

‘file loop wi7.1.  he t r i p l e  tantalum f o i l  wrapped and insai1.atc.d with aboiz+, 

3 inches of  “Glass Rock” foamed hf.& pur i ty  s iLica,  

8 
A l l  mater ia ls  i n  ccsatact wi-th f l u i d s  above 1500 F w i l l  he C b - 1 Z r  with 

the exceptfon of higher a1l.oy valve facirigs, hot t r ap  gettsrs, and turbine 

wheel,  F i l l  a.nd dwup system i s  constructed o f  type  30& s t s i n k s s  s teel .  
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111, Loop Components. 

The design o f  loop and auxiliary components is essentially compl.ete. 

All coinponents and/or materials have been purchased for assembly of the 

loop. The developiiient and fabrication of a test isolation dtaphragm 

assembly for pressure measurements has been completed and a test program 

has been initiated. Compatibility experiments are in progress to evaluate 

vari.ous potential loop insulation materials. The inability to satisfactorily 

hydroform Cb-1Zr bellows has resulted in the investigation of alternate 

forming techniques, including a coreduction vapor deposition process. 

Major loop components are shoFm in Pigs. 3 through 10. 

IV. Fabrication Status. 

The loop design has been mocked up as a full-scale assembly, shown 

in Fig. 11. The purpose of this mockup is for locating components, asso- 

ciated piping and electrical wiring, heater power leads, piping supports, 

and the fitting up of insulation. 

f i e  loop is designed to permit the fabrication and assembly of the 

various loop components on the loop support frame outside the loop contain- 

ment vessel. llie containment vessel itself, shown in Fig. 12, is composed 

of two major sections, one of which can be traversed on tracks to permit 

the installation of the loop assembly and the associated power, instrumenta- 

tion and dump system feedthroughs. The control shutter assembly shown on 

its preassembly stand, Figs. 13 and 14, will be installed in the vertical 

section of the movable portion of the containment vessel. The lithium 

circuit and potassium circuit hot traps and the lithium circuit liquid 

level indicator have been machined and are shown in Figs. 15, 16 and 17. 

The loop boiler assembly is in fabrication at JPL. The lithium and potas- 

sium e1ectromagneti.c f lownieters and the potassium electromagnetic pump 



have been delivered and t e s t  preparations are in progress for calibration. 

A l l  other components axe in final fabrication. 

The vacuum, argon cooling and dump systems are shown, P i g s .  18, 19 

and 20, in various stages of construction. 

V. Materials Support Facilities. 

The corrosion and compatibility test facility consists of three 

3 . 2  ki Glowbar type furnaces, Fig. 21, containing two atmosphere test 

chambers, each (six independent experiments) manufactured by Mevi-Duty 

Electric Co. These furnaces are independently connected to a tilting 

mechanism capable of tilting 4 5  from the horizontal, from I to 4 cycles/min, 

as well as statically operated, €or long time compatibility experiments at 

temperatures up to 2500 F. Associated eqiiipment consists of a 16-point 

temperature recorder, alkali metal and radiological leak detectors, and 

an oxygen analyzer. The test chamber atmosphere is continrrously monitored. 

o 

0 

A TIG welding facility, including gas purification and moisture 

analysis equipment, is presently in operation, Fig. 22, Monitoring of 

the argon welding atmosphere, both before and after welding, indicates 

that moisture and oxygen impurity levels are readily maintained below 

2 ppm. 

The use of wel-ding inserts, Pig. 23, fop. butt-welding tubing has 

proven satisfactory. 

melting and complete bonding of the tubing-insert interface has taken 

place. The insert, however, did not melt suf€iciently to a l l o w  the metal 

to flow toward the innex surface of the tubing, as is commonly observed 

with stainless steel. As a result, the shape of the welding insert is 

retained on the inner surface of the tube. The welds produced wdth this 

technique were consistent, and the discontinuities produced on the inner 

Metallographic examination of these welds indicates 
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surface of the tube were approximately the same size as with standard 

butt-weld techniques . 
Due to previously observed hardening of Cb-1Zr from contact wlth 

foamed silica, evaluation of other insulations was undertaken. Samples 

o f  insulation were outgassed at 2000°F for 24 hours under a cover of 

argon gas. Two tensile specimens of Cb-1Zr in contact with a sample of 

insulation were placed in direct contact with the insulation. In the 

others the tensile specimens and insulation were separated by tantalum 

foil, which allowed circulation o f  gas within the capsule. 

These types of insulation have been tested: Cercor (a product of 

Corning Glass Works), Glassrock Foam #25, and Foamsil. These insulations 

as received, after outgassing and after testing, are shown in Figs. 24, 

25 and 26. Results of tensile and microhardness measurements are shown 

in Table TI. Metallographic examination showed no effect of contamination 

on microstructure. Microhardness measurements indicated that surface 

hardening had taken place, and tensile tests indicated that a slight 

amount of strengthening had also taken place. 

The variations observed in microhardness with Foamsil were attri- 

buted to a variation in pore size in the material and, consequently, a 

variation in degree of outgassing obtained. Complete devitrification 

produced during testing released any remaining gas in the material, 

Additional tests on foamed alumina and zirconia are being under- 

taken. To evaluate the effectiveness of foil wrapping in protecting 

Cb-1Zr from oxidation, a series o f  capsules were wrapped with molybdenum, 

tantalum, and zirconium foil. These were exposed at 2200'F f o r  100 hours 

to a stream of argon containing 2 ppm oxygen. The capsules after testing 

are shown in Fig. 27. The tantalum wrap was in the best condition, 

showing slight embrittlement. The molybdenum and zirconium foils were 
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completely embri t t led.  

r a t e s  of the th ree  mater ia ls  with oxygen. 

This i s  what would be predicted from the react ion 

To evaluate the s t a b i l i t y  of the oxide of each of the wraps, capsules 

of Cb-1Zr were f i l l e d  with molybdenum oxide, tantalum oxide and zirconium 

oxide, The r e s u l t s  of these tests shorn i n  P i g s .  28 ,  29 and 30 follow 

thermodynamic predict ions.  Ttie molybdenum oxide reacted t o  completely 

embr i t t l e  the Cb-1Zr. No r eac t ion  w a s  observed with tantalum oxide* The 

zirconium oxide produced a superf ic ia l  r eac t ion  layer  on the columbium. 

This was believed t o  be zirconium which r e su l t ed  from a change i n  the 

stoichiometry o f  Zr02 a t  elevated temperatures. 

T e s t  capsules a r e  present ly  being wrapped with a layer of zirconium 

f o i l  covered with two layers  of tantalum foil. This has been found t o  

provide b e t t e r  p ro t ec t ion  than any of the f o i l s  separately and may u l t i -  

mately be decided on a s  the technique for loop protect ion.  



Table 1. 30 kw-2100°F loop 

Item 

Lithium ( l iquid) 
Flow rate, Gpm 
Temperoture, O F  

Pressure, PSIG 
Potossium ( l iquid) 

Flow rote, Gpm 
Temperature, O F  

Pressure, PSIG 
Cenlrifuga! pump (l ithium) 

Swing gate volves (bellows seal! 
Lithium 
Potassium 

EM flowmeters 

Lithium 

Potassium 

Diophrogm 
K-boiler 
K-vapor separator 

Dump fonts ond volves 
(Argon, vocuum and f i l l )  

Operating condifionr 

1 to 10 
2100 

up to 20 

0 to 1 
1500 to ZOO0 

up to 200 
Up lo :O Gpm a t  100 f t  (TDH) 

2 100°F Service 

2100°F L i  service 
2000OF boil ing K service 

2100OF service 

1500'F service 

LC ond  K pressure measuremenis 
l oop  design conditions 
Loop design conditions 

530°F service 

Supplier and type 

Foote Mineral Co. 

MSA Reseorch Corp. 

Siron-Jockron 

Valcor Engineering Co 
V8 in. OD 
% in. Sch. 80 

MSA flowmeter FM-4 
q8 in. OD 
x& in. WOII  

Cb - 1 % Zr duct 
% in. OD 
Cb - 1 % Zr duct 

Cb - 1 % Zr 
J P l  
--- 

Moterial S.S. 304 
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1.80 

1 
VACUUM PUMP --- -  

RADIATOR ENCLOSURE 

VACUUM SHUT-OFF W L V E  

ENCLOSURE 

VIEW PORT (4 )  

MAIN LOOP ENCLOSURE 

Fig. 2. lithium-boiling potassium loop enclosure 
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F L O W  - 

VALVE OPERATOR 

* 

2100°F LIQUID METAL THROTTLE VALVE 
(MATERIAL COLUMBIUM I %  ZIRCONIUM) 
MAMIJFACTURER: VALCOR ENGINEERING 

Fig. 3. ~ i ~ ~ ~ w ~ ” ~ ~ ~ ~ ~ n ~  potassium loop valve desi 
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MOTOR caivE 

SECmmWY 
BARRER FLAkGE 

ALL DIMENSIONS IN IWCHES 

Fig. 4. 2100°F liquid metal centrifugal pump 
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ZIRCONIUU 
POT4581bhl 'IUT GETTER ASSEHGLYI 

SECTION 9 A  COLUMRIUM - 1 %  Z,RCONIIJhl 

DUMP AND SYSTEM FILL LINE 

A - c  1 

Fig. 7. Pctnssium circuit hold-tap and hot +rap assembly 

y-l/ l6 -in. SHEET YTTRIUM 

ILITHIUM 
OUT a 

LirniuM 
IN 
...... * 

34" 
RE 

INCHES 

I 

SECTION AA 

f 
3-in 

YTTRIUM GETTER 
LOCATION 

!: I 
L 

M A T E R I A L  
COLUUBIUM- 

I% ZIRCONIUM 

. LlTi i l lJM DUMP LINE 

Fig, 8.  Lithium circuit hot trap as.,emhly 
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-- 4750 *EF , -i- 1,.5'REF ~ 
~~~ 

L n "M IN 

Fig. 9.  Lithium-boiling potassium loop boiler assembly 

Fig. 10. Electromagnetic pump assembly 
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Fig. 13. Radiator shutter assembly-open position 

.-. c 

r _  

F 

Fig. 14. Radiator shutter assembly-closed position 

P I 2 3 4 5 6  
INCHES 

Fig. 15. Lithium circuit hot trap assembly 
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Fig. 16. Pofarsium circuit hot trap assembly 

D i e 3 4 5 6  
INCHES ’ 

Fig. 19. loop dump system containment vessel 

Fig. 17. Lithium circuit liquid level indicator assembly 

Fig. 18. IO-in. Vacuum system, attached to stationary 
section of containment vessel Fig. 20. loop argon cooler and blower assembly 
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A 

Fig. 21. Tilting furnace assembly 
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t. 

h 

Fig. 24.Glassrock foam #25 as received after outgassing 
at 200OoF and after testing at 220OoF 

3 4 
INCHES 

! .  

Fig. 26. Cercor os received, after outgassing at 200OoF 
and after testing at 220OOF 

Fig. 25. Foamsil as received, after outgassing at 200OOF 
and after testing at 220OoF 

Fig. 27. Cb-1Zr capsules warpped with (from left to 
right) molybdenum, tantalum and zirconium foil 

after exposure to argon containing 2 ppm 
oxygen at 2200OF for 100 hr 
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HEAT TRANSFER COEFFICIENTS I N  ILLQUID METAL 
CO-CURRENT FLOW DOUBLE PIPE HEAT EXCHANGERS 

Ralph P. S t e i n  

ABSTRACT 

An a n a l y t i c a l  s tudy of h e a t  transfer i n  co-cur ren t  f low double p ipe  
h e a t  exchangers i s  descr ibed.  Although t h e  a n a l y s i s  i s  based on p lug  f low 
models of t h e  h e a t  exchanging f l u i d s ,  an approximation method i s  developed 
which al lows a p p l i c a t i o n  t o  t he  t u r b u l e n t  f low of l i q u i d  metals with good accuracy 
ind ica t ed  up t o  P e c l e t  numbers of 1000. The a n a l y s i s  i s  appl ied  t o  t h e  p red ic t ion  
of f u l l y  developed i n d i v i d u a l  channel  ( " f i lm ' ' )  h e a t  t r a n s f e r  c o e f f i c i e n t s .  
fol lowing r e s u l t s  are demonstrated. 

The 

(1) Values of  f u l l y  developed h e a t  t r a n s f e r  ( " f i l m " )  c o e f f i c i e n t s  can 
be s i g n i f i c a n t l y  less than  those  corresponding t o  the  boundary condi t ion  
of  uniform w a l l  temperature, bu t  never l a r g e r  t han  those  corresponding 
t o  t h e  boundary condi t ion  of uniform w a l l  flux. 

( 2 )  The thermal  r e s i s t a n c e  of t h e  w a l l  s epa ra t ing  t h e  two channels  
of t h e  exchanger can have a s i g n i f i c a n t  e f f e c t  on t h e  h e a t  t r a n s f e r  
( "f i lm1 ' )  c o e f f i c i e n t ,  with l a r g e  w a l l  resistmce tending  t o  r e s u l t  
i n  l a r g e r  va lues  of t h e  h e a t  t r a n s f e r  c o e f f i c i e n t .  

(3 )  
of t h e  exchanger, while vary ing  mass f low rate through t h e  ad jacent  
channel, t h e  dependence of t h e  f u l l y  developed h e a t  t r a n s f e r  ( "f i lm")  
c o e f f i c i e n t  on P e c l e t  number w i l l  be less th&q f o r  t h e  cases  of 
uniform w a l l  temperatm-e o r  uniform f lux.  
condi t ions ,  t h e  h e a t  transfer c o e f f i c l e n t  will decrease wi th  inc reas ing  
P e c l e t  number. 

When opera t ing  with cons tan t  mass f low rate through one channel  

Under c e r t a i n  ope ra t ing  

These r e s u l t s  suggest  t h e  p o s s i b i l i t y  t h a t  t h e  " incons i s t en t "  
va lues  of hea t  t r a n s f e r  c o e f f i c i e n t s  f r e q u e n t l y  obtained from experiments with 
double p ipe  hea t  exchangers, are a c t u a l l y  a p r e d i c t a b l e  e f f e c t  of t h e  exchanger 
opera t ing  condi t ions .  

1. INTRODUCTION 

The double p ipe  h e a t  exchanger i s  one of  t h e  simplest of  devices  
f o r  t r a n s f e r r i n g  h e a t  between two f l u i d s .  
h e a t  exchange arrangement, bu t  a l s o  as a l abora to ry  t o o l  f o r  determining 
forced  convection h e a t  transfer c o e f f i c i e n t s  by experimect. 
exchangers I s  a l s o  simple provided appropr i a t e  va lues  cf h e a t  transfer c o e f f i -  
c i e n t s  can be obtained.  
c o e f f i c i e n t s  f o r  t h i s  purpose are two e s s e n t i a l  assumptions. F i r s t ,  t h e  

It i s  used not  on ly  as a p r a c t i c a l  

Design of such 

T h p l i c i t  i n  t h e  customary use  of h e a t  t r a n s f e r  
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individual channel  ( ''fil.iifl'') c o e f f i c i e n t s  are  zssumed .tr, :E yelnt5.vely Lnsensi-  
t i v e  t o  t'ne l o n g i t u d i n a l  c1i.r;tr.ibutiori of heat flux or su r face  terqei-ature ~ 

Sometimes t h t s  assimpt:i.on is iraplied by asserting t h a t  the :xtua.l .  hea-t ?xchanger 
ope-ration w i l l  represent cot idt t ions intern-ediate t o  operatLon wit:? 1in:i.C omn heat, 
Eliz and unif orm surface teniperatur.Fr, and t ha t  therefore actual. 1:eat tr 
c o e f f i c i e n t s  should halie values somewhere between those  appropriate t o  
two speci.n.l bowdary conditions The secotid assimntiori -is :;hat the liea 
c o e f f i c i e n t s  are rel.ativel.:y Fndependent of length 02- t ha t  t;he ke,xl, -l;t-zmf el- 
is " f u l l y  developed" over n o s t  of the  exc ger lei:gi;h Gusto 
of  l abo ra to ry  d a t a  from doiuble pipe h e a t  
he a-t trim :;:€'e r c c;e f f i c .i. eii t s by exp e r i..m n-t, 
f i r s t  assum.p?;ion, and .  soriietirties the s e c o d  al .so,  

e purpose of determining 
validi.t,y of the 



Aside f rom ad.djkg t o  t he  bas i c  imdern ta~id ing  of convec t ioi l  k e a t  t r a n s f e r  
i n  genera l ,  the j -nvest igai ioi is  re la te  t o  t w o  areas of c u r r e n t  p ra . c t i ca1  i n t e r e s t :  
f i r s t ,  t h e  proper der,i.gn af 1~iqui.d metal. h e a t  exchangers i n  genera l ;  second, 
t h e  use  of double piiJe h e a t  exchangers for t h e  purpose o f  deteimining l i q u i d  meta l  
hea t  t r a n s f e r  c o e f f i c i e n t s  f o r  gene ra l  a n p l i c a t i o n  by experiment.  
relatzs more di l ;ec t ly  t,o t h e  I.a.::;Ler tkarl tile f orxer  

%is paper 

1)i.rec i app1.i c a t i o n  of t h e  qua.:ct t t a t i v e  r e s u l t s  o f  t h e  i n v e s t i g a t i o n s  
r eyo- t ed  here  is Ycese a r e a s  of cu r ren t  i n t e r e s 5  may be somewhat l i m i t e d .  
Mo s t techno lo@ c a l l y  import an j:; J.j. qxLd ne t  a1 ?.e a t  exchaiige r s are not s li:iKp le 
co-cur ren t  flow dauble p ipes .  Most o f  t i e  a v a i l a b l e  l iq i i id  m e t a l  hea t  traIsl"er 
coef f i . c ien t  d a t a  cb ta-i::ed from l abora to ry  d x b l e  pipe 5ea.t  exchangers a r e  based 
sn counter  c u r r e n t  floxi. But c u r r e n t  deoign p r x e d u i - e s  ar.6 nethods of i n t e r -  
p r e t i n g  1a-ml-atix-y da t a  irnply t h e  s m e  e s s e n t i a l  assmpt- fons  - that h e a t  
t r a n s f e r  c o e f f i c i e n t s  a r e  r e l s  
are ful1.y developed cver mast he exchanger length .  Th;s, the ana lyses  
of the speci.al sj.irilj1.e cases  t r e a t e d  ke re  can se~ve t o  suggest  p o s s i b l e  qua.J.i.tative 
e f f e c t s  t o  be expccted w.iC?i t,he more complicated cases .  @'or  example, as w l l l  be 

tnser is i - t ive t o  boundary cond i t ions  and/or 

resented  kei-e sugges ts  t h e  p o s s i b i l i t y  t h a t  the 
s of heat; t ransfer  c o e f f i c i e n t s  f r e q u e n t l y  obtained from 
double p ipe  hea t  exchangers,  a r e  a c t u a l l y  a predictah1.e 

e f f e c t  of opera t ing  cond- i t?  oris, and. may no t  requi-re specu la t ions  concerning 
7.iqui.d metal. " w e t a L i  lit$ o r  inaccwi-at;c measu.reinents t,o expla in  t h e l r  acciirrence a 

2 - FORMULA'7I:ON OF GElVEKAL P K O B T M  . . . . . . . . . . . .. . -. . . . . . . . . . . 

The usua l  double p ipe  h e a t  exchanger c o n s i s t s  o f  two c o n c e r t r i c  ci.rcul_ar 
pipes with fl .uids flawing 'Gkroiigh +;?:e annular  space and t h e  c e n t r a l  tube.  IC a. 
co-cur r rn5  f l o w  exchanger, the flui3.s e n t e r  t he i  I- r e spec t ive  f l o w  chaiinels a t  
the exchanger i n l e t  with d i f f e r e n t  temperatures ,  t ransfer r< .ng  beat through t h e  
cnmrrLon wal.1. as Lhey f1.ow i n  p a i ? a l l e l  a long t h e  1eng;th of the exchanger,  In order  
t o  e,xpl.ore +,lie eF'Ee~tt: 3f diffeTeiqt d i i c t  skap?s, a. doii.bl.e p i p e  hcat. exchanger 
rade xp af adjacent  i r i f i r i k l y  wide parallel plarie channels separa ted  by a 
COliu1c>:i wall, i s  cons idered  a l s o .  esc' t ~ o  "geme+,ri e:sI' zre i l .2ustrrated i n  f ig i i re  
I-, Tdiich a . lso idcr,t!I'ies sOmc af t,he norrenclature u.sed. 

I n  order  t o  p e r f o m  t i le  desi.red ana lyses ,  the f o i l o w i c g  p r o b l e r  must L e  
solved fi.rst Given t f ?E  apprapriai;;: ~li;c+-, dirnensi-ons, phys? c a l  proper%i.es, f l u i d  
xass flow r a t e s  a n d  ii?Le'; condi t l  sns ,  t h e  ter7erature d.5 s t r : i .bu t . i  ons  t . ( X .  R ), 
i. = I and 2> nus-: be found.  From t h e  temperature  d i s t r l b u f i o n s ,  the AeaZ'transfer 
c o e f f i c i e n t s  end t h e  ra-Le of kea.t, exchange be tmen  t h e  h o  f l u i d s  can be computed, 
I n  order t o  3e a'o1.t: Lo sn1-v-e t h i s  p.ro'o1ern i n  a r e l a t i v e l y  convenient iiiaiiner, 

consid-erable s i m p l i f i c a , t i o n  i s  necessary ,  :Thus t h e  following i d e a l i  zati-ons are made. 

(1) 
f 3 i i d . s  ai-? u.nifomn. 

A t  t h e  i n l e t  t o  t h e  duct  the t .mperat,ut>e d i s .  ibuti .ons wi th in  t h e  
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(4) 

( 5 )  
i s  neg l ig ib l e .  

Longi tudinal  hea t  conduction i n  t h e  h e a t  exchanger walls i s  negl.igib1.e. 

Longi tudinal  hea t  t r a n s p o r t  i n  t he  f l u i d s  o the r  than  by convection 

( 6 )  

(7)  
condu-ction) i s  negl.iglb1.e compared t o  !iioLecular h e a t  conduction. 

The v e l o c i t y  d i s t r i b u t i o n s  wi th in  the  f l u i d s  are uniform. 

Beat t r a n s p o r t  wi th in  t h e  f l u i d s  by turbul-ent diffu.sion (eddy 

The f i r s t  fou r  i d e a l i z a t i o n s  a r e  almost nlways reasonable .  'Che f i f t h  
h a s  been showi t o  i d  f o r  a v a r i e t y  of speci.al. C ~ P S  wlien P e c l e t  numbers 
are l.arger than 50. " ) " ~  It seem reasonable  Lo assurrie t h a t  t h i s  v a l i d i t y  wil.1. 
c a r r y  over t o  the  pa r t i cu l - a r  cases o.f in t ,e res t  he re ,  'The s i x t h  and seventh 
i d e a l i z a t i o n s  a r e  equiva1.ent t o  .the use of a "plug f low" model of t.he f l u i d s .  
For  t h e  tu rbu len t  €1.0~ of  l iq i i id  metals, a p l u ~ , ~ l o w  model i s  a f a i r l y  accu ra t e  
repre:;:,rit;ation f o r  Pec le t  numbers 1.ess than 50, which i s  not  c o n s i s t e n t  with 
t h e  f l f t h  i d e a l i z a t i o n  which require:; Peelel; numbers t o  be larger than 3Oo 
Furt,her, P e c l e t  numbers i n  r e a l  double p ipe  h e a t  exchangers a r e  u s u a l l y  l a r g e r  
than  50. Nevertheless ,  t h e  plug f low inodel i s  retained because of t h e  r e s u l t i n g  
mathematical s impl i c i ty .  I n  add i t ion  , i - t ;  w i l l  be slrir~wn l a t e r  t h a t  s o l u t i o n s  
t o  t h e  genera l  problem based on t h i s  s i n p l e  model can be used t o  approximate 
the  behavior of l i q u i d  m e t a l  f lows f o r  P e c l e t  numbers up t o  1000, which inc ludes  
n region of p r a c t i c a l  i n t e r e s t .  

'Ilhe problem i s  skrplif i e d  fu r t l i e r  by cons ider ing  t h e  annular  space of 
t h e  concent r ic  tubs  geometry 'io be very narrow. Tlnis e l imina te s  t h e  need Lo 
iricliide mi annulus diameter r a t i o  a s  a1 a d d i t i o n a l  v a r i a b l e  Inc lus ion  of t h i s  
geometry v a r i a b l e  a t  t h i s  tinie wxd.d no-1; add greatly t o  tine s ign i f i cance  of 
the a n a l y s i s  , but would increase enommusly t h e  mnnount of c:omputation requii-ed e 

Mathematical Descr-intj f in of Problem 

With the  above s i r f lp l i f ica t ions  , -the p r i n c i p l e  of energy conservat ion,  
togetiner with Foiu-ier'  s heat conduct,ion law) qpl . ied t;o each of the f l u . i d s  f losr ing 
i n  i t s  channel, resull ; :~ in ';be f t m i . l i a r  s impl i f i ed  convection equat ion;  v i z .  

 dier re c1 
u. representr ;  i t s  v e l o c i t y .  As associafed with t,he coord ina tes  x. a.nd L? 
i&entif:i.ed i n  f igure 1, t kLe  hplaciim, v , 5 s  given by 

r ep resen t s  t h e  thermai  d i f f u s i v i t y  of the f lu id  i i l  channel  "i, and 
i 

2 1 

(2a) 
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f o r  t he  narrow annular  space and t h e  paral.le1 plane channels, and b y  

f o r  t he  ci rcul-ar  tube.  A l s o  0 5 x ,  5 a , ,  and. x. = 8.. l o c a t e s  t h e  hea t  t r a q s f e r  
sur face  o f  channel "i," while P, = 6 i d e A t i f i e s  h e  h$at exchanger i n l ~ e t .  

Cons ider ins  t . ( xi,k ), the i n l e t  condi t ions  r equ i r e  
7. 

sild a-t tire i n su la t ed  wa l l s  o r  a t  the  ci.rcu.J_ar tube cen te r  

T'a assist i i i  formulat ing t h e  boundary condi t ions  a t  t h e  comnon wall, 
we a r b l t r a r i l y  consider  t20 > t 
qi i n  f i g u r e  1, i s  p o s i t i v e  >he?i'flowing from channel  "2" t o  "1," s o  t h a t  

. Then the  h e a t  f lux dens i ty  a t  the wall, 

and 
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For the concentric tube exchanger 

which r e s u l t s  Ln 

while :Cor the  p a r a l l e l  plane geometry q .- and t'ne r e l a t i o n  
1 - 42) 

r e s u l t s .  
sides o f  Like common wall- We must tiow account €or the temperature ciimge 
r~siiJ.tiiig from hea t  cnnduction throiigh Yne w a l l .  
f a m i  1 i a r  log-mea area conduction equation can be expressed as 

Equation (>a) m-d (5b) account f o r  the equality of the heat  flow on both 

For  t he  c i r c u l a r  tube wall trLe 
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Equation (7)  a1.so app l i e s  t o  tine p a r a l l e l  p lane  geometry w i t h  % '  = b .  

Equations (1) through (8) are s u f f i c i e n t  t o  descr ibe  t h e  i d e a l i z e d  
doub1.e p ipe  bea t  exchangers mathematically. They c o n s t i t u t e  a two region l i n e a r  
boundary value problem, the so lu t ion  of which will give the desi~red temperature 
d i s t r i b u t i o n s  ti( xi , j  ) 

Ii 5.s convenient a t  t h i s  point t o  h t r o d i i c e  a dimensionless formulat i  on, 
and then r e s t a t e  t h e  problem in pure ly  rnatiiematica.3. f:iim. Tl is  w i l l  se rve  not 
on ly  t o  s impl i fy  the nomenclature, but  a l so ,  as the  equivill~ent o f  a dimensional 
ana lys i s ,  t o  a s s i s t  i n  i den t i  f y f u g  the impoitant  parameters of tile problem. 

Dimensionless Formulation 
-___I ~ ~ ....._._ 

F i r s t  it i s  no1,ed 1,hat as t h e  h e a t  exchanger length illcreases withoui  
l i m i t ,  both fluid temperatures m u y t  approach an equal  and u n i f ? r m  equi l ibr ium 
va lue ,  tm, given by t h e  simple h e a t  balance 

from which the r e l a t i o n s h i p  

i s  obtaiiled with 

and 

The h e a t  capac i ty  f low r a t e  ratio, H, i s  a familiar one i n  h e a t  exchanger 
analyses ,  and it w i l l  be advantageous t o  r e t a i n  i t  as one of  tlie dimensionless 
parameters i n  our ana lys i s .  Equation (10) a l s o  suggests t'le dimensionless 
t empe rat are ; 
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The fo l lowing  d inens ion le s s  space var iables  a re  now in t roduced:  A 
dimensionless d i s t ance  x, normal t o  t h e  h e a t  transfer surfaces defined by 

x i  
Q i  
c % =  

and a dimeiisionl.ess length  z, referenced a r b i t r a r i l y  t o  t he  p r o p e r t i e s  of channel 

k t e  that, 0 _< x _< 1 with x = 1 i d e n t i f y i n g  the hea t  l;rarisfe.r su r f ace  €or a l l  
channels, and therefore si-bscripts are n o t  required. No-Le a l s o  that; 5 . (x, z) 
f r o m  equatiori  LO?, 

1 
r ep laces  t.(x.,l) m d  {;hat 5 (x,~) = o while  s2(x,c) = 1. Fur ther ,  1 

The dimensionless  lengtn  z can be expressed i n  more fami l ia r  t e r m  
by i n t r o d u c l n g  the Fec let; num1)er def ined  by 

with Di, tlne liydraul.ic equ.iva1.ent dj.amei;c?:r', equa l  t o  Pa 
:introthi.c-t;.i on o:e t h e  PecIet; nixnber into equmtion (15) results i n  en nl.t;cmnt,e 
def in i t l .on  :for z given by 

for a l l  che ine l s  
i 
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Si ibs t i tu t io i i  of the  dimensionless var iah1 .e~  s i ,  x, and z f o r  theLr 
dimensional. equiva len ts  i n  t h e  d i f f e ren t i . a l  eqimtions and boundary condi t ions  
given by equa.i;J.i).[ls (1) t o  ('I) results i n  t h e  folJ.owiiig dimensionless mathematical 
s ta tement  of t h e  gene ra l  problem. 

D i f f e r e n t i a l  E q m t i o n s  ......---_I-_ 

For t h e  concentric tube exchanger : 

(1.6a) 

For t h e  para1 l e 1  p lane  exchanger: 

( 1.6b 1 
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where 

'Che pavamet,er H i s  a. familj.a:r one i n  heat  exchan analysri s ,  as 
mentioned previous ly .  
be g:i.ven sirrip12 p h y s i c a l  s ign i f i cance  vhen i a f k p ? : e t e d  as i-el.ati.ve the~mal .  
resi ,stances.  
1-esis tance f o r  h e a t  flow to or frorri clianriel 1., iC can he interpreted as the 
themial r e s i s t a n c e  for heat rlow t o  o r  from channel  "2" r e l a t i v e  t3 channel  "1." 
S:!.~rri 1arl.y- K 
exchange L' cormon w a l l .  

Tile p3.ram.Lers K and KT, are no t  faniil.i3r ones but aiay 

'Ti'hw, co:nsiderin.g the ratio a. /k as a m.easu~e of t h e  thermal  
i:v--l.,, 

can be i n t e r p r e t e d  as t h e  r e l a t , i ve  the:r:mal i-esi.st;:jnce of t h e  w 

Inspection. o.f t h e  above reveals thn.i; -t;l:ie dirnen s i o n l s s s  tempei*at;ure 
d i s t r i b u t i o n s  5 i (x ,  z.) depend excl.u.:;ively on. the .t;hree di.mnsj on less  groups X, 
K, arid K i n  .the sense that once t k e s e  g ~ o u p s  are assigned values, t h e  
mntherr.at~-cal sol.ut.ion i s  detxrmiried. T h u s  It; is to be expected l;?ia't; qusnti t:ies 
such as heat exe'rinnge rates ~acl hpat transfer c.oeff i c i e n t s ,  when expressed 
in appropr i a t e  dimensionless  Eoms, w i 7 . 1  a l s o  tl.eper:ci on E, K, and K 

v 

w 

3 ~lfD1'11IIDI.JAL CHANNEL NUSSELT DKmEKS 

CLea~ly, t;he pammeter:; ) I ,  K, and K,, c,kiarac ize ?he operating 
cond i t ions  of t he  s?,:mpl.e heat exchangers befng considered e 
are in t e re s t r ed  i n  t he  e f - fee t  these ope:raling eondi -t:i.ons have on Eu1l.y devel.oped 
i n d i v i d u a l  channel  ( " f i l m "  hea-t t r a n s f e r  coeff5,cieri t,s, as compei*ed, f o r  exampI.e, 
t o  hea-t; t r a n s f e r  croeff j.cients ;npli-ropria.C.e 'IO the channel boundary cond i t ions  
of u i l f r J rm heat, flux or uri:iI"orm sixface terny:ra!;ure. l a  a sense,  then,  t'ne 
parameters  13, K, and !S syee i fy  m o r e  exac t  ch;ui-fieI. ?):mnda.'?y condl.tions for 
co-cu:r.-rent flow donbl.e pipe heat exchangers 

I n  t h i s  paper we 

w 



The i nd iv idua l  char,nel heat t r a n s f e r  c o e f f i c i e n t s ,  hi, expressed as 
Niissel t numbers, Nu a r e  e a s i l y  r e l a t e d  Lo t h e  dimensionless temperature 
d i s t r i b u t i o a s ,  k i (x , z )  - i' For example, by d e f l n i t i o n  

where t, represents i'ie h e a t  eontenr,  mean or "bulk" temperature of t h e  fluid 
ir channel  "1." For  the circul-ar tube and urSfoim v e l o c i t y  d i s t r i b u t i o n s  

61 

f 

&ile for t h e  para1 le1 p lane  chancel 

Using cquati  on (?a') far q ,  a n d  iniruducing t h e  d i t i i e i i s ion l~ss  formulat ion 
descr ibed  previol js ly ,  equation ( 2 i L )  becomes 



205 

with dimensionless bulk temperatures given by 

f o r  the circular tube, and 

f o r  t h e  p a r a l l e l  plane channel. 
usual  way, i.e., by 

F i n a l l y ,  by defining t'ne Nusselt number in the  

the following is obtained 

(26) 
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The same expression i s  obtained f o r  Nu with s u b s c r i p t s  changed. 2 

In  t h i s  paper we a r e  i n t e r e s t e d  i n  f u l l y  developed Nusse7.t numbers, 
which can be def iced  by 

s o  tha-: a n a l y t i c a l  solutirz-ls f o r  5 . ( x , z )  s u i t a b l e  f o r  l s r g e  va lues  of z a r e  
needed. 
l e t  us  consi.der f i r s t  t h e  e.pproxi.nation technique f o r  t u r b u l e n t  l- iquid meta l  
flows ment,ioned e a r l i e r  

Aefore d i scuss ing  such so lu t ions  and appl.yir:g them t o  sq -mt ion  (28), 

'Tne m a t h e m t i c a l  ioi~1.u.l.ation given thus  f a r  u t i l i z e s  a plug flow mode?. 
f o r  t h e  f l u i d s ,  1. . e .  fluid vel .oc i t ies  and c o n d u c t i v i t i e s  a r e  iakcn a s  uriiform. 
A s  rernarked previousI.y, t h i s  kind of i d e a l i m t i o n  wi1.1- r e s u l t  i n  f a i r l y  accu ra t e  
p r e d i c t i o n s  f o r  turbulent;  l i q u i d  meta l  flo.ws when P e c l e t  numbers a r e  l e s s  than  50. 
But t h i s  l i m i t a t i o n  c o n t r a d i c t s  t,he reqJ.irement t . ha t  P e c l e t  numbers be l a r g e r  
tnan jG f.n o rder  t o  j u s t i f y  neg lec t ing  ? e a t  conductj-on i n  t h e  l o n g i t u d i n a l  
d i r e c t i o n .  F - x t h e r ,  m e a s  of p r a c t i c a l  i n t e r e s t  usual.ly correspond t o  P e c l e t  
nultiuers l a r g e r  thar, >(la I n  order  -to a l l e v i a t e  this d i f f i c u l t y ,  an approximatriori 
technique i s  now presented. which inc reases  t h e  Peel-et, number range over which 
use  of a p lug  flow model can be expected t o  g ive  fa i . r ly  acciurate r e s u l t s ,  

Basis f o r  Approximation _ _ ~ . _ . .  

The b a s i s  f o i  Lhe approxi;rnatfon i s  descr ibed f o r  t h e  case  of t u rbu len t  
convect ion hea t  t r m l s f e r  f o r  flaw through i n f i h f t c l y  wjde p a r a l l e l  plane 
channels ,  As w i l l  be Seen, t h e  sa r r~  bas ic  idea  z p p l i e s  t o  t h e  c y l i n d r i c a l  
geometi y a l s o  

The convect ion heai; t r a r , s f e r  equat ion analogous t o  equat ions  (I)  and 
(;la), but  f o r  turbulent,  flow, i s  

where the dimensionless dist,dnlce v a r i a b l e  x (0 _< x 5 ?I) has  been used, and 
subser j -pts  have been dmpped f o r  convenience ~ I n  t h i s  equat i~on E r ep resen t s  
a tu rbu len t  d i f f u s i v l t y  f o r  'r..ea-t t l -ansfer  arid, a long w i - t h  t h e  fl.ilTd v e l o c i t y  u ,  
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must now be considered a func t ion  of x. An implicat ior i  i s  t h a t  the flow i s  fully 
developed i n  t h e  sense that both E and u are independent of t h e  l o n g i t u d i n a l  
p o s i t i o n  va r i ab le ,  a .  

The term k + CPE can be i n t e r p r e t e d  as ai e f f e c t i v e  t o t a l  CGndUCtiVity k t' 
Thus, 

- \ +  Q C *  P- - 
- 
c 

:diere tr i s  t h e  kinematic v i s c o s i t y  and Pr the P r a n d t l  number. 
an average e f f e c t i v e  conduc t iv i ty  k, by 

Nnw we de f ine  

and a new d i s t a n c e  v a r i a b l e  q(x) by 

so t h a t  q(0)  = 0 and q ( 1 )  = 1. 

By r ep lac ing  x by q i n  equati.on (29) us ing  
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and rearranging,  t he  f o1low:ing i s  obtained : 

where 

and 

Current  methods f o r  coropuiing values f o r  E have i h r  ratio E / V  as a 
func t ion  of dimensionless pos i t i on  x, tne duc t  Reynolds number, and. sometimes, 
e s p e c i a l l y  w i t i i  l i q u i d  me’,als, the  P r a n d t l  number. 
of t‘nese same q u a n t i t i e s ,  wliilr k 
numbers 

Thus q will be a fiiiiction 
w i l l  be a func t iun  of Repmolds and P r a n d t l  

+ 
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A s  compared t o  the  analogous p lug  f l o w  expressions,  e .g . ,  equat ions (16b), 
s o l u t i o n s  of equat ion (34) w i l l  g ive  temperature d i s t r i b u t i o n s  as f ( 7 ,  z )  r a t h e r  
than  E(.,.) once t h e  proper  boundary condi t ions  are spec i f i ed ,  and equat ion (32) 
must be used t o  re la te  x t o  7 .  
in f luences  only  h e a t  f lux bcuidary condi t ions ,  Tor i f  q i s  t i e  h e a t  f l u  d e n s i t y  
a t  x = q = 1, then 

Since ~ ( 0 )  = 0 and ~ ( l )  = I., t'nis v a r i a b l e  chm-ge 

s ince  kt = k a t  x = 
The change i n  v a r i a b l e  in t roduces  an eYfective f l u i d  thermal  conduc t iv i ty  equal  
to k o r  kk+. 
of t o e  p a r a l l e l  plane double p ipe  hea t  exchanger problem become 

= 1. Obviously t h e  s m e  s i t u a t i o n  a p p l i e s  at x = 7 = 0 .  

A s  a r e s u l t  t h e  parame+,ers K and K w i n  the dimensionless  fommlat ion  
in 

ail d 

where tiie s u b s c r i p t s  on 
and P r a n d t l  nimbers for 

I 

k ' i n d i c a t e  t h a t  appropr-i ate values  depend on t h e  ReTpolds 
channel  "i 

So far  no apyroximations have been int,roduced o t h e r  than those  i m p l i c i t  
i n  tlie use of  equat ion (29) .  
so  t h a t  for s u f f i c i e n t l y  small P e c l e t  numbers, i t ,  i s  very  close t o  u n i t y  over 
m s t  of t n e  duc t  cross sec t ion .  
u-r,ity f o r  a l l  PecLet nwnbers, viz. 

But the fo rm of' g(q ) h a s  been chosen i n t e n t i m a l l y  

I n  fac t ,  the average va lue  of g(q) i s  e x a c t l y  

a 
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= I  

I f ,  as an approximatiun, g ( 7 )  i s  s e t  equal  t o  i t s  average value,  i.~., un i ty ,  then 
equat ion (34)  i s  equivalent, t o  that obtajned froln the ping flow i d e a l i z a t i o e  based 
on a m i f o r m  e f f e c t i v e  thermal. conduct lv i ty  equal. t o  bk and with a change i r i  

v a ~ i a b 1 . e  from x t o  7. Clear ly ,  i i i  r eg ions  where ticis qp rox ima t ion  r e s u l t s  
i n  suff tc ient1.y accura te  tempera-ture d i s t r ibu . t i ons ,  tlie ex ten t  of s i m p l i f i c a t i o n  
i t  provides  i s  considera,ble, s ince  p lug  flow soi i i t luns a w  r e h t i v e l y  easy t o  
obtain conipareil t o  in t eg ra t ions  of equat ion (29) o r  (34)  w i t h  g a func t ion  cf 

+- 

Accuracy of t h e  Approximation 
--...I__ _.-._..__.-........I.-.-- 

A d e f i n i t i v e  a n a l y s l s  of t h e  magni tilde of e r r o r s  t n t r i h i c e d  by t ak ing  
e ( ? )  = 1 i n  equat ion (34)  has  n o t  been achieved as y e t .  
flow Nussel-t number p red ic t ions  r e s u l t i n g  f’rm t h i s  approximation, which we s h a l l  
now r e f e r  t o  as t h e  “k approximat,ion,” have been compared w i t ; :  s e v e r a l  p red ic-  
t i o n s  obtained from d e t a i l e d  tu rbu len t  flow c a l c u l a t i o n s  repor ted  i n  t h e  l . i t e r a tu re .  
For  ‘ini.s purpose, and f o r  l a t e r  app l i ca t ion  t o  t h e  dauble p ine  beat, exchanger 
problem, it i s  noted t h a t  when the  var j .able  change and approximation a r e  appl ied  t o  
t he  determinat ion of Nussel t  numbers f o r  t u rbu len t  f low,  f?r extmple, as appl ied  
t o  equat ion ( T I ) ,  the fo l lov ing  simple r e l a t i o n s h i p  resiilts, 

Ins tead ,  turbuJ.eni; 

+ 

where t h e  subsc r ip t  “p” denotes a plug  f l o w  vahir, 8nd 

+ 
Values of k f o r  the i n f h i t e l y  wide parall~l plan? channel were coirputed 

from tis d e f i n i t i o n  expressed as 
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us ing  the von Karman un ive r sa l  v e l o c i t y  profile t o  determine F_(x)/v,  with c / y  
taken cons tan t  a t  i t s  m a x i m u m  value i n  t h e  ce r i t r a l  reg ions  of t h e  duc t .  
For comparison, k w a s  a l s o  determined fron equat ion (35) iusing Seban' s 
e quat  i on, 

(6) -t 

which i s  a c l o s e  empi r i ca l  f i t  of ca l cu la t ed  resul-Ls based on the same method 
f o r  computing E ( X . ) / V .  Seban 's  equat ion i s  fclr fuZly developed hea t  t r a n s f e r  to 
t u rbu len t  f lowing l i .qui8 metals i n  inf" in i . t e ly  wtde p a r a l l e l  p lane  channels with 
boundary condi t ions  of unifoi-m flux on one side, and the  otiier.,side i n s u l a t e d .  
The corresponding p1.u.g Plow rJu.r;selt nimber f o r  this case i s  6. 
to equat ion (35) 

Thus, according 

and kc should be inainly a func t ion  of' t h e  Pec le t  number and r e l a t i v e l y  i n s e n s i t i v e  
t o  P r a n d t l  number v a r i a t i o n s  

A f u r t h e r  comparison was made based on e q u a t t y j  (35) us ing  f u l l y  developed 
l iq i i id  meta l  Nusselk nunibers computed by Poppendleko 
f o r  t he  boundary condi t ions  of uriiforat m r f a e e  temperature on bo-th sides of a 
paralle?- p lane  channel, and were based or? a sinrp2.e lineal- r ep resen ta t ion  €or ~ ( x ) / v .  
A l s o  u was taken as equal. t o  c. 3hg-3Ccm-respondi.ng f u l l y  developed p lug  f l . r ~ w  
Nussel t  number f o r  t h i s  ca se  i s  '1,- . 

These cornputat ions were 

The r e s u l t s  of these  corn a r i sons  are shown oti f i g u r e  2. It i s  seen t h a t  t h e  'r: t h r e e  procedures foi* corrtputing k agree q u i t e  wel.1. up t o  PecI.et numbers of a t  l e a s t  
1000. A t  a P e c l e t  m m ' o e r  of 1000, fox- exapk, t h e  maxirrillm disagreement over Lhe 
Prandtl. timber range OiOOl - 0.01 is abou.t 1% of t,he sma,l.l.eot, val?;e, The Fra i id t l  
number dependence of k , however, does no t  agree, except .in the sense t h a t  the ef:ferL 
of P r a n d t l  number i s  s n i a l l ,  so  that> tile drlsagreemerlt i s  no t  koo important .  

c 
A much niore s t r i n g e n t  t < e s t  of the k approxinmfion is t,he p red ic t ion  of 

Mussel.t nurflbers i n  t h e  thermal  errtrance regfon of a, dus t ,  f o r  then k' i s  f.nvOlved 
when computing appropr ia te  values or bot.11 bTu. and j / D  a,ccordZng Lo equakions (35) and 
(36).  For t h i s  purpose Nu as a f imct ion  of  Z/D f o r  vn,rioiis Feclet, num'oers t~e~'e 
pred ic t ed  bjr t h e  k" approximation Yor- the c a w  of tu rbu len t  l iqu id .  metal fl.ow 
thro-ugh a p a r a l l e l  plane channel  with @q boundary condi t ion  of wniforni su r f ace  
temperature  a t  both walls 
f l o w  @alculat i .ons f o r  t h i s  case also The corresponding plug f l c w  so lu t ion ,  
@NU( z ) ]  

x 

coi-iduction equat ion A s  a r e s u l t ,  many pl i;g €l.ow Nu.ssel..t, nilj.ril)e:r*s are r e a d i l y  obtaimed 
from avai3.able solukio~i:;  t o  v a r 2 . 0 ~ ~  t r a n s i e n t  heat condrirjtkm problems (. For  example, 
the r e s u l t  c i t e d  i s  ob tahed .  e a s i l y  .from. an exar~p1.e given on p.  lip of r e fe rence  (1). 

Fnppendi ek")' presen t s  resrilt;s of detai led tu rbu len t  

wits obtained from t h e  anal  ogoim ti:ans.le!it hea t  conducttan problem given i n  
--- l__l_ II_ -ll.-._.___--._l_-.. __l__l____l 

Plug  Plow convectibri h e a t  t r a n s f e r  equat i  011s a r e  eqiii.valent; t o  t h e  t r a n s i e n t  hea t  

KX 
See above footnote  and pp. 100 a.nd 308-310 of re ference  (1) 
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+ 
r e fe rence  (1), pp. 100 and 308-310. Val~ues of k were obtained from equat ion 
which, according t o  f i g u r e  2, r ep resen t s  a reasonab1.e compromise r e l a t i o n s h i p  
f o r  P e c l e t  numbers l e s s  than  1000. 

F igure  3 shows t h i s  cornparisor. f o r  a ? e c l e t  number of 1000- Also shown are t h e  
p r e d i c t i o s s  of t h e  simple p lug  flow rc l -a t ion  without  t h e  kt approximation. 
It i.s apparent  from t h i s  graph t h a t  t h e  k approx:imation bri.ngs t h e  plug f1.ow 
solu.t ion i n t o  good agreement wi th  ?oppendi.ek' s r e su l - t s  i n  81.1- bu t  t h e  57ery 
beginning of tile thermal. entral?.ce reg ion  where i t  p r e d t c t s  Nus s e l t  numbers that  
are l a r g e r .  Disagreement i n  t h i s  reg ion  i s  t o  be expected s ince  f o r  very small 
1 /13 temperature  g rad ien t s  will be l o c a l i z e d  wi th in  a t h i n  temperature  boiindary 
layer near  t'ne wa1.l where t h e  t o t a l  conduct i .vi ty  kt i s  nea r ly  equai  t o  t h e  
f h i d  thermal condue-t lvi ty .  The k approxima'tiofi i n t m d u c e s  an e f f e c t i v e  uni.form 
conduc t iv i ty  which i s  al.way-s l a r g e r  than t h e  f l - u i d  thermal  co rduc t iv i ty ,  and 
tne re fn re  Nusselt nm3ers  will be l a r g e r  also a 
USES an asymptotic approximation eo_uival.ent t o  t,he simple plug  flow so lu t ion ,  
and sa  t h e  c : x v e s  r ep resen t ing  h i s  computed va lues  and the  simple p lug  f low 
case  skould be equa l  s t  very s m a l l  j / D .  '!Chus agreement i s  indica. ted on t h e  
f i g u r e  as 1 / D  approaches zero.  A more exac t  c a l c u l ~ a t i o n  which a,ccounts f o r  
t h e  v e l o c i t y  d i s t r i b u t i o c  c lose  t o  t h e  w a l l  w r i l l  r e m l t  i n  somewhat lower val.iies 
of t h e  Nussel t  riuiiber when j / D  i s  ve ry  small  - e.g., less  than u n i t y ,  
i n  t hz  ve ry  beginning of t h e  thermal  en t raxce  region,  the k+ approximation a s  8 
r ep resen ta t ion  o f  t h i s  "more exac t"  case  w i l l  no t  Se as good as lnd ica t ed  on the  
figure. i n  - th i s  region,  however, t h e  developing of t h e  v e l o c i t y  p r o f i l e  could 
be very  importarit i n  r e a l  s i t u a t i o n s ,  and a c t u a l  Nusse1.t i1u;nbers will .  depend on 
d e t a i l s  of the duct  i n l e t  conf igura t ion .  

+ 

t- 

Far  very srmll j /U,  Poppendiek 

Y'lms, 

Comparisons w i t h  Poppendiek' s r e s u l k s  a t  o the r  P e c k t  numbers showed, as + 
expected, thai; t he  accuracy of t t e  k approximation tmproves as t h e  P e c l e t  
number decreases  a For P e c l e t  numbers s ignif icant1.y l a r g e r  than  1000, t h e  accuracy 
o f  t h e  IC approximation becomes progres s ive ly  poorcr ,  a1 t,hough order-of-magnitude 
agreement i s oStained f o r  Peclet .  niunbers as high as 10,000, A t  a P e c l e t  number of 
5003, the  k 
than  Poppendiek' s v a h e s ,  but, become. more inaccura t e  as 1 /O decreases  
at, an J / D  o f  un i ty ,  t he  approxEmat;ioin gi.ves va lues  about 60% larger. 

+ 

+ 
approxirnat,<on p r e d i c t s  f ~ l l y  developed Nusse2.t nijr-bers only  PO$ l a r g e r  

For example, 

For t h e  circu3.a-r tube  t h e  appropr i a t e  d e f i n i t i o n  of k t  ecp iva len t  t o  
equat i  m (37) i.s sonewhat more cumbersome than  f o r  t h e  p a r a l l e l  p lane  channel.. 
For  example, f o r  c y l i n d r i c a l  co -a rd ica t e s  the equiva len t  of equation (33) i s  

and i n t e g r a t i o n  t o  ob ta in  t h e  equiva len t  of equa',-ton (31) involves  an indeterminancy 
a t  x = 0, Rut t h e  same pr i i i c ip l e s  apply,  and in p a r t i c u l a r ,  eqimtions (35)  and (36) 
summarize t k e  Nussel-t L ~ ~ x ? a e r  anproximatian f o r  t'ze c i . rcu lar  tu.be a l s o  I 

+ 
'?he k* a,pproxirnatior f'or c i r c u l a r  tiubes w a s  tested by cornparing k values  

c o q u t e d  -from equat ion ( 35) usinF3jhe f u l l y  devel.oped t u r b v l  
Nussel'c nunher r e l a t i o n s  o f  Lyon 
c o r r e l a t e s  e n p i r i c a l l y  Mar- X z e i l i ' s ( @ '  coriiputed va.lues, appiies Lo t h e  case of 
uniform heat. f l u x ;  w l i i l e  t k e  l a t t e r  a p p l i e s  t o  Lni.form sur face  temperature 
correspnnding p lug  flow v a  1-ues for tnese  two cases a r e  8 and 5 . 8  r e s p e c t i v e l y ,  

4- -1Liqui.d meta.1. 
1 d Se'can and Shimaaaki-"' 'Che former, whfch 

?9 
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Thus, Yhe r e l a t i o n s  

r e s u l t s  from Lyon' s equat ion,  and 

resiil.ts from t h e  equat ion of Seban and Shimazaki. A cornpari.son of t hese  two 
equat ions  i s  shown on fig1-u-e 4. 
di.sagree by about 158. 

A t  a P e c l e t  number of 1000 the equati-ons 

The comparisons presented  above i n d i c a t e  that f o r  tile p u q o s e  of c:orriputing 
Nussel t  nimbers f o r  cases of uniform hea t  f l u x  and uniform su r face  temperature, 
t h e  k approxi.mation o f f e r s  a reasonable  conipromise between accuracy and s i m p l i c i t y  
of computation when P e c l e t  numbers a r e  l e s s  thari 10'30, and perhaps somewhat l a r g e r .  
It seems reasonable  t o  assume that; t h e  approximation w i l l -  g ive equiva len t  
accuracy w i t h  t h e  double p ipe  h e a t  exchanger pmblcm, as well as a v a r i e t y  of  o the r s ,  
bu t  t h a t  t h i s  i s  a guess must be recognized, 

+ 

+ I n  suimary, the k approximation conver t s  p lug  f low soI.iztions, 5 .  (x, z), t o  
1 

approxLmate t u r b u l e n t  f low so lu t ions ,  5 ( T , z ) ,  by use of eqiiatiori (32) or i t s  
equiva len t  for t h e  ci.rcul.ar tube,  t oge tne r  with equat ion (36) e 

Uiat  t h e  approximation w i l l  give s a t i s f a c t o r y  accuracy when P e c l e t  numbers a r e  
l ess  Yrian 1000, and perhaps l a r g e r ,  e s p e c i a l l y  when one cons iders  t h e  ex ten t  
of' computational s i m p l i c i t y  it o f f e r s .  I n  esserise, t'ne approximation in t roduces  
an  e f f e c t i v e  uniform thermal  conduc t iv i ty  ecpual. t o  kk dniel-r can be relat,ed t o  
t ke  P e c l e t  number - f o r  exmp1.e by use  of YiguPes 2 and 4. 'l?hus, when appl ied  
t o  the double p ipe  h e a t  exchanger problem of this paper ,  p1u.g f"l~2w r e s u l t s  as 
obtained from solwtions t o  t he  mathematical pro'il.e:m descr ibed by equat ions  (16) t o  
(2l), e m  be converted t o  turbiilexit flow r e s u l t s  by use of equat ions (35) and 
(36) with K m d  K 

For  t h e  concent r ic  tube  exchanger : 

i There i s  evidence 

t 

now defined as fo l lows:  w 

("tla) 
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and foi- t h e  para l le l .  p lane exchanger: 

t 

i ”  MSth t h e  above, t h e  ki a r e  taken as functLons of Pe 

FLIT(: E LOW SOLIPI’LONS 5 ” - I - I_______._ l_l_ 
Analyt ical  so lu t ions  f3r t h e  mathematice 1. prob3 em spec i f i ed  by equat i  011s 

(16) t o  ( 2 1 )  will now be djscussed b r i e f l y ,  
trarisforrn techniques i n  a re1 a t i v e l y  s t ra ight forw8rd  manner fol lowing,  for examp3 e ,  
t % e  procedures descr ibed in sections 13 8 and 13.8 of  re ference  ( 1 ) -  

They can be obtained by Laplace 

D e t a i l s  of t h e  solutions wil .1 .  be descr ibed i n  t h e  more compl-eke r e p o r t  
r e f e r r e d  t o  i n  the  i r i t r ; x l u c t i o n  .In addi t , ion  t o  Lapl-ace transforni techniques,  
t h e  c l a s s i c a l  metiiod of separa t ion  of v a r i a b l e s  vas  u s e d  a l s o .  The l a t t e r ,  a l t h m g h  
more cumbersome, i s  more i q t e r e s t i n g  i n  two main r e s p e c t s ,  It irivolves the 
formu1.ati.o~ of a S ~ ; i ~ ~ ~ f ~ - T , , i o i ~ ~ ~ i l l . e  problem with boundmy condi t ions  not usually 
eiicoui3tered with such probleiil:; It t%en leads quite natu.ra1.l.y to formal so lu t ions  
f o r  both  l m i n a r  ar,d tu rbu len t  flow cases  t o  which var ious  avai1a.bl.e approximation 
techniques f o r  de temir i ing  e igerva iues  and eigenfimcti.ons can  be appl ied .  
O f  s p e c i a l  fnteresl; wi1.l~ be the  u.se of t h e s e  forms o f  soILl.t4Lon as bases  for 
spec i fy ing  the s i z e  of  e r r o r s  in%rodu.ced by t h e  k approxima.tion-. 

+ 

Sol u t i  ons f 11- tile a imensionless  temperature dj s t r i ou t ion ,  convenient 
far moderate t o  Jarge valups of z, can be m- i t ten  as 

\ w ( j 

f o r  bo th  types of double p ipe  heat. exehangei-s, I n  this equatleon, t h e  A(’) are 
func t ions  o f  an eigcnvaliic h and the dimensionless distance v a r i a b l e  x. 
i‘he e iqmva lues  arc the p o s i  Live non-zero i’oots of an eigenvalue value equat ion 

n 
P 

F g 
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a d  are t n f i n i t e  i n  number, depending on T i ,  K, and K as we7.1 as the t-ype of 
exchanger e For t h e  concent r ic  tube exchanger w 

FOQ = E J,(A) L d . w ~ ~  + J,(h) &(Ox) 

2 
where 0 = KII. 

T'ne e igenfunct ions  ALi) a l s o  depend on t h e  t y - p  of exchanger, For t h e  
concentr l  c tube exchanger, r e c a l l i n g  from f i g u r e  1 t h a t  channel  "1" i d e n t i f i e s  
t he  c i r c u l a r  tube mid t h a t  channel "2" refers  t o  the narrow m n u i a r  space, 

and 

where F'((X) represents  t h e  derivative of F(h) w i t h  respec t  t o  A. Since the two 
channels of t'ne p a r a l l e l  plane exchanger are geometrically similar, on ly  one of 
t h e  channels need be considered.  For. chunnel  "1" 

I I \  2 &WL) bQ (A,%) 

(44a) 
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Note that t h e  express ions  for .H, K ,  and K,,, and h e i r  physical. i n t e r p r e -  
t a t i o n  gi.ven previous ly ,  cons ider  t'r.tx def ined as  pi-opert ies  relai; ive Lo charmel 
" l . 1 7  A s  a resul. '~,  wheii i n t e r e s t  i s  d i r e c t e d  towards t h e  hea t  t r a n s f e r  perfuriliaiicc 
of channel  I'2'f as a f u n c t l m  of H, K, and Kw a.rd conparjgg w i t h  t h e  performance 
of channel "1, '' cons is tency  f o r  Liie comparison r e q u i r e s  Lnterchangi ilg s u b s c r i p t s  
i,? t h e  express tons  f o r  H ,  K,  a?d R (for exmple,  in equati-rs (1.1), ( b o ) ,  and (!!I.))* 
If, f o r  thz momen-t, w e  dero te  va lues  of these paramefErs as a.lready def ined  witlc 
a su'cscript "1, " 

subsc r ip t  "2 ,"  then R, z l / B  ani: K,., 7 l / K  , but K 
vhen we vi s:l ta compai-e the p c f o r n a n c e  of l t 'ne  nay 
p a r a l l e l  p lane  channel,  and tke  c i r c u l a r  txnbe 

w 

and  t h e  in-iercharige of s u b s c r i p t s  f..n 'diose d e f t n i t i o n s  by 

= K ~ , ~ / K ~  I 

T 'h iS  W - L L ~  be imp2rta.r-t 1 c 
i.4 a~rinij.l.z,r space ;qFt,h t c e  

+ 
W i t h  the analf i ica .1  sclu Jil:.; Jl;.st suxmarized, ?;<id t h e  k ap2i-OXj.fOaticJng 

w e  are ncm prepa.red t o  explcre the behavior of ful1.y de;relc?ed itid?vi.d.ual channel 
h e a t  t r a n s f e r  c o c f f i c i e n t , s  4ri co-cmren'; w d o i h l e  pipe Lwai, exchax:gers- 

The d e f i n j ~ t i o n  of t h e  local Nussei~t  nimber given by equat ion  (27), together 
w i t h  the plug  f l o . h r  so?u.t,fon presented  i n t h e  p r e v 5 - 0 ~ ~ ~  s?c k ? . , ~ i i >  c l e a r l y  show tha t  
a.s z i r icreases  wit,hout l?.tri.t,, a r i  asynrptctic va lue  Nl;> (-1 i s  obtained. 
cy l ind - r i ca l  tube app l i ca t ion  of t h e  appropriax-  cxp$essiorts rzsul+,s  i r i  

For t h e  

r e s u l t s  
be t h e  same as thai; f o r  the parall-el- p lane  ehanne-i. w i t h  A, a~i.hsti.~tu.t~ed f o r  A. 
I n  t h e  above , h1 i d e n t i f i e s  t he  least; efgenvslue R.S ob'ca,ined from equaf,ion (43a)  
01" (43b) and i s ,  of course,  a f u m c t P o n  of H, K, am3 K s o  the.+, N i ~ ~ ( c e )  must a l s o  
be a fun@ Lion of t,hese paramei;ers 

The cori.esponding expression for the narrow 8ririii..Ia:~ space 5 s  found t o  

Iv? ' I 

(46a) 

Before examining the deperidence of NJ,(cu) on H, E, a.nd K let, ius de'wrmine 
t T  ' 

t h e  mapni tudes  of t hese  para.mc-t,ers tlriet, are +;$ be expected 1~.>1;ii &trial doub1.e p ipe  
h e a t  exchangcrs.  The h e a t  capac i ty  f l o w  r,a.<e ra.t,ir>, H, will bc  approximate1.y 
p ronor t iona l  t o  t h e  mass f.Low ra . tc  r a t i o ,  m d  i n  most. prar  a , l  c a m s  can be 
expeeted t o  va ry  between 0.5 and 2- I n  special eases values from @.I tc 10 arc, n3.t 
too u.nl. ikely,  
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The f lu id  thermal  r e s i s t a n c e  : ra t io ,  K, will 'oe n e a r l y  p r o p o r t i o n a l  t o  
tlne r a t i o  of t h e  duc t  eyu.ivalen1; d 5 m e t e r s  i n  mo:;-t cases. For t h e  p a r a l l e l  
plarie exchanger values  i n  tlie range of 0.5 t o  2 seem most l i k e l y ,  while  for 
the concen t r i c  tube  exchanger va lues  near 0 . 1  are more reasonabl.e - e q e c i a l l y  
wi th  the idea l - i -za t ion  of a narrow :-mnular space e For a p p l i c a t i o n s  t o  tw-bulen-t  
f ' lo t~,  K wi1.l. a l s o  be propor t iona l  to the  r a t i o  of -the channel k va lues  which, 
up t o  Peclet; nuni'uers of  1000, can in t roduce  an a d d i t i o n a l  v a r i a t i o n  by a :?actor 

+ 

of a.bI3u.t 0. 5 to 2- 

W i t ?  l i q u i d  metals ,  vhj.ch 11a-lie r e l a t i v e l y  l a r g e  t h e m a l  c o n d u c t i v i t i e s ,  
val.iies of  t h e  r e l a t i v e  therma.1. r e s i s t a n c e ,  KTd, w i l l .  be :K'OUghl.y proporti-onal- tm 
the  %ati .o of the wa1.7. t h i ckness  t o  tlie channel. equ.l.fvalent dim1ef;e.r and i n  most 
cases t h i s  r a t i o  :;hou.ld be less than  0 . 1  and r a r e l y  l a r g e r  t,h:jx,rl 0 .5 .  But for 
t u r b u l e n t  flows, K i s  a l s o  propor-b:i.orial t o  k which a t  P e c l e t  numbers near  
1000 can in t roduce  a factor .  of rluarl-y 2. Thus  a rmge ~f values  f r o m  near ze:ro 
t o  uni- ty  i s  t o  be a n t i c i p a t e d ,  wtth low va lues  more l i k e l y .  

3 

w 

General  Trends _. 

For  the parall.el. p l m e  channel,  t h e  spec ia l  case of T-K = 1. and K = 0 
w al lows for a simple soliution of the approp-riat,e eigenvalue e q u a t i n n ,  and it 

i s  found 't;hat 

When s u b s t i t u t e d  Lnto equat ion (h6b), th i . s  g ives  

which i s  sinply tkre Eiully developed p l u g  Tlow vnl.iie f o r  a parallel plang, channel 
wi.kh one s i d e  kept at, mi fo rm 1;emperat:ir.e and Lhr: o?;her s i d e  i n s u l a t e d  
111 :fact;, u more detai.led. exam.i.nai;ion !,E the plug f low s o l u t i o n  for parol.l.e1 
p?.aoe exclimger f o r  t k e  special cast? o:r" GI = l and ICw = 0, show: t h a t  the 
temperatiul-e of  the c:>xnmon ~ a l . 1  i s  t r u l y  unff"orin a long  Yne e n t i r e  exchanger l eng th  

For  K f 0 and f o r '  t b e  concen t r i c  t ube  excharger rin general, it is found 
W 

that  true ope ra t ion  wi th  mifurin surface tempera,tv.re i s  not possibl-e - T h i s  r e s u l t  
i s  to be expected f o r  K 
resistance on surfa.ce tetriperature d i f f e r e n c e s  I n  %he tws cliaiaels 
coneent r ic  tu'oe exchanger, t h e  (33 f f  nces i n  t he  shapes of the !;sw channels  
appa ren t ly  in t roduces  an a d d i t i o n a l  compl.icati.ng e f f e c t  As h7K.:l be seen l a t e r ,  
ho-vJeveT, Ynere are special combinations of value:; of H, K, and. K for w h i c h  
Xua ( m )  i s  equal t o  t h e  value co:rresporiding th i r idivj  dual channel  OpPriZtiOil with 

b u.m.form su.rface temperature  even -t,holxgli e c t u a l  ope ra t ion  i s  otherxi.se 

sc 

f 0 wlieri one conside~s the  e f f e c t s  of -i,ijg.ll thermal 
For Yrie :.r 

'd 

__--I_ __.I-___.__.l_l._. __q- ___ __________,. ..I__I. 

See y:rw ious footnotes  concern!. rig a v a i ~ - a ' o k  plilg f low solUt.ioriS 
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x 
Deta i led  examination of the f u U y  developed Nusselt number r e l a t i o n s  

toge the r  vritn t'neir appropr i a t e  ei.genvalue equat ions,  r evea l s  thai; t h e  maximriii 
value of Nu. (m) corresponds t o  t h e  ind iv idua l  channel  boixdary condj~t ion  of 
uniform heab  flux, while the  rninimw. Val-ue i s  simp1.y zero.  For t h e  concent r ic  
tube .md p a r a l ~ l e l  plane channel ti:e inaxirnum value  i s  approached a s  H,  K, o r  Kw 
i nc rease .  As H apgroaches zero, Nu. ( m )  doos so also. Decreases i n  K o r  K 
cause decreases  i n  Nu (m), bi:t for 4ery  sma1.l v a h e s  of K 31" K,, Nul(-) approaches 1 
non-zero l imi t i r ig  valuer;. T'kc s m e  general i ?,at ions apply t o  t h e  na.ri-ow a n n u l a r  
space When H, R,  and K 
discussed et t h e  end oy t h e  l a s td  sect i -on,  

I- 

W 

3re redefined i-elatlive t o  t h e  proper t i -es  of channel. ''2" as 

These general izat , ions,  and t h e i r  quactitative r e l a t i o f i s h i p s  t o  Liie 
magnitudes of H, K, a i d .  K , a r c  i l l u s t r a t e d  i.n f i . g x e  5. 7.n tl-1l.s flgui-e 
the fu.ll.y developed p l u g  Ylow Ncsseit nunher f o r  iiie c i rcu1a.r  tube, normal.ized 
with r z spec t  t o  th-. appropr ia te  :n? . fnm f lux value, j.s graphed 3 s  a function 
of H wlt l - I  K and K as paramtam-s. The nornal5zed Nmsel.+, 111mber for ti w 

where 'ihc number "8" i s  t h e  c i r c i l l a r  t u . k  iiniforrn flux plug  flow Niasse3..-!. number. 

N3lmalization i s tQis  way i s  espccia.3 1.y conveni.eil-t, f ' a ~  agpl icat .7  Ion to 
t u rbu len t  f lows ,  f o r  t h e  lr' approxima.tPon Impli.es tha.t Nl(m), a.s def ined above 
wit ,h  p l u g  flow Nussel t  nunbe.rs, c'a~ be used w i t h  a11 a,pgropri.ai.,e uniforltl flux 
t u rbu len t  flow Nusselt n m b e r  c a r r e l  a t i o n  'LS ob ta in  corres?onding double p ipe  
h e a t  exchanger tur'oulent flow N.issel.i number-,, Thls  a l s o  rec_ii;.-e:, that K and K7, 
be def ined by eaji.ai;i o m  (404 and (Lla) 
f lows  a l so ,  at l e s s t  approximate?.y. 

'I'hus figure 5 app l i e s  t o  t,iirbulent 
M 

The graph shows that; K = 0-1 is nea r ly  equiira.l.rn% t o  K = 3 ;  a n d  t h a t  K =: 10 
i s  nea.r ly  equival-en'c Lo K = m except  f o r  very low v a l u e s  of 8 ;  Also, w h e i l  K 
i.s s m a l l  K = 0.1 is nea r ly  ? .~i .~. l~&l.ei i t  to K = C ;  a.r.6 f o r  K. 2, H = 10 l .s nea r ly  
eaufva lcn t  t o  H = 00, 

w w 
W 
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For t h e  pa.ral.le1. plane c:liannel and tlie narrow nnnii1.a.r :;pace, tlie f u l l y  
are qr&i ta t , ive ly  s i m i l a r  developed Nusse l t  nunber dependences on 11, K, and K 

t o  those  f o r  the c i r c u l a r  tube 
and tnese are i l l u s t r a t e d  i r i  f:i.gu.re 6. 
nurflhers f o r  t h e  t h r e e  types of channels  are p l o t t e d  vs. 13 wl.tl1 K as a par:me-!;er 
fo:c ’iiie case of K.(, = 0 e 

r e l a t i v e  t o  chsanns:l. “2“ so  that t2.e t;:kree duc t s  c a n  be c o ~ ~ ~ y n r e d  on a c o n s i s t e n t  
basis Note that although the p a r a l l e l  plane channel m d  i1arr:,w arinular space 
are equivalent geometr ica l ly ,  their Tespect lve ad jacent  channels  wi i;h which 
they exchange heat art: n o t  t,he si3rn.e e In a sense, they  are  eigriva?.ent channels  
w :i. t l i  s1.i gli t l y d.i.f:re re  t i  1; t duxdary c ond it I on s . 

w There a r e  q imnt i taz ive  d i f fe rer lces ,  however, 
I n  this f’igurg normal.i.zed Nusse l t  

For  t h e  rixr:row nnriular space, K axid 11 are redef ined  

Figure  6 shows that, Nusse:Lt numbers for cy1 1 tid-t-i.ca1 tizbeo a:re s i g n i i i c m t l y  
more sensitive %o variat;5ons i?f H , a i d  K vheii eom,r,e.red ...ilth -the other tw:, types 
of clianne:l.s, especial.1.y at I.0w -m:I.~i.e:; of K. N i i s s e l t  iiimberr, for t,he narrow 
annu.lar : ; ~ a c ~ :  arc slj-ght1.y more s c n a i t i v c  t l m i  those for t h e  p a ; a l l f l  plaile 
channel  for moil.ernteiy high values  of K a~;cl va,lues of H lee:; than u n i t y ,  At. 

are e s s e c t i a l l y  equ iva len t  t o  those  for. ti?e p a r a l l e l  p lane  channel 
both v e r y  high and. ].OW -v&I.~s of‘ IS, hoi\iaver, : ~ ~ i f i 1 . ~ 1 ~ ~ ~  space Nu.soe.’it nwlbel-s 

Allso sh0t.m or1 f-ig1;ul.e 6 a.Te .the norrtlaI.i.zed I e l k  numbers f o r  the boundary 
V d i ~ . e s  pe-i-taining t o  the narrow ariiiuLar condi tiion of uni fosrri slu.face t e r i p  r a t u r e .  

space and t o  t h e  parn l1kl  plane ch.an.rie1 ?,re t h e  srme auci are eq1m.l. Lo 
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It i s  poss ib l e  tlrrat t h i s  
metal hea t  t r a n s f e r  c o e f f i c i e n t s  
exchanger exper iaents ,  f o r  these  

r e s u l t  cau expla in  the  " I  ow" values  of 1-iquid 
f r equen t ly  obtained with double p ipe  hea t  
values  a re  always judged t o  be COJ  low when 

compared with va lues  corresponding t o  uniform hea t  flux o r  uniform sur face  
ternl2erature boundary condi t ions .  Al.so, the  compl.icated dependence of t h e  Nussel t  
number on t h r e e  d i f f e r e n t  parameters 9, K, and Kw, toge ther  w i t k .  an i m p l i c i t  
Pec le t  nun-oer dependcnce invnk4.i iig both channel-s, couid explq,.i n t h e  l a r g e  s c a t t e r  
of  experimental data usually observed 

As an illustratl'x-. of t h e  kind of r e s u l t s  p o s s i b k  when u s 3 . q  doEble  
p i p e  h e a i  excha.r,gers far %he determfnation of l i q i i i d  rwt,al Nussel t  nurnbers by 
experiment,, t h e  plug flow solut: i .ous and t he  k approx-imation were used t o  p r e d i c t  
t he  Nusselt number vs. Peclet, number relst ioris t h a t  would be obtained with the 
conccntr i  c 'iube excGngei. i l l u s t r a i e d  i n  f i g u r e  7. The fluids fl.owiiig through 
both s ides  af thc exchange;- were imagined. t o  be liquid sodi -m.  Two d l f f e r e n t  
ty.pes of opera t ion  were cnnsidered. In t,he f i - r s t ,  t h e  mass fl.ow rates were taken 
as equal  i n  both char.nels, i.c,, H = 1; i n  t h e  second, t h e  P e c i e t  number of 
t he  f l J i d  f l o w i n g  ;n t h e  nacmw annular s p ~ c e  w a s  kept, fixed a.t a va l .~e  of 100, 
Foi- both types o f  opera t lan ,  tiJ.be s ide  Nussel t  rium'oers were p red ic t ed  f o r  both 
copper and s t a i n l e s s  steel tuber, The d i f f e r e n t  iiiennal. c o n d u c t i v i t i e s  of - the two 
tube ma te r i a l s  r e s u l t s  I.n ab0u.t a f a c t o r  of 20 d i f f e rence  between corresponding 
K values ,  so t h a t  the resul . ts  f o r  t k e  copper tu'oe can a l s o  be i n t e r p r e t e d  as 
a s t a i n l e s s  sLee.1 tu.be with a 5 m i l  wall. 

+ 

w 

'i'he r e s u l t s  are shown on f ig ; i re  8 where tube s i d e  r u s s e l t  nmbers  are 
ploi;i,ed vs tube s i d e  Peclet, number f o r  t h e  va.rious cases ,  Alko shown a r e  
t h e  carrespanding c i ~ ~ v e s  f o r  uniform heai, f lux and uni forn sur face  temperature 
bo-mdary condi i;.i.ons. Most. st kfng oE theze  r e s u l t s  a r e  those f o r  opera t ion  with 
c o n s t z i t ,  Pec le t  riumber i n  t h e  annular  space. Fo r  t i i is  case, tube s f d e  Nussel t  
numbers decrease w i - t i l  i nc reas ing  Lube side P e c k  c iiuinber, a. result  vhich i f  
oatairled by rxpc-rimeni; r114ght. tempt the exgerimenter t o  consLder k i s  appara t ix  
a t  f a u l t ,  or perhaps to s9ec;llate about t,he p o s s i b i l i t y  of non-vett,i.ii.g o r  
c3rrclsi.on problems His specula t ions  m-4 ghht :.eceive fi2rt;her encmrsgernent a f te r  
observing t h e  d J  ffereneer; beticeen 1:e;u.its cbta . ined with ~ ~ p p e i -  and s+,ciinless 
sLe.1. tubes,  ~ s p e c i s l l y  s ince  pper di-rcic, mi-, behave t o o  well vifuh l i q u i d  sodi.um. 

- 

.ll_-l 

Even with t h e  perhaps m o r ?  i ~ s u 3 . 1 ~  nr od of c:ptiraif,ion of Reariy P ~ U A I .  
mass flow r a t e s  j.n both chanrie1s, the d i f f e rences  between resui . ts  obtained with 
copper and stainlc;~ s t e e l  t,~hc:s and t,he gene ra l ly  love r  Nusse1.t nmbcr val-ues 
obtaincd wS.th c:o>per, ni&t, lkad to erroneous specula.tS ijn about, cori-Gs-ion o r  
noil-wet t ine prob?.ens 

These c a n c l u s i n n s  c m  k.3 given a.s possibiI.i.t.ies only, si.nce nea r l~y  
a l l  of t h e  doub1.e p ipc  h e s t  exi-'?ang-;r l i q u i d  metal da.l-<a a:.iai'Labj.e were obtained 
w i t h  counter-current  flo-d,  and t,he ans?ysi  s given hei-e p e r t 2 i n s  io co  - cu r ren t  
f.!ow. 3u.t) it i s  c l e a r  that, t he  parameters H, K, and K will a l s o  appear rEn a 
c o u n k r - c u r r e n t  flow a n a l y s i  st arid :;[:erefore sS.mt1a.r ey fec t s  a.re at. l ea s t  poss ib l e .  
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The m a t e r i a l  p resented  i n  t h i s  papzr r ep resen t s  an in t roduc to ry  a n a l y t i c a l  
i n v e s t i g a t i o n  of l i q u i d  meta l  h e a t  t r a n s f e r  i n  c3-currerit flow double pipe heat 
exchangers without  use of Lhe usual h e a t  t r a n s f e r  c o e f f j c i e n t  ass i r rqt ions implici t ,  
i n  Lhe more customary methods a f  iirinl yc;i s I  

I n  order  t o  provide niatheiiiatiea1 s impl . ic i ty ,  p l u g  f l o w  models OF t h e  hea t  
exchanging f l u i d s  were u t i l i z e d  f o r  analysi.s, and an approximation methocl developed 
f o r  appl.icatinrr of plug flow r e s u l t s  i n  genera l  t o  the turbulen-t f i o w  of liquid 
metals .  Evidence was presented  which i n d i c a t e s  t h a t  .the approxrimathn w i l l  @.re 
s a t i s f a c t o r y  accwacy  up t o  Pec le t  riiunhers of 1000 and perhaps I.izrge:r.. 

'The plug  flow anaSysis arid approximation method were nppli.ed t o  t.he 
p r e d i c t i o n  of Yne dependence of  ful l iy  developed i n d i v i d u a l  channel. ( "-E"ri.lrn'5 ) 
h e a t  transfer c o e f f i c i e n t s  on t h e  operating condi t;i.ons of two t -Des  of l i q u i d  
metal. co-cur ren t  fl.ow double p ipe  heat exchangei-s 1-1; was found that .  opera t ing  
condi t ions  and exc%.anger type can be in.porttilit i n  this regard, and Y r a t  f u l l y  
developed h e a t  transfer c o e f f i c i e n t s  can be s i g n i f i c a n t l y  lower than normally expected. 
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Dimensional Quant i t ies  

a 

b Wall. thickness,  f t  

I 

Width o r  radius of channel "i," f't. 
i 

b' 

C .  
1 

k .  
I 

kw 

a 

91 

ti 

i o  

i 

t 

U 

Effect ive wall thickriess of c i r c u l a r  tube, %t, equation ( 8 a ) .  

Reat capaci ty  of fluid i n  ckiannel l ' i ,  1' ~ t u / ( l b m > ( " ~ >  

Thermal conductiv2ty of f l u i d  i n  charmel. "i, I' B t u / ( h r )  ( f t )  (OF). 

Thermal conductivity of wall, Btu/( hr) (ft) (OF). 

Heat exchange length measured from i n l e t ,  f t .  

Heat flux densi ty  a t  w a l l  i n  channel "i," Btu/(hr)(fL ) .  

Temperature of f l u i d  "i," F 

I n l e t  temperature of ? h i d  "i , I' OF. 
Velocity of f l u i d  i n  channel "i, 'I f t / h r .  

2 

0 

wi 
X Distance va r i ab le  , f t .  i 
a Thermal d i f f u s i v i t y  of f l u i d  in channel "i, f t 2 / h r .  
i 

E Turbulent d i f  fusivi ky, r"tL /hr . 
V Kinematic v i scos i ty ,  r t "  In r .  

P Viscosity,  ( lbf)(hr)/ft" 

P 

Mass rate o-r" flow of f l u i d  i n  channel "i," lbr r i /h re  

9 

3 

9 

Density, lFnl/ft 3 . 

Dimensionless Quant i t ies  

11 fieat capaci.ty flew r a t e  r a t i o ,  eqiuation (1.1). 

K 

- 

F h i . d  thermal r e s i s t ance  r a t i o  , equations (40%) and (40b) e 

Wall I:.?iernial r e s i s t ance  ratAo, equations (ha) and (41b).  

~ h e r r n a l  cond.ucti.vi.tg mu l t ip l i e r  f o r  turbulent  PI.ow i n  channel. "i a " 

Normalized Nusse7.t number f o r  channel "i, " 

Kw 

ki 

Ni 
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..__ NOMENCLATUKE (cont . ) 

Dimensionless Quantities 

NU. 

Pe P e c l e t  number for channnel "i. " 

Z Dimensionless heat exchanger Length, equation (36) .  

ki 

NusseLt number for channel  "i," equabion ( 2 6 ) .  
1 

i 

Dimensionless temperature of flurid in channel. "i, " equation (13) e 
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‘TABLE 1 

IVOKMALIZED_” FULLY DEVELOPED NUSSELT rmmms 

0.1 0.1 0 0 155 0.956 0.253 
0.5 0 .14.14 5 0 -983 0.5‘38 
:L.o 0 e 565 0.972 0 -702 
2.0 0.64-6 0.952 0.765 
1.0 0.727 0.792 0 0 022 

0.5 0.1 0.167 0.978 
0.5 0 51.5 0.9222 
1.0 0.653 0.377 
2.0 0.739 0.801 
10 0 * @o 0.359 

0 e 2‘76 
0 * 662 
0 .T@t 
0 .822 
0.903 

1..0 0.1. 0.187 0.956 0 0 37-0 
0 . 5  0.616 0.866 0.732 

1.0 0 932 0 e e94 0 0 9’1-7 

1.0 0. <(h-.( 0.&6 0.822 
2.0 0 824 0 -707 0 .8-(!k 

2.0 0.1. 0 .m 0 .9l!i O f  398 
0.5 0.755 0 .8W 0.1122 
l . 0  0 e 848 0 :749 0 0 808 
2.0 0.900 0.645 0 0 924 
10 0 * 966 0.249 0.973 

5 -0 0 . 1- 0.527 0.840 

l .0 0 D 934. 0 . 7 i l  
2.0 0.g@ 0. Go7 
10 0.986 0.256 

0.5 0 a 892 0 .77h 



IC 

10 

0.1 

0.5 

1.0 

2.0 

H 

0.1 

1.0 
2.0 
10 

0.5 

0.1 

1.0 
2.0 
10 

0.5 

0.1 

1.. 0 
2*0 
10 

0.5 

0 . i. 
0.5 
1,0 
2.0 
10 

0.1 
0.5 
1.0 
2.0 
.E 
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TABLE 1 , CON'T. 

CONCBhTRIC TIBES 

0.765 0.820 
0.945 0 -761. 
0.966 0.698 
0.978 0.594 
0.993 0.252 

K, = 0.1 

0.164 0 -996 

0 623 0.9 iS  
0 e 704 0 0 958 
0.778 0 829 

0 568 0.926 
0.699 0.892 
0.776 0,827 
0.677 0 -406 

0.495 0 984 

0.178 0.9(8 

0 199 0.956 
0 655 0.878 
0.774 c -8?6 
0.841 0.736 
0.934 0 D 31.4 

0 2[0 
0 643 
0 * 7L4 
0 802 

0.294 
0 699 
0 .'193 
0.845 
0 .yo9 

0 . 13 3 I. 
0.758 
0 e 840 
0.885 
0 949 

0 .422 
0 e 835 
0.895 
0.928 
0 0 97 3 

0.853 
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TAB133 .L , CON'T.  

K 

5 .0 0.1 
0.5 
1..0 
2 .o 
10 

10 0.1 
0.5 
1.0 
2.0 
LO 

0. 1. 0 .1. 
0.5 
1.0 
2.0 
10 

0.5 0.1 
0.5 
1.0 
2.0 
1-0 

1.0 0.1 
0.5 
1.0 
2.0 
10 

0 544 0 s 811 5 
0.895 0,781 
0 936 0.720 
0.958 0,616 
0 e 986 0.259 

0.6(1 
0 920 
o .950 
0 - 367 
0 J 999 

0 " 8% 
0 -93 i 
0.974 
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DISCUSSION 

M r .  S t e i n  rnenLioned o t h e r  a spec t s  nc t  cavered i n  t h e  prepared paper. 

O f  special. i n  i e r e s - t  was t h e  f ind ing  that alt'nough a c t u a l  f u l l y  developed 

hea t  t r a n s f e r  c o e f f i c i e n t s  i n  eo-current  flow l i q u i d  metal  hea t  exchangers 

can be sj.gnWi.cmtly smaller t'nan normal.1.y expected, cus-tornary design pro- 

cedures, which use l-arger va lues ,  s t i l l .  seem t o  give s u f f i c i e n t l y  accura te  

r e s u l t s  i n  most cases of Ci-actical i n t e r e s t .  The reason appears i;o be a 

r e s u l t  of t h e  assunct ion  . that  hea t  t r a n s f e r  coef . r ic ien ts  are independent 

of lengtll.  This assumption decreases  t h e  overall. hea t  t r a n s f e r  rate as 

ca lcu la ted ,  and, -berids to  c o r r e c t  t h e  r e s u l t s  of using l a r g e r  than  a c t u a l  

f u l l y  clevel.opec1. hea t  t r a n s f e r  c o e f f i c i e n t s .  

D r  . Dvjyer asked what r e l a t i o n s h i p  between t'nermal and mornentwn eddy 

d i f f m i v i t i e s  ivas used f o r  Liie t u rbu len t  flow ca lcu la t ions ,  and whether 

t h e  treiids sho%m i n  Fig. & would be inf luenced by t'ne r e l a t i o n s h i p  chosen. 

M r .  S t e in  r e p l i e a  t h a t  for kf values  computed f rom Eq .  (3'-(), t h e  thermal  

and nomentun eddy d.Lf Cus iv i t i e s  were assumed to be equal ,  "kit? r e s u l t s  

shown i n  F ig .  8 were based on kf values  conputed from Eq.  ( 3 8 )  f o r  t h e  

annul.ar space, and Eq.  (39a) foi- tine tube, and botii of t hese  equat ions 

imply t h e  assumption or' equal  thermal and rnornentirri eddy d i f f u s i v i t i e s  . 
M r .  S t e i n  s t a t e d  t h a t  he d id  not  be l i eve  t h a t  reasonahle  a l t e r n a t e  assump- 

Lions, such as t h e  d i f f u s i v i t y  r e l a t i o n s h i p  r ecen t ly  proposed by D r .  Dwyer, 

xould inf luence  the i l l u s t r a t i v e  t r ends  shown i n  F ig .  8. 

Dr. Thyer tlneii asked whether r e s u l t s  for varioirs annular  space diame- 

ter r a t i o s  had been obtained.  

MR. STEIN: Yes, but  on ly  f o r  tint. s imp l i f i ed  model I mentioned jn 

which 1 was a b l e  t o  ge'i cc-cur ren t  and counter-current  so lu t ions .  

MR. POPPENOIEK: I t h i n k  your so lu t ion  vou1.d be very  val.ua.hle f o r  t h e  

nexi; person who goes over a c r i t i c a l  ana1ysi.s of all t h e  1iqu.id-rlietal da ta ;  

I -th:ink your so lu t ion  would be very  valuable  t o  he lp  sort; :it oui;. 
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MR. SrTE1N: 1 haven'-t had. enrju.gh t i m e  to do this myself to any great 

extent .  

But the:re are some i n t e r e s t i n g  p o s s i b i l i t i e s  - espec ia l ly  with respect t o  

t he  data 0 - C  Doody arid Younger who used b0i.h counter-current arid eo-elusrent 

f lov.  There i s  ale equivalent o f  a p a r a l l e l  p l a t e  eitchmger a t  the  InLer- 

n a t i o n a l  School a t  A ~ - ~ G E . ~ P ,  and may'r)e we c&ii get da-to. f rom that t o  v e r i f y  

-t,he e f f e c t s  predict;ed by the  a;nalyrsis. 

Also,  solutions f o r  t he  counter-current flow cRse would 'ue aeeded. 
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ABSTRACT 

Natural  convection ’I.iquid metal heat  t r a n s f e r  measurements were m a e  i n  a 

rocket, nozLle containing refractory metal calooriinetrix devices u t i l i z i n g  t i n  as a 

heat t r a n s f e r  agent. T e s t  variables included propellant zas throat stagnation 

temperatures i n  excess o f  5000QF, accelerat ion t o  la18 g and heat fluxes t o  

1.72 x 10 

a comparison M t h  sodiurn. and li thium are presented. 

6 
Btu/hr  x ft2. Test data, a natural  convection correlat ion f o r  t i n ,  and 



I. LNTRODUCTION 

"Research" report,ed i n  t h i s  publication w a s  supported by t h e  hdvmced 

Research Projects  Agency and t h e  Bureau of Naval Veapons over a period of f i v e  

years. 

tms developed invol.ves measurements with l i q u i d  metals, f o r  vhich l i t t l e  i f  any heat 

t r a n s f e r  data have been available i n  t h e  associated high heat flux range. 

p r t  o f  the  work involved a program of fmdarnental research on liquL&metal heat t rans-  

f e r  i n  experimental rocket nozzles. The United Nuclear Corporation, Developrncnt 

Division, MM, collriborated with -4BL i n  t h i s  e f for t .  

One of t h e  techniques i n  s o l i d  propellant rocket nozzle heat t r a n s f e r  t h a t  

Therefore, 

SCllJe of the  possi1)le ad.mntages of using t i n  as a heat  transfer m e d i u m  (wl~en 

compared to sodzmi and l i thium) are: 

1. N o  safe ty  hazard e x i s t s  and no spec ia l  atmosphere i s  necessary t o  s t o r e  

or handle it a t  ordinary temFeratures t o  r e t a i n  purity.  

1% has the  hi.9hes.t bo i l ing  point (with a rnelting point only sl.ightly above 

-!;hat of l i thium), and a boi l ing  point l i q u i d  heat content o f  only about 

315 3tu/pound compared t o  about 2500 fo r  lithium, thereby permitt ing a 

].ow heat drain appl icat ion a t  a r e l a t i v e l y  hiZh container w a l l  temperature. 

2. 

3. On the  other  hand, f o r  a volume l imited system, the boi l ing  point entfia,lpy 

per u n i t  l i q u i d  volume of t i n  i s  a'oout 1.6 tines tliat of l i t l i i u m ,  tliere-oy 

permitt ing a high heat absorption. 

It i s  readi ly  avai laSle  i n  high p u r i t y  a t  low cost .  4. 
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I1 c TEST PROWU 

A s o l i d  propel.lant rocket motor was used as the heat source and a large 

centrifuge on which tine rocket m s  mounted was used. i n  some of th.e ter;ts t o  pro- 

vide high g m v i t a t l o n a l  forces.  T h i s  equipment vas supplied. by BL, and -UL per- 

sonnel operated th .e  centriEuge, f i r ed  the  racke.t, and col lected the  data. United 

Nuclear handled the mechanical aspects  of design, fabr icated the t e s t  sections,  

and par t ic ipa ted  i n  the  assembly of test pieces on Vne centrifuge- 

The var iables  t h a t  were studied i n  . l ie overa l l  heat transfer program were 

heat flux, mgnituile and d i rec t ion  of acceleratLon forces,  type o f  l i q u i d  netal., 

and type of l i q u i d  metal container material .  

Although the overall invest igat ion included sodium and l i t h i u m ,  ,the ctata f o r  

l i q u i d  t i n  only are reported here. 
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111. DESCRImION OF APPARATUS 

Hozzle, Rocket, and Centrifuge 

The nozzles were machined at ABL fwm s o l i d  nioljbdenum and were designed 

t o  have one-inch long by one-inch Maaeter  cy l indr ica l  th roa ts  and t o  accept two 

tes t  sect ions i n  the  thrc;at. The nozzles with tes t  i n s e r t s  installed were assembled 

on a sol i t l  propellant rocket and mounted e i t h e r  on ti?e centrifuge or i n  a s t a t i c  

f i r i n g  bay. 

The centrif'ulse used is located i n  a concrete shielded bay and can ro ta te  at 

speeds up t o  66 rpm. The rocket was 

mounted ra&ially on the centrifuge a m  and the exhaust was di rec ted  outward (see 

Figure I). 

pressure, motion p ic tures  of t'ne nozzle  area, and closed c l r c u i t  t e lev is ion  o f  the 

centrlfu:,c bay. 

at i ts  center. 

The l e t t e r s  @ N I X  and UNCS represent Yhe name o f  the  f a b r i c a t o r  and serve only 

The arm on tne centrifuge i s  28 feet; loris, 

Tnis equipment was instrumented t o  provide ccnLrlfi;F r p n i ,  rocket charnber 

Teinpmtures were recorded on i n s t m e n t s  mounted on the centrifu,ge 

t o  help i a e n t i f y  t h e  test series. 

Test  Section 

The general arrangement of the ClJ13h t e s t  sect ion i n  the nozzle is  shown i n  

Fi,-pres 1 and 2. The tes t  sect ion consisted of the following components: 

1. Test sect ion c u p - t o  contain tine l i q u i d  n e t a l  and t o  be inser ted  and sealed 

i n  the  nozzle so tha t  the t runcated portion of the cup formed pr t  of the 

nozzle t'nroat through which the  heat from the propellant gases was trans- 

fe r red  t o  t'ne l i q u i d  rfietal; 

2. Separator tube--to seprate  entrained liquLd from the  vapor, i f  any, and 

t o  d i r e c t  t h e  vapor t o  the t rap;  

3. T r a p - i n  which t'nc vapor is condensed and toe condensate prevented from 

returning t o  the  cup; 

Exhaust tube--to provi& additiorial  surface f o r  condensation. 4. 
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Test  S e c t i o n 9  ( I n s e r t )  

The t e s t  sect ion cup (see  Figure 2) was an open lnverted cone. The truncated 

portion was bounded by r, surface whose geometry I s  tJat of a cone in te rsec t ing  a 

cylinder. T h i s  surface forreed par t  of the nozzle thyoat. 

T h i s  design w&s pre’tes‘ced us ing  a t m i s p r e n t  F l a s t i c  model with compressed 

air t o  simulate metal vapor and water or  mercury t o  simulate t h e  l i q u i d  metal under 

large acceleratLons, The tests i n d i c a k d  %kat, w-i‘ch high vapor generation mtes a t  

the  heat tra.nsfer surface, ‘che surface would remain covered vLth l iquid.  

All portions o f  the test sect ion cups were fa’ar-icated of pure tantalum, except 

for the  heat t r a n s f e r  surface win&o~,a which was made of t&ntalum-lC$ tungsten. 

were welded t o  tine tantalum conic sections.  

t’nick curved wdl.1 heat wtnrlow t o  obtain Instantaneous heat  flux readings using two 

thermocouples i n  t’ne w a l l .  

These 

The tests reported used 8 O.15O-i.nch 

Each cup was instrumented with the  thermocouples locxted at  the  fol7.o~fiing 

points  :-X- 

1. heat t m m f c r  ~31.1, 0.05 inch from the ps side, 

2. heat; .transfer will ,  0.05 inch from t h e  l i q u i d  side, 

3. 

4. 

5. insulat ion.  

Each cup 1m.s i.nsulated with s i l i c a  c a s t  i n  place. 

l iqu id ,  0.080 inch from the  ~ m 3 . l . ~  

l iquid,  bulk tempembum, one inch from .all, 

The heat  t r a n s f e r  surface 

The top  flange was machined and hand-fit ted to t’ne opening i n  t h e  nozzle throat .  

w a s  sealed by n rabber O-ring, 

I n  addi t ion t o  t i n ,  sodium and l i th iu i i  have a l s o  been insea as heat’tmnsfeer 

agents i n  the o v e r a l l  program. 

. ... .,. .. . .. . . . . __-......I ...~..~ - ~ .. ~ . _....__.__I__ 

* These values va-zy slightly f r o m  cup-to-cup. 
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Sepamtor Tube 

The one-inch aiameter separator tube w a ~  incl ined 30' from the  v e r t i c a l  i n  

the direct ion of lover accelerat ion so t h a t  any l i q u i d  car r ied  i n t o  the  s e p r a t o r  

tube would +end t o  be pulled back t o  the cup while the  vapor was free t o  t r a v e l  

up the  tube and e n t e r  the t rap.  

t o  clear the nozzle housing. 

The angle of inc l ina t ion  was t he  maximum pern i t ted  

The tubes were rmpped with mineral-type blanket insu la t ion  and instrumented 

with chrornel/alumel Vnerniocouples t o  provide a temperature - time h is tory  for heat 

balance data. 

Other Components 

The s t a i n l e s s  steel  t r a p  was baf f led  t o  pxevenL any l i q u i d  car r ied  i n t o  t h e  

trap from enter iog t h e  condensing regions. 

couples and connected by a flexible s t a i n l e s s  s t e e l  j o i n t  t o  t h e  10-foot long, one- 

inch diameter exhaust tube. The e x i t  of the exhaust tube was f2l.led wi'c'n s t a i n l e s s  

s t e e l  mesh t o  provide addi t iona l  surface f o r  condensation in the  event t ha t  vapor 

reached that point.  

The t r a p  was instrumented wi th  themo- 

No vapors were detected during any of t h e  tests r e p r t e d  here. 

A l l  thermocouple signals from the t e s t  sect ion were recorded throughout the  

f i r i n g  Micneapolis. Boneprell V i  sicorders. 

FiLare 3 i s  a photograph of a nozzle with t es t  i n s e r t s  assembled on motor a d  

mounted i n  s t a t i c  f i r i n p  bay. 

t h e  centrifuge.  The design opexating pressure fox t h e  WIGS tes t  sect ion i s  consider- 

ably above that f o r  the CNDA tes t  section, but  the design differences are not suf f ic i -  

e n t  t o  warrant detailed descr2ption here. 

This set-up i s  t y p i c a l  f o r  t h e  f i r i n g s  not made on 



The t e s t  calorimetj5.c system i s  deflned as consis.Ling of a l l  of the Liquj-d 

meta.l., a l l  the metal parts, and one-half o f  the cast s i l i c a  insulation SUrrOUdjng 

the calorimeter cup (the other half of .t;he sil ica insulation i s  a, csurncd t o  absorb 

heat only from the molybdenum block surrounding it). 

any instant  and the weights of the various materi.al.s and t h e i r  specific heats, 

(Ref e 1 thhrouEh L l ) ,  the total quantity of heat absorbed by the system up t o  Vne given 

instant  liiay be readjly calxulated, MvidLng the t o t a l  quantity o f  heat by the time 

i n t e rva l  and the heat win&ow area on the propellant gas side yields the average g8s 

side heat flux over t i re  time internal  considere&, Theoretical.ly, t h i s  time in te rva l  

could be any @rt o r  a b 1  of the t e s t  f i r i n g  interval.  Given the gas side heat flux, 

translatfon t o  8 l iqu id  metal side hest  f lux has involved deducting from the formes 

only the heat absorbed by t lre heat window during the  t i m e  in te rva l  considered and 

multiplying by  the ratio of heat window l iquid metal side t o  gas side heat t ransfer  

areas. 

d i rec t ly  t o  the rial2.s  of the cup. 

The l iquid metal fi.Lm heat t ransfer  coefficient, averaged over a given time 

G5.ven the tempemtures at 

The assumption was also made that none of the heat passed from the heat window 

interval., vas calculated. by dividring the l iquid metal- side average heat flux over 

the interval- by the average temperature difference between the heat window surface 

on Toe 1iqiij-d metal- side and the measured l iqu id  m e t a l  temperature 0'!0g2 t o  o'!~c% 

away from the heat window surface (depending on the "film" thennocouple location f o r  

the par t icular  t e s t  fi-ring involved). 

measured directly; it was calculated by exf;mpolation from the measured temperatu= 

o r  temperatures rcLth.in the heat window metal, using the dLstance be-tween thennocouple 

and heat window sui-face, ,Yne thenrrzl conductivity of the heat window('), and the 

corresponding heat f lux (corrected for the heat absorbed by the por t ion  of heat 

window involved). 

The heat window surface t e n p m t u r e  was not 



The above method of calculation based on the calorLmetric system provides 

average values of heat f lux and heat transfer coefficient within s a a c t e d  t i m e  

intervals.  

A series of firings has been made with the t e s t  apparatus and the data 

f o r  calorimetric inser t s  charged. with t i n  are reported. 

Operating condltions and test resu l t s  are shown i n  Table  I. Tyl?ical tempera- 

ture records are given i n  Figure 4. 
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Test 

TABLE I 

Heat Transfer Results with Tin 

Duration of Firing, Seconds 
Gravity Force 

hAagnitude, g 
Angle with Heat Window 

Test Sect ion No. 
Tin Charged, Grams 
Seconds of Data 

Heat T ra ns fe r 
Heat Window, Diameter. Ft. 

Area, Ft .2 
T , ~ a ~ c .  T rwt Stagnatio 

Twc,  Wall Tin Side, "C; 
Tc, Tin Nearest Wall  

Temperature, OC 

"C 
d u x  x loJ, B t u k r  x Ft P 

Distbnce from Wall, Inch. 
AT, = T  - T  OC 
tic, Tin kqrn Yoejficient , 

Btu/Hr x Ft x OF 

CNDA-9 

164 

1.18 
-23.P 

1 
1 63 
___. 2 

193 
- 

rota 1 Totu! 

0.0743 
0 .Oil528 
2730 

0.780 0 * 780 
1039 101 1 

843 762 
0.lOCs 0.099 
196 249 

32 10 'I 740 

IJNCS- Y 

16.9 

P .o 
3QU 

1 
1 75 
9" 

0.0766 
,00363 
2778 

1.72 
1065 

686 
0.092 
379 

2520 

"The data are given for the last 9 seconds of the run during essentially 

3 9 1 8  
I' steady -state" c ond i t i ons . 



I n  addition t o  the heat transfer measurements set for th  above, a l l  of the 

data obtained i n  t h i s  program have been analyzed and correlated as detailed i n  

Table I1 and Figneres 5 and 6. 

evaluated a t  the  f i l m  t e m p e ~ t u ~  and are as given i n  Figure 7 and Reference 2 

Ln these correlations, the properties f o r  t i n  were 

tlrmough 4. 

a. Natural Convection Coefficient for Tin 

The film heat t ransfer  coefficient data of Table I are plot ted on Figure 5 

along with the l i ne  represent5n.g Eclrert's genera1 equation (Reference 5) fo r  

natural  convection i n  ve&i.cal planes at low Pmndtl  Numbers. 

The maximsn deviation o f  Prandtl Number from the average of a U  t e s t  

values (trith any given l iqu id  m e t a l )  when raised t o  the 0.25 power amounted to 

about 2 percent and hence the substi tution was made i n  the first t e rn  of 

equation (1) so tha t  the l i nes  could be included i n  the correlation figures. 

For t l n ,  w i t h  an average T?pr of 0.00563 f o r  these t e s t s ,  equation (4.) reduces to: 

(la> 
.25 

Nnu = 0.188 ( N g r  x Npr) 

The data are well represented by t h i s  l ine.  

although not s ignif icant  i n  tho tests with t i n ,  i s  accounted f o r  by the term 

(go* " )  i n  the Grashof Nwaber ( d a t a  as yet  unpublished). 

The variation o f  ~ p m i t y ,  

* zckertqs equation for tlne general case (1) was used here instead o f  Nnu = 0.508 

[ ~ p i / ~ ~ s ~ ~ ~  + Wpr,3*25 ( M C r  x N p r  cos a)*'?, a form o f  which is seen in Reference 6 ,  

because Vnis l a t t e r  equation was derived specif ical ly  f o r  the case 09 laminar free- 

coxrvection heat t ransfer  from a moderately inclined surface. 
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b. m r i s o n  krith S~dium and Lit'* 

I n  Table 11, the  film heat transfer coef f ic ien ts  o f  lithium, sodium, and 

t i n  are e o n F r e d  under what a p ~ a r s  t o  be reasonably olmilar conditions. 

l i t h i u m  coeff ic ient  i s  about 25% higher than the t.in coef f ic ien t  and about 46$ 

hif;her than the sodium coeff ic ient .  Note, howF"vcr, that although the heat  

flux v a l ~ ~ e s  w e r e  about equal, the  film tempemtwe for sodium w a s  much lower 

than that f o r  the other  two nietals. 

The 

For sodium, w-ith P.E a v e m ~ e  Npr of 0.00482 for  the  ten ts ,  i n  t h i s  overall  

p r o p m  equation (1) reduces to:  

Nnu = 0.179 (Nzr x NP~)''~ (lb) 

and f o r  lithium, wi th  an  averase Npr of 0.0lgg for 'these t e s t s ,  equation (1) 

reduces t o :  

(IC) 
25  nu = 0.257 (Ngr x ~ p r )  

Equations (la), ( J b ) ,  and (IC), which represen'i. equally w 2 l l  the  

experimental data. for t i n ,  sodiun ana l i thium respectively,  are p lo t ted  i n  

Figure 6. A t  constant val.ues of heat flux and f i l m  temperatine of 0.712 x 

10 Btu/hr x ft2 and 782°C respect;i.vely (Table I1 for l i thium),  calculat ions 

based on these cumes result  i n  a lithium coeff ic ient  about 35$ higher than 

the  t i n  coef f ic ien t  and about l$ htgher than the sodium coeff ic ient .  

i s  obvious t h a t  film temperaturn s igni f icant ly  a f f e c t s  the  coeff ic ient .  

6 

It 



TABLE IT 

Comparison of Lithium, Tfn and Sodlurn Heat Transfer Coefficients 

Heat Trunsfer Metal L i  Sn Ncr 

Test and Insert No. CNDA-8, # I  CNDA-9, # I  CNDA-8, #2 

Seconds of Data 135.2 104 135 "2 

Flux x IO4, Btu/hr x Ft 2 0.712 0.780 0.752 

Tc, Liquid Metal 

hct  Btu/Hr x Ft x F 

Film Temperature, oC 782 843 

2770 22 10 2 0  

439 

1 900 
3 9 1 9  
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A s  part of a, program of research on s o l i d  propellant rocket nozzle heat 

t m x f e r  a t  Allegany B a l l j .  sties Taboratoiy, fmcbamenta7. research on liquid--metal 

heat transfer i n  exprrimental. rocket nozzles has been pursued. 

work-ed ~5th Ujflltea Nui-lear Corporation, Eeveloprflent Divl.sion, h i ,  

In the  ls t ter ,  ABL 

A series of t e s t s  has been made with a nozzle designed with two calorimeter 

t e s t  inserts for determining f i lm heat t r a n s f e r  coefffcients  at t h e  nozzle throat. 

The variables that; were stu&i.ed i n  the ove%all. progmii included heat  flii-x, m p l t u d e  

and direct ion o f  nccelerati-on forces,  t ype  of l i q u i i i  m e " t l ,  and type of l i q u i d  metal 

container matertal .  The d a t a  f o r  l i q u i d  t i n  ape reported here. 

t u n  t o  .I.&~"C, l i q u i d  metal hea,t f l u x  t o  3..'72 x 10 6 Btu/llr x fi2, film temperature 

t o  843"C, propeI.Iant gas t iwoat stagnation terripentures i n  excess of 2 7 6 0 0 ~  ( 5 0 0 0 ~ ~ )  

and. accekmra'cions "Lo ]-,I8 r; were experienced. 

\?all surface tempera- 

The l i q u i d  metal natura l  convectton heat t r a n s f e r  r e s u 3 . t ~  ob"tained thus far 

sugges3 the fol.l.owing conclusions : 

1. The highest  t i n  f i l m  hea.t t ransfer  coef f ic ien t  meat;ured was 

2520 Btu/hr x ft2 x "F. 

The &i.mensionless heat t r a n s f e r  coeff ic ients  are ~ v ~ l l  represen'r;ed by Eckertf 8 

equation (Reference 5) : 

2. 

Nnu = 0.68 [Npr/(0.952 -f- Npr)]  (Ngr x Npr)*25 

3. Thz fii1a.l equation f o r  t i n ,  ~ 5 t h  an average expenirrleental I?m.nfitl Number 

of 0.00563, i;alies the foxin 

Nnu = 0.188 (Np x Npr) 25 

IC. At constant val.ues of heat flux and film temperature of 0.712 x 106 

Btulnr x ft2 and 782OC respectively,  calculat ions based on Eckert ' s  equation 

resu l t  i n  a Lithium coef f ic ien t  about 35$ higher than t'ne t i n  coefficient 

ana almixt 12$ higher than the sodiwfl coeff ic ient .  
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CP 

D 

Ngr 

k 

Nnu 

m 

Greek Letters 

Specific heat, Btu/lb x "F 

Diame ter  

Grashof Number = D3$g $ N / w  , climeensionless 

Acceleration of ~ ; rav l t y  

Liquid metal fi lm heat; coefficient,  Btu/lir x it2 x O F  

T h e m 1  conductivity, Btu/hr x ft2 x " F / f t  

Nusselt Nwnber = h D / I l ,  dimensionless 

Prandtl P?mber = Cp p/k, dAnenstonless 

Gas sta+gn.ation temperature a t  nozzle  throat  

:Jail surface temperature on the l iquld metal side 

Temperature difference 

2 

Angle between gravity force and heat ~~Lndow 

~oiumetr ic  coefficient of e w n s i o n ,  ~ / O P  

Coefficient o f  viscosity,  l b / f t  x hr 

Density, lbrn/fi 3 
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GENERAL VIEW OF 
INSTALLATION ON CENTRIFUGE 

4 
Argon gas bottle 

CLOSEUP OF MOTOR AND 
NOZZLE WITH TEST INSERTS 

CLOSEUP OF NOZZLE EXIT CONE 
AFTER TEST FIRING CNDA-1 

PHOTOGRAPH OF NOZZLE WITH TEST INSERTS ASSEMBLED 
ON MOTOR AND MOUNTED ON CENTRIFUGE 

Fig.  1. 



EXPEglMNTAL NOZZLE WITH TEST INSERTS AT THROAT FOR MEASUREMENT OF 
PROPELLANT GAS AND COOLANT 

Cup Thermocouples 

Vapor Exhaust line ,llpuld trap 
\ 

3 

~ : m  MOTOR END. 

Fig.  2. 



PHOTOGRAPH of NOZZLE with TEST INSERTS ASSEMBLED 

Fig. 3.  



I T Y P I C A L  TEMPERATURE RECORD of HEAT WINDOW and T I N  M E T A L ]  
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DISCtiSSION 

I?€?. STRZK : Just oil? reaark of  anazemect : Gist Eckert  ' s r e l a t i o n s h i p  

der ived fcr a certa5.n speci-.f:;c s i t u a t i o n ,  cou-ld represen-i; t h e  r e s u l t s  ob- 

t a i n e d  f r o n  -tra[isients aid confined space, w i t h  g r a v i t y  o r i en ted  i i l  a 

pecu l i a r  way. 

MR. DESMON: I n  a rocket-nozzle  f i r i n g ,  the traiisients d o n ' t  l as t  

too  long. ?"ne t o t a l  f i r i n q  Liiiies were of the orde r  of one hundred t o  two 

hundred seccnds; and the transients a r c  p r e t t y  well over wi th  by s i x  t o  

t e n  scconcs. They just contribu.te t o  the  s c a t t e r  i n  h e  dai;a; that's a l l .  

We have a l o t  mors da t a  which do - sn ' i  appear- iii t h i s  paper ,  which, 

i n  i i,s final form, w i l l  be given at  t h e  A41CITE meeting i n  December a t  

aouston.  

DB. CHEN: 1: thought t h a t  I no t i ced  g-va.h*es of 1.18 and 1.0. I 

wondered why you went to a l l  the troub1.e of a centr iPuge device, i f  Y f i a t ' s  

a1-1. you. are  g e t t i n g .  

MR. DESMON: This o v e r a l l  prograrr. had t h r e e  l iqi j . i .d . -metal  i nves t iga -  

t i o n s ;  t i n ,  sdiu'il and l i t h i u x .  This is one- th i rd  of t h e  da t a ,  t h e  da t a  

of l i q u i d  tiii. W i i i i  liquid lithiua we had acce leya t ions  up t o  14.25 g, 

and found rin that i nves t iga t ion  t h a t  g t o  t h e  .25 i n  t h e  Grashof number 

di.d an adequate j o b  o? incorpora t ing  acce le ra t ion  i n t o  t h e  din;ensionless 

c o r r e l a t i o n .  
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I, INTRODUCTION 

Recent advances i n  the technology of nueleak power r eac to r s  such as 

F E W ,  and of experimental breeder r eac to r s  such as Sit8 and HNPF, and also 

of rocket aux i l i a ry  powel- systems such e18 SNAP (where l i qu id  metal. vapor- 

i z a t i o n  w i l l  occur i n  an advanced Rankine cycle) have created a g r e a t  de- 

mand for i nves t iga t ing  axid understanding t h e  process of boi l ing l i qu id  

mstalu e 

Liquid a l k a l i  metal pool boiling data  is u i t e  sparse,  and the small 

amount of ava i l ab le  data  s c a t t e r s  considerably ‘1929314) (as shown 111 Fig. 1 

and Fig. 2) 60 t h a t  good engineering designs of the above-mentioned systsms 

are very d i f f i c u l t .  

I t  i s  f e l t  t h a t  the  primary cause of a lack of reproducibi l l ty  i n  boil- 

ing l i qu id  metal. data  l a  due t o  poor control  of surface conditions ( i .e .9  

poor control  of surface phyaical roughness and surface contanrimtion, and 

a l s o  the wide use of ny different,  surface materiala) .  

I I. OBJECTIVE 

The main purpose o f  t h i s  research program is  t o  e s t a b l i s h  an experi- 

mental procedure fop cleaning, evacuating and f i l l i n g  a piece sf equipment 

which w i l l  yield reproducible pool boi l ing sodium data  far a given s e t  of 

boiling surface conditiona, and t o  inves t iga t e  the  a f f e c t  of various 

surface f i n i s h e s  and add i t ives  on the  nucleate pool boi l ing sdiw cupve. 
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III e BACKGROUND 

Theoret ical  Resul ts  

I t  i e  now general ly  agreed t h a t  i n  nucleate pool boi l ing,  t he  hea t  

t r a n s f e r  c o e f f i c i e n t  can be wr i t t en  as 

where 

b o i l e r  surface.  

wall auperheat necessary t o  i n i t i a t e  t h e  grouth of a bubble from a cav i ty  

a l s o  depend8 on the surface geometry 

(n/A> is the number of a c t i v e  cav i ty  sites per u n i t  area of t h e  

Several  i nves t iga to r s  ( 5 9 6 )  have shown t h a t  t he  c r i t i c a l  

... (2) 

where rc 
is the cav i ty  mouth radius of a nucleating s i te .  

Thus, it is  evident  from the form of equations (1) and ( 2 )  t h a t  the 

condition of the boiler surface plays a twofold role i n  nucleate  boi l ing 

heat  t r ans fe r ;  f irst ,  surface conditions can a l ter  the cav i ty  s i z e  d i s t r i -  

bution of a b o i l e r  surface and second, surface conditions can a l te r  the  

s t a b i l i t y  of a nucleating s i t e  and thereby con t ro l  t he  degree of superheat 

necessary t o  i n i t i a t e  nucleate boiling. 

Experimental Resul ts  

Corty and Foust(') were among t h e  first t o  extensively study the e f f e c t  

of surface roughness on nucleate  boi l ing heat t r a n s f e r  coe f f i c i sn t a .  

boiled Freon 113, d i e t h y l  e t h e r  and n-pentane o f f  copper and n i c h l p l a t e s  

for  d i f f e r e n t  surface pol ishes ,  and found t h a t  notonly the pos i t i on  o f  the  

boi l ing curve, but a l s o  the  slope depends on the degree of surface pol ish.  

Later, Berenson(7) showed t h a t  f o r  boi l ing of n-pentane off  copper, nickel  

and inconel f l a t  p l a t e s ,  the surface Toughness can increase t h e  heat trantlf%r 

c o e f f i c i e n t  by as much as 500$, as shown i n  Fig. 3. 

Grady and Avery'" found t h a t  by applying sharp p a r a l l e l  s c ra t ches  onto the 

boi l ing surface,  heat  t r a n s f e r  c o e f f i c i e n t s  f o r  wster increased by as much 

as 88% and f o r  mercury w i t h  0.1% sodium by aa much as 116%. 

They 

More r ecen t ly ,  B o n i l l a ,  
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Since d i f f e r e n t  s o l i d  metals have different grain atmcstures which  can 

a l te r  the size a d  shape: o f  m%croscop~c cavities on the bo i l ing  surface, M B  
would expect  that surfscs material would a lso  a f f e c t  t h e  nucleats pool 

h i l i n g  curve. Both Stock(9' and ~ s m n s o n ( 7 )  siiiiilar S?@ault6 f o r  the 

s f f e e t  or" mrface material. Fig. L, shows that the heat t r a m f a r  c o o f f i e i m t s  

inereaim by as much ae  2O(Y$ depending on the material usad, 

Other  variables which af fec t  the aur fncs  energy ox' 3 given m e t a l  ( c h e w  

i cab  contam&nnthm i n  the foxm o f  oxide%?, chemical cantadination due t o  

add i t ives ,  the state of stress, etc. can alter tha we t t ine  character is t ies  

of a boiling fluid and also cause changes in the nuclsates boi l ing curve (mu, 21 
Since none9 of t he  above effects have been aystemtlcally invest igated 

for a lka l i  msueal boiling sy8tem5, the importance? Of tkle research work 

quit% eSd.deAt. 
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IV, MPERIPENTAL D E S I G N  

Since t h i a  research program is  the  first of i t s  type a t  M.I.T., i n  

order t o  begin the design of the equipment, the following conditions were 

establ ished : 

1. The working f l u i d  should be mdiuoa because it is inexpensive, 

i t s  prope r t i e s  are w e l l  tabulated,  and because i t s  corrosive 

c a p a b i l i t i e s  are r a t h e r  well known. 

2. The boi l ing system should be a s t a t i c ,  closed capsulewith no 

loop operation. 

3. The boiler surface should be, a horizontal  f l a t  p l a t e  becaurie 

this is 5 simple geometry, a l a rge  amount of horizontal  f l a t  

p l a t e  boi l ing d a t a  i s  ava i l ab le  f o r  comparison, and because it 

is the simplest  geometry on which t o  r egu la t e  surface f in i shes .  

1. The b o i l e r  surface must be e a s i l y  removable t o  allow fo r  

d i f f e r e n t  surface polishes,  surface materials, e t c .  

5 .  The system must ba designed a6 simply, atp sa fe ly ,  and as 

f l e x i b l y  as possible.  

With these "parametersTq i n  mind, t h e  f i n a l  design r e su l t ed  i n  a 

system where sodium would boil of f  a f l a t  p l a t e ,  r ise up a v e r t i c a l  pipe, 

and condense due t o  forced convection of afr, 

schematically i n  Fig. 5 .  

The boil ing isystem i a  shown 

The major components are the  main heater ,  boiler-condenser, high 

vacuum system, helium cover g55 l i ne ,  sodium f i l l  and d r a i n  system, and 

Inatrumantation. Theee main components are now deecribed mora fullly. 
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BodPer-Condenser 

The b o i l e r  is a 2-l/2.11 schedule 40 s t a i n l e s s  steel 316 pipe, I! f t .  

long. Fig.  7 shows an exploded view of t h i s  piece of equipment, Boiling 

w i l l  take place from a horizontal ,  f l a t ,  n i cke l  disc 2-7/81f i n  diameter and 

3/ f+ I t  t h i ck ,  e l ec t ron  beam welded by means of a .Q3Qm thick c o l l a r  onto the  

~ t a i n l e s s  s teel  316 pipe w a l l .  This method of attachment was decided upon 

because the e l ec t ron  beam weldcan be ground off  the c o l l a r ,  leaving the  

b o i l e r  p l a t e  reedy for r e f in i sh ing  and fo r  re-welding to the  pipe wall. 

is expected t h a t  each c o l l a r  czIn be re-welded a b u t  four times. 

e l ec t ron  beam welding 1s the purest  weld possible and el iminates  any oxide 

formation. The bottom of the  bo i l e r  test p l a t e  i s  flame sprayed with a 

t h i n  coating of "'Rokida An aluminum oxide t o  increase i t s  emissivity, 

Thermocouple wells, l./l6" i n  diameter, have been d r i l l e d  a t  8 number of 

a x i a l  and r a d i a l  posit iona i n  the tes t  p l a t e  t o  insure 810. accurate  recording 

of the temperature d i s t r i b u t i o n .  

bailer surface t o  a l low for easy dismantling. This flange ia grooved t o  

accommodate a t h i n  nickel  gasket.  S t a i n l e s s  steel knife edges, machined 

i n  the groove, provide a t i g h t  seal, The condenser s ec t ion  is a 2 ft, length 

of stainless steel 316 pipe with 18 copper f i n s ,  ' 2 % ~  ~ o n g ,  1-1/~#~ viae and 

l/16l1 thick,  hydrogen brazed on the outs ide.  

Hiah Vacuum System 

It 
Also, 

The bo i l e r  pipe is flanged go' above the 

The b o i l e r  and hea t s r  are contained within a 14" OD, l€P9 long, s t a i n l a a s  

steel 316 vacuum chamber, flanged a t  the top and bottom for easy accesa. 

Aluminum wO'l r inga are used i n  these flanges for a high  temperature vacuum 

eeal ,  

f lexible  steel connector, op 90 

The high vacuum l i n e  i a  a 4?' achedule LO pipe l i n e  connected ta a 
0 elbow and a vacuum diffusion pump. 
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- Helium  cove^ Cas L i n e  

In ordsl- to maintain t h e  s o d i m  as f ree  of oxidea as poss ib le ,  helium 

v i 1 1  be usad as sa c o w r  gas. 

The heli im w i l l  bs d r i e d  end F i l t e r e d  by f lou ing  through a molecular siws 

bsrd (1/16" diarnetar p e l l e t s  of ail alkali metal alumina s i l i c a t e )  at l i q u i d  

nitrogen. temperatures. The e n t i r e  helium gas line, is 8 

316 tubing and a l l  va lves  are Hoke tygrpe TYgiL40, 

P T ~ S S U ~ O S  w i l l  range from 10 m Iir to 760 m Hg. 

Sodium F i l l  and Dra iLS j s t em 

sodim will be 0t.omd i n  two tanks (one f o r  f i l l i n g ,  one for d r a i n i n g ) ,  

&-l./'211 OD, 6'' high with V i t o n  "0" r ing  sea la .  

3 / @  s t a i n l e s s  a t e e l  316 tubing. 

heated t o  keep the  sodiiua molten, 

the boiler by passing through packed, f i n e  grade, s t a i n l e s s  steel wool. All 
valves are Hoke type TY4L5, 

The f i l l  and d r a i n  l i n e s  are, 

Aoth the  tanka and l i n e s  are e l e c t r i c a l l y  

Sodiim v i l l  be f i l t e r e d  before  e n t e r i n g  
I 

Instrumentat ion 

Six platinum-platinum l@ rhodium iiCeramo" type thermocouples vi ll be 

used a t  d i f f e r e n t  a x i a l  and rad ia l  pos i t i ons  i n  t h e  test p l a t e .  

thermocouples are Y/l6" OD, inconel  sheathed, magnosiwn oxide insulated 

and a m  spec ia l ly  c a l i b r o t &  a t  1400, 1600, 1800 and 2000 OF by the Therm- 

Thsae 

e lec t l - ie  COmQai2y t o  Wi th in  Bl3 aCCUP8Cy O f  less than 0.25%. Four ChrOm81- 

alwnel E ' C ~ r ~ m ~ l t  type tharmocouples, l/€P OB will be contained i n s i d e  1/4It OD 

hor izonte l  s t a i n l e s s  steel  316 wells t o  mansure t h e  sodium pool temperature  

d?o t r ibu t ion .  The88 thel%QCOUple U s i l l s  5 P O  IOCatsd l/zf ' ,  I", 1-142" and 2" 

abovs t he  b o i l e r  sur face .  . b o t h e r  chromel-alumel 'Cerorno" type thermocouple 

1/W OD w i n  be contained wi th in  a I/$!, OD s t a i n l e s s  s t ee l  314 tube ana w i l l  

d i p  down v e r t i c a l l y  i n t o  t h e  sodim pool. 

g.,sasiared by R Marsh compound pressurs gage, and an open end manometm-, 

Pressurfs i n  t he  helium l i n e  is  

The heat flux can ba ca l cu la t ed  d i r e c t l y ,  knowing t h e  t h e m 1  conduc- 

t i v i t y  and thamscouple l o c a t i o n s  accu ra t e ly ,  by measuring the t 

d i f f e r e n t i a l s  between pa i red  thsmocouplas  iar t he  boiler plate. The wall 
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temperature can be determined ky extrapolat ing the plate thermocouple 

readinga to t he  b o i l e r  surface.  The sa tu ra t ion  temperature of the scdi.ilum 

can be determined e i t h e r  by measuring the temperature d i s t r i b u t i o n  i n  the 

sodium pool, o r  by using the temperature corresponding t o  the measured 
saturation pressure in the vapor e;lpaca. 

V. TIM% SCHEDULE: 

The bo i l ing  apparatus is about 8% complete. Fig. 8 shovs the  p a r t i a l  

assembly o f  the system including the a i r  blower, condenser cover, vacuum 

chamber, vacuum pumps9 coaling water connections, steel enclosure, etc,  

The V I C U U  SySt€3A has been t.8Sted and 8 V a C c U U  a8 lOW a8 2.5 X l O a 5 ~  Hg 

has been reached. 

system w $ l l  be "debugged0' throughout September. 

The e l e c t r i c a l  heatarrc w i l l  $e tested next, and tha 

Experimental runs should begin sometime in October. 
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DISCUSSION 

MR. BALZHISER: First, you made a statement which intrigued me. The 

fact you wouldn't expect the type material used in the surface to affect 

the results, and second, I wonder--our experience with nucleate boiling, I 
assume by the way you are going to extrapolate and use the thermocouple 

readings in the plate and get the flux--our experience with nucleate boil- 

ing is that the fluctuations are extreme, and might cause a bit of trouble 

in trying to extract flux from this sort of reading. 

MR. ROHSENOW: This is in liquid metal? You have more fluctuations? 

MR. BAIZHISER: Substantially more. 

MR. ROHSENOW: We hadn't been aware of that, with liquid metals. 

MR. BAUHISER: We plan to do this same thing with a film-boiling 

regime. It appears, there, there is greater stability. But when we are 

inclined to go up and get down in the nucleate regime, we observe rather 

sizable fluctuations, which poses a problem. 

MR. ROHSENOW: You have two questions, there. The one, so far as 

whether the material surface itself, the kind of material of the heated 

surface, has any influence. Peter Griffith and John Wallis investigated 

this kind of a thing with a boiling apparatus very much like the kind we 

have here; the kind Paul Berenson used. They counted a number of points 

where boiling took place on the surface. Plotting n/A against the wall 

temperature, minus saturation, he got three curves, one each for water, 

methanol and ethanol. 

20 
r Then they went through AP = - and with this AT took every point on 

the curves for the different fluids each with different properties, and 

computed r. When they plotted n/A against the computed r, all of these 

curves fell on a single line. This suggests, then, that this is the 

minimum cavity size active for a given boiling condition, or a given AT; 

actually this is the integral of a kind of a distribution function which 

is n/A between D and D plus AD, say, plotted against diameter, or cavity 

radius. 
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There is a hint, here, pretty strong hint, that cavity size distri- 

bution is important. 

As to surface temperature fluctuation, this technique of measuring 

with the thermocouple in the surface is used with non-liquid metals, and 

if we have trouble with liquid metals, I guess--we w i l l  find that out in 

October, and do something about it. 

MR. B-SON: If I may, I would like to expand on your answer to 
Dick's question. 

we tested copper, inconel and nickel, part of it is probably due to a 

difference in hardness-yielding, different cavity distributions on the 

surface, even with the same surface-finishing technique; but I suspect-- 
I don't have any proof of this--that part of it is also due to the thermal 
properties of the surface material, and I think this is--the property 

that I think of is the thermal diffusivity. Right above the surface you 

get temperature fluctuations as the bubbles grow in the pores, and these 

have been measured with surface thermocouples that were developed mea- 

suring the temperature fluctuations right at the point where a bubble 

breaks off. As this surface temperature fluctuates, this must have asso- 

ciated with it a certain heat-transfer resistance as the temperature re- 

covers under the bubble after the bubble leaves; and I would think that 

this thermal diffusivity for the surface very low diffusivities, for in- 

stance with inconel, could begin to contribute to the overall boiling 

resistance. When I plotted the data as the temperature difference versus 
thermal diffusivity, the temperature required at a given thermal heat flux 

increased drastically as you got to inconel, which has a very low thermal 

diffusivity. 

I think the effect that was shown in the slide, where 

This is just a conjecture. 

MR. ROHSENOW: We have always wondered about this influence. On the 

I think there might be a material effect. 

other hand, the material effect seems not to be present when we are getting 

our burnout points except for very thin material. With a thin ribbon, of 

.001 of an inch, as opposed to 1/16 of an inch, the measured (dA)crit is 
lower. But that evidence would say that the properties of the surface 

itself ought not to play a role, perhaps only the lateral conduction re- 

sistance. We don't know the answer to that. 
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MR. GROSSMAN: J u s t  t o  be sure t h e  paper i s  t echn ica l ly  accurate,  In 

your introduction you made a couple of e r r o r s  I think you want correc-t;ed. 

You r e f e r  t o  the  STR and 'ISNPI reactors  as "breeder reac'wrs".  

not .  They a r e  t h e m 1  reactors .  

'i'hey a r e  

MR. ROHSENOW: Experimental thermal reactors .  

MI? e GROSSMAN: Experjmerital sodium reactors .  

The otner  one i s  oil SIIJAP--I hope I don' t  hurt any f ee l ings  here--but 

t h e  SNAP cycles have not been settled, as such. So i f  you want t o  speci-  

r i c a l l y  r e f e r  t o  it as SNAP mercury cycles--but t he re  may be Brayton cycles 

o r  other  cycles i n  SNAP. This i s  not heresy, here, but I just wanted t o  

say that. 

MR. ROHSENOW: Thank you f o r  those refinements. 

MR. CmN: We have been thinking a1.on.g the same line and have reached 

the  same general conclusions t h a t  you have indicated for the study. We ran 

i n t o  some d.i.fficulty that perhaps would give lis an ins?'.ght on it a t  this 

t.i.ilie. First, when you mentioned the distri.bu.l;ion of c a v i t i e s  , t he  t'nought 

i.s t h a t  wj.-t;ti. a change i n  cav i ty  s i ze ,  yoi~. ge-t a d i f f e r e n t  f r e e  energy r e -  

quired for nucleation of a bubble, corresponding t o  t h a t  dimension. For 

t h i s  reason L bel ieve we and you a r e  l o o k h g  i n t o  cav i ty  d i s t r i b u t i o n  on 

Lhe surface,  and the  troub1.e i s  we f ind  that most c a v i t i e s  on surfaces a r e  

not p i t s  o r  cones, so  much--unl.ess you go t o  t h e  tmuble  of pukting them 7 : ~  

tliat way. Most of' them a r e  grooves and scratches.  We have some d i f f i c u l t y  

i n  v i sua l i z ing  h-hy in ,  say, a uni t  area,  with a l l  scratches running pretty 

much i n  one d i r ec t ion ,  how many- p i t s  would you have; or how many c a v i t i e s  

would you count along t'ne length  of  a groove. We have d i f f i c u l t y  i n  char- 

ac t e r i z ing  the  so-called sirri"ace cavi ty  distribu.i;ion. 

MR. HOHSENOW: We agree--by t he  way! ?'hat s d i f f i c u l t  L 

MR. CHEN: Experiinental.1.y we also have a 2-inch disk--yours i s  2 1./8- 

inch. When we f i n d  that; conditions for which we have been working with a 

very smooth, polished surface,  so t h a t  t he re  a r c  very few nucleation si.tes, 

it i s  extremely d i f f i c u l t  - to i l iminate  the  condition whew the edge of the 

t e s t  section jo ins  i n t o  e i t h e r  your t e s t  ves se l  o r  s k i r t ,  t o  eI.iminate 



c a v i t i e s  there ,  which are much l a rge r  and more l i k e l y  t o  nucleate Lhax 

t'ne t e s t  surface of Ycie tiiass which you measure. 

MB. ROHSEBOW: We a r e  expecting some tyouble there .  We m y  have t o  

move the j o i n t  up higher, away from the  heated surface.  We may have t o  

put i n  a 1j.tLle cooling, there ,  t o  preven-t cav i ty  nucleation a t  those 

poia.ts. We have t h i s  i n  mind, but we thought we would t r y  it firs-t. 

The other question on nuclentlon: Petey G r i f f i t h  has made up, some 

while ago, a bo i l ing  s1.id.e that we have exhibited around t h e  country i n  

various places.  We piit it i n  a l an te rn  and have a.n e l e c t r i c  wire with 

water r i s h t  before your eyes, hoil.ing, and put the experiment on .Lhe 

s l i d e .  

If' you go up t o  the extreme and have nucleate bo i l ing  coming off of 

a point on the wire; and you put your i'inger there, pull t he  e l e c t r i c  plug 

stopping a l l  boi l ing,  then rep]-ace IJie plug, bo i l i ng  comes back r i g h t  a t  

t h a t  same point.  

So as f a r  as whether ,grooves a r e  r e a l l y  important here, or no-t, I j u s t  

don ' t  know. But It i s  possible t h a t  t h e  c a v i t i e s  t ha t  we a r e  talkring a- 

bout a r e  i n  the  groo-yes, witliin t'ne groove i t s e l f .  And i n  t h a t  case you 

wouldn't have much difficuLty . 
Y l i i s  kind of a study, suggested here,  seems to  be v a l i d  only a t  low 

heat  f luxes,  t h a t  i s ,  under conditions of pool  boi l ing.  Whether t h i s  kind 

of an at iz lysis  i s  t r u e  with l i q u i d  metals, i s  another question, where per- 

haps the hes t  f luxes would be R l j ? , t l e  hieher,  with a lower AT. 

This simple sna1ysi.s doesn' t  work i n  forced convection. There i s  a 

dynamic e f f e c t  t h a t  Bsii and Graham are espousing. 

su,qgestion i n  a paper Lha'c we presented l a s t  month a t  t h e  I\JaLional Heat 

Transf'ei- Conference [Bergles and Rohscnow, ASME Paper No. 63-1iT.-22 1. 

>?e modified t h e i r  

MR. 'PEPPER: This m i & t  not be germane t o  the talk, but I w a s  won- 

dering what wo1nl.d your f ee l ings  be wi.th regard t o  the e f f e c t  of t he  

applicat,i.on of an u l t r a son ic  beam 'io the w a l l  on tile number of nixleaLion 

s i t e s ,  on formation of a l a rge  mimber of s m d l e r  bubbles, and on r a t e  of 

departure of  t he  bubbles from the  wal.l.? 
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MR. ROESENOW: I guess you would have a. mcre rapi.d departure by the 

j iggl ing.  But what seems t o  happen i s  ihat  more rapid departure i s  asso- 

c ia ted  with smaller 'oubbl.es. The net e f f e c t  of u.ltrasonics i s  thai; t h e  

frequency increases,  but Yne diameter goes down. 

seems not t o  influ.ence the heat t r a n s f e r  very gi-eatly, except a t  t'ne bum- 

out condition, t'ne msximm flux. With t'ne smaller bubbles, you would be 

ah le  t o  go t o  higher burnt-out heat fluxes, but it doesn ' t  seem t o  influence 

the  posi t ion of the  boi l ing  cinve very great ly .  

ga-ted as  thoroughly a s  i t  should be. 

Tne net e f f e c t  of t h i s  

Y3at hasri ' t  been irivesti-  

MR. BRTXHISER: The way you have t h a t  l a s t  p ic ture  on the  board, I 

would l i k e  to make one comment. It might be i n t e r e s t i n g  t o  contrast  t h a t  

s o r t  of behavior, which. you might expect with watey, with what we woi1l.d 

expect for I.i.quid ineJi.als, where we have extremely high t.hei-fna1 d i f f u s i v i t y .  

YOU inay a c t u a l l y  experience l i n e s  on t h a t  scale  which. a r e  e s s e n t i a l l y  

horizontal;  and when we are  well out away from the  wall, we have actu.al.ly 

measured t h i s .  

VE3. ROESENOW: Yes. This is  what happens a t  low beat fl-uxes with 

water at; very low forced convection, or natura l  convsctioii pool boi l ing.  

The slopes OP ac tua l  temperature ciJ.rves a r e  very shall.ow, being tangent 

t o  the  2011- curve a t  l a r g e r  cavi ty  s izes  which do not e x i s t  i n  tne surface.  

Theref ore higher superheats a r e  required t o  nucleate the smaller avai1abI.e 

c a v i t i e s .  

convection) t h i s  Yneory d.oesri't ho1.d very well .  It slmply means t'nat the 

AT'S predicked a r e  very much lower t'han t'nose ac t ind ly  measured. This i s  

probably what happens with ]Liquid metals. 

A t  t i e  lower heat  fluxes ( n a t u r a l  convection, o r  very low forced 
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POOL BOILING OF POTASSIUM 

In t roduc t ion  

The use  of l i q u i d  meta ls  i n  space-or ien ted  Rankine cyc le s  n e c e s s i t a t e s  
a thorough understanding of f low,  q u a l i t y  and g r a v i t y  e f f e c t s ,  a s  w e l l  a s  
t h e  e f f e c t s  of temperature ,  p re s su re  and hea t  f l u x  on b o i l i n g  phenomena. 
The s p a r c i t y  of such information makcs i t  d i f f i c u l t  t o  engineer  t hese  systems,  
The urgency i n  ob ta in ing  b o i l i n g  hea t  t r a n s f e r  d a t a  €or l i q u i d  metals  f lowing 
i n  tubes  and o t h e r  channels  i s  g r e a t ,  and such experimental  i n v e s t i g a t i o n s  
have now become an i n t e g r a l  p a r t  of the o v e r a l l  space program. 

Information on pool b o i l i n g  can be of cons iderable  va lue  i n  t h e  i n t e r -  
p r e t a t i o n  and c o r r e l a t i o n  of forced  convect ion b o i l i n g .  For i n s t ance ,  low 
vapor q u a l i t y  forced  convect ion b o i l i n g  hea t  t r a n s f e r  Coef f i c i en t s  would not  
be expected,  normally,  t o  f a l l  below pool b o i l i n g  c o e f f i c i e n t s ,  Thus pool 
b o i l i n g  d a t a  can se rve  a s  a guide a s  t o  whether proper  b o i l i n g  is  being 
obta ined  i n  a loop,  e.g. ,  whether good wet t ing  occurs ,  whether some unexpected 
r e s i s t a n c e  i n  t h e  hea t ing  pa th  o r  e r r o r  i n  t h e  ternperature--measuring i n s t r u -  
mentat ion is p r e s e n t ,  e tc .  Furthermore,  t h e  e f f e c t  of a d d i t i v e s  and o t h e r  
changes of ope ra t ion  i n  loops can be r e a d i l y  obta ined ,  at  l e a s t  q u a l i t a t i v e l y ,  
In  add i t ion ,  it may well be found f e a s i b l e  and d e s i r a b l e  t o  express  forced  
convect ion l i q u i d  metal  b o i l i n g  by means of pool b o i l i n g  c o r r e l a t i o n s  or r e s u l t s  
with an a d d i t i o n a l  forced  convect ion term 01' mul t ip ly ing  f a c t o r ,  s i m i l a r  t o  t h e  
c o r r e l a t i o n  of Clark and Rohsenow(') f o r  w a t e r .  
t r u e  f o r  burn-out hea t  f l u x .  

T h i s  might be par t icu lar1 .y  

Previous __ Liquid-Metal Pool-Boiling Experimental Work 

The  f i t 3 3  kSyad b o i l i n g  s tudy  of s e v e r a l  meta ls  was publ ished by R.E. 
Lyon, e t  a1  i n  1953. The meta ls  s t u d i e d  were mercury, mercury p lus  
0.10% sodium, mercury p lus  0.02% magnesium and a t r a c e  of t i t an ium,  sodium, 
sodium-potassium a l l o y  and Cadmium. These meta ls  w e r e  bo i led  on a s i n g l e  
ho r i zon ta l  type 316 s t a i n l e s s  s tee l  lube f i v e  inches  long.  A l l  d a t a  were 
obta ined  a t  atmospheric p re s su re  wi th  n i t rogen  cover gas .  Heat f l uxes  up 
t o  130,000 BTU/hr f t 2  w c r e  ob ta ined .  
f i c i e n t s  of n e a r l y  15,000 BTU/hr f t 2  O F  were repor ted  f o r  sodium b o i l i n g  a t  
1620°F and sodium-polassium a l l o y  b o i l i n g  a t  150@P wi th  a temperature  
d i f fe re t ice  o f  less t h a n  10°F. Lyon r epor t ed ,  however, t h a t  temperature  
d i f f e r e n c e  i n  t h i s  reg ion  was independent of hea t  f l u x .  Cadmium and pure 
mercury cxperienced on ly  f i l m  b o i l i n g  upon reaching  t h e  s a t u r a t i o n  tempera- 
t u r e "  T h i s  phenomenon was a t t r i b u t e d  Lo non-wetting, s i n c e  when wet t ing  
agents  were added t o  mercury, nuc lea t e  b o i l i n g  and high hea t  t r a n s f e r  coef-  
f i c i e n t s  were observcd,  

Nucleate  b o i l i n g  hea t  t r a n s f e r  coef-  



S t a r t i n g  i n  1952 more ex tens ive  d a t a  on hea t  t r a n s f e r  t o  poo l -bo i l in  
mercury and mercury wi th  we t t ing  agents  w e r e  ob ta ined  by Bon i l l a ,  et a1 (45. . -- - 
Mercury was bo i l ed  on an e l e c t r i c a l l y - h e a t e d  h o r i z o n t a l  low-carbon s tee l  
p l a t e  a t  p re s su res  from 4 mm. of mercury t o  45 p s i a ,  depths  of 2 t o  1 0  
cen t ime te r s  and hea t  f l u x e s  from 4000 t o  200,000 BTU/hr f t 2 .  These da t a  
agreed w e l l  w i t h  those of L ~ o n ( ~ )  on mercury. Some of t h e  conclus ions  drawn 
from t h i s  i n v e s t i g a t i o n  were: ( a )  Nucleate  b o i l i n g  a t  a g iven  hea t  f l u x  
r e q u i r e s  dec reas ing  teinperature d i f f e r e n c e s  wi th  i n c r e a s i n g  p res su re  f o r  a l l  
pool depths ,  ( b )  for pure mercury both t h e  a d d i t i o n  of we t t ing  agents  and a 
long b o i l i n g  per iod tend  t o  i n c r e a s e  t h e  hea t  t r a n s f e r  c o e f f i c i e n t ,  t h e  former 
having a g r e a t e r  e f f e c t  than t h e  l a t t e r ,  ( c )  h ighe r  no i se  l e v e l s  a r e  gener- 
a l l y  observed a t  h ighe r  heat f l u x e s  i n  nuc lea t e  b o i l i n g ,  ( d )  pool b o i l i n g  
mercury - a dense metal, of low ki.nematic v i s c o s i t y  - mixes well, showing 
l i t t l e  o r  no superhea t  i n  t h e  l i q u i d ,  

bo i l ed  mercury a t  lower hea t  f l uxes  a t  p re s su res  from one t o  
e leven  atmospheres.  Contrary t o  the  r e s u l t s  of o t h e r  i n v e s t i g a t i o n s ,  he 
i n d i c a t e d  t h a t  as p res su re  inc reases  t h e  hea t  t r a n s f e r  c o e f f i c i e n t  t o  b o i l i n g  
mercury dec reases .  

bo i l ed  mercury and mercury wi th  0.1% (6,7) In 1960 Avery arid Bon i l l a  
sodium nea r  a tmospheric  p re s su re  and s t u d i e d  t h e  e f f e c t  of s u r f a c e  roughness ~ 

Boi l ing  w a s  accomplished on the same smooth h o r i z o n t a l  low-carbon s tee l  p l a t e  
appara tus  prev ious ly  used (4 ) ,  and on another  s i m i l a r  one.  Despi te  e f f o r t s  t o  
reproduce s u r f a c e  cond i t ions ,  t h e  two smooth p l a t e s  gave cons iderably  d i f f e r e n t  
hea t  t r a n s f e r  c o e f f i c i e n t s .  T h e  au thors  concluded t h a t  b o i l i n g  coe f f i . c i en t s  
can be improved by deeply s c r a t c h i n g  t h e  s u r f a c e ,  t h e  ( f a i r l y  c r i t i c a l )  
optimum spac ing  of p a r a l l e l  s c r a t c h e s  being approximately t w i c e  t h e  bubble 
r e l e a s e  diameter  given by Jakob ,% Linke 's  formula.  The use  of cover  gas  does 
not  apprec i ab ly  a f f e c t  t h e  hea t  t r a n s f e r  c h a r a c t e r i s t i c s  of t he  b o i l i n g  pool 
and t h e  e f f e c t  of s u r f a c e  grooves inc reases  percentage--wise with i n c r e a s i n g  
hea t  f l u x  over  t h e  range covered of up t o  100,000 BTU/hr x s q . f t .  

Madsen and Bon i l l a  ( 8 9  9 ,  bo i l ed  sodium-potassium a l l o y  on a h o r i z o n t a l  
low-carbon n i c k e l  p l a t e .  P re s su res  ranged from 2 mm. of mercury t o  one 
atmosphere and hea t  f l u x e s  from 20,000 t o  135,000 BTU/hr f t 2 .  
t i c a l  a n a l y s i s  of t h e  d a t a ,  which e x h i b i t e d  cons ide rab le  s c a t t e r ,  t h e  au thors  
showed t h a t  b o i l i n g  hea t  f l u x  was p ropor t iona l  t o  t h e  1 .24  power of t h e  t e m -  
pe ra tu re  d i f f e r e n c e  between t h e  b o i l i n g  s u r f a c e  and t h e  vapor space .  For a 
g iven  hea t  f l u x  Madsen and B o n i l l a ' s  d a t a  showed a temperature  d i f f e r e n c e  
roughly f i v e  t i m e s  t h a t  determined by L y ~ n ( ~ ) .  
B o n i l l a  found a cons ide rab le  temperature  g rad ien t  w i th in  t h e  b o i l i n g  pool ,  
w i th  much superhea t  a t  t h e  bottom. This  might be expla ined  by t h e  d i f f e r e n c e  
i n  pool geometry, Lyon's l a r g e r  pool and sma l l e r  h o r i z o n t a l  t u b u l a r  element 
promoting a s t r o n g e r  convect ion c u r r e n t ,  which tended t o  e l i m i n a t e  tempera- 
t u r e  g r a d i e n t s .  Evident ly  t h e  h ighe r  thermal conduc t iv i ty  of a l k a l i  metals 
does no t  cause g r e a t e r  temperature  uni formi ty  i n  t h e  pool than  w i t h  mercury, 
as might have been expected.  In s t ead ,  the l a r g e r  Rayleigh number of mercury 
y i e l d s  s t r o n g e r  n a t u r a l  c i r c u l a t i o n ,  and t r a n s p o r t  is  t h e  dominant process  of 
s e n s i b l e  hea t  t r a n s f e r  from t h e  heated s u r f a c e  t o  t h e  l iqu id-vapor  i n t e r f a c e ,  
r a t h e r  than  conduct ion a 

Using a s ta t i s -  

Unlike Lyon, Madsen and 
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Another r ecen t  i n v e s t i g a t i o n  is t h a t  of Noyes ( l o )  on pool b o i l i n g  
sodium. The l i q u i d  metal  was boi led  from t h e  su r face  of a 3/8 inch  O.D. 
hor i zon ta l  test s e c t i o n .  Measurements of s u r f a c e  temperature  and hea t  f l u x  
dur ing  nuc lea t e  b o i l i n g  were made a t  pool temperatures  from 1200 .to 1500 F 
and a t  heat  f l uxes  up t o  800,000 BTU/hr f t 2 .  
d a t a  showed hea t  t r a n s f e r  c o e f f i c i e n t s  somewhat h igher  than  previous pred ic-  
t i o n s .  Heat f l u x  was found t o  be p ropor t iona l  t o  t h e  2.35 power of t h e  t e m -  
pe ra tu re  d i f f e r e n c e .  Burn-out hea t  f l uxes  w e r e  determined a t  low p res su res ,  
and c o r r e l a t e d  and ex t r apo la t ed  t o  h igher  p re s su res ,  y i e ld ing  1 . 9  x lo6  BTU/ 
h r  sy f t  a t  atmospheric p re s su re .  

0 

Cor re l a t ion  of nuc lea t e  boi l - ing 

Englebrecht and Bon i l l a  have pool-boi led potassiuiri and rubidium i n  
corijuriction wi th  a s tudy  of condensat ion of  t h e s e  vapors .  Heat f l uxes  w e r e  
low, ranging up t o  5 ,000 RTU/hr f t 2 ,  and p res su res  were i n  t h e  range of 0.1 
t o  1 p s i a .  Boili-ng was a t  t h e  c y l i n d r i c a l  i n s i d e  wa l l s  of l a r g e  v e r t i c a l  304 
sta, inl .ess steel. t ubes ,  t h e  b o i l i n g  temperature  d i f f e r e n c e  bei.ng measured by 
d i f f e r e n t i a l  s o l i d - l i q u i d  metal  tliermocouples. Heat t r a n s f e r  c o e f f i c i e n t s  
were, s u r p r i s i n g l y ,  found t o  agree  c l o s e l y  wi th  Madsen and Bon i l l a ’ s  empirical .  
l i n e s  of q/A v s  A.t € o r  NaK, extended downwards. 

(12)  on A t  p r e sen t ,  r e s u l t s  a r e  becoming a v a i l a b l e  from Ba lzh i se r  e t  a1 
t h e i r  program on t h e  pool b o i l i n g  of potassium. A s  t hey  a r e  pre l iminary ,  and 
g e n e r a l l y  c i r c u l a t e d  t o  t h i s  group, they  w i l l  not  be d iscussed  a t  p re sen t .  

Present  Pool-Boiling Program w i t h  Potassium ... ..- 

The c u r r e n t  General E l e c t r i c  program for NASA under cor i t rac ts  NAS 5-68]. 
and 3-2528 has a s  i t s  p r i n c i p a l  o b j e c t i v e  t h e  eva lua t ion  of potassium f o r  
Ranki.ne c y c l e s ,  I t  has been seen t h a t  when t h i s  program s t a r t e d  t h e r e  was no 
informa-tioii on t h e  b o i l i n g  of potassium a t  s u b s t a n t i a l  hea t  f l u x e s .  Accord- 
i n g ] . ~ ,  f o r  r ap id  e a r l y  o r i e n t a t i o n  i n  t h e  o v e r a l l  program it w 3 s  deci.ded t o  
c a r r y  ou t  any f e a s i b l e  p r e l b i n a r y  pool -boi l ing  potassium experiments on 
equipment a l r eady  i n  e x i s t e n c e ,  and t o  s imultaneously undertake t h e  des ign  
and cons t ruc t ion  of a more adequate appara tus  for a l a t e r  ex tens ive  s tudy .  
Thi.s paper desc r ibes  t h e  r e s u l t s  of t h e  f i r s t  s tudy ,  and t h e  equipment t h a t  
has been completed f o r  the second one,  

Equipment 

The equipment a v a ’ l a b  e f o r  t h e  f i r s t  s ludy  was b a s i c a l J y  t h a t  employcd 
by Madsen and Boni l la  tsyg ’  with  NaK. Figure 1 shows t h e  genera l  arrangement. 
Boi l ing  was accomplished on a submcrged ho r i zon ta l  n i c k e l  p l a t e .  The b o i l i n g  
chamber, c o n s i s t i n g  of a 3 i n .  Sch. 4 0  type 316 s t a i n l e s s  steel  p i p e ,  was 
welded t o  t h e  h e a t e r  p l a t e  a t  one end and t u  a s t a i n l e s s  stecl  block se rv ing  
a s  a r e f l u x  condenser a t  t h e  o t h e r  end. The hea t  was suppl ied  e l e c t r i e a l J y  
by means of a molybdenum r e s i s t o r  w i r c  wound around and e l e c t r i c a l l y  i n s u l a t e d  
from molybdenum f i n s  which were brazed i i i to  s l o l s  mi l led  on t h e  unders ide  of 
t h e  n i c k e l  p l a t e .  The heat  was removed from the condensing s u r f a c e  by cool ing  
water  passing through channel c, d r i l l e d  t r a n s v e r s e l y  through t h e  condenser 
block.  
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The bottoiri of t h e  pool f o r  t h i s  s tudy  w a s  made from a high puri ty- low 
carbon nickel  p l a t e  provided by the I n t e r n a t i o n a l  Nickel Company. The p l a t e  
was turned i n  a l a t h e  t o  the  d e s i r e d  dimensions (F igure  2 )  and then  vacuum- 
brazed onto  t h e  bottom ha l f  of t h e  A-nickel h e a t e r  p l a t e  and i t s  a t t ached  
h e a t e r  and housing t h a t  had becn cons t ruc t ed  by Madsen and Honi l la (8 ,9) .  
A-nickel was topped wi th  low-carbon n i c k e l  because i t  had been found i n  tlie 
prev ious  s t u d y  Lhat g r a p h i t c  s e p a r a t i o n  i n  t h e  A-nickel a t  some 800°C soon 
rendered i t  porous. 

The 

Three ho le s  0.041 inch i n  diameter- were d r i l l e d  i n t o  t h e  low-carbon n i c k e l  
p l a t e  p a r a l l c l  t o  t h e  heat t r a n s f e r  s u f a c e .  The holes  va r i ed  i n  l eng th ,  and 
i n  depth o r  d i s t a n c e  from t h e  hea t ing  s u r f a c e .  The l eng th  d i f f e r e n c e s  were 
i n t e n t i o n a l ,  f o r  t h e  purpose of observ ing  any v a r i a t i o n  over  t h e  b o i l i n g  area. 
The depth v a r i a t i o n  r e s u l t e d  from t h e  d i f f i c u l t y  of c o n t r o l l i n g  t h e  path of 
t h e  very  small  d r i l l  through t h e  n i c k e l  p l a t e ,  bu t  w a s  no t  a s i g n i f i c a n t  d i s -  
advantage.  

I n  o r d e r  to  minimize conduct ion froiii tlie h e a t e r  p l a t e  t o  t h e  chamber w a l l ,  
i t  was decided t o  make t h e  bottom of t h e  wa l l  r e l a t i v e l y  t h i n  over  a reason- 
ab le  l eng th ,  as i n  t h e  previous p o ~ l - b o i l e r ( ~ ) .  
a weld o r  undue thermal  stress d i - rec t ly  a t  t h e  o u t e r  edge of t h e  b o i l i n g  
s u r f a c e .  Accordingly,  t h e  b o i l i n g  p l a t e  was made by tu rn ing  down a 3/4 inch 
t h i c k  p l a t e ,  l eav ing  a t h i n  r i m  a t  i t s  o u t e r  edge, a s  shown i n  F igure  2 .  
Unfor tuna te ly ,  a s h o r t  thickened shoulder  remained above tho  p lane  of t h e  
b o i l i n g  s u r f a c e  due t o  an o v e r s i g h t .  In  a d d i t i o n ,  a f a l l - t h rough  i n  t h e  weld 
of t h e  p l a t e  r i m  t o  t h e  p ipe  wall cou1.d on1.y be r epa i r ed  by bu i ld ing  up t h e  
t h i n  wal l  t h i c k e r  a t  t h a t  p o i n t .  For symmetry t h e  welder  then  bui1.t up t h e  
rest of t h e  t h i n  w a l l .  Fo r tuna te ly  t h e  added metal  was s t a i n l e s s  steel  weld 
rod,  of low thermal conduc t iv i ty .  Nei ther  d e f e c t  was co r rec t ed  because of t h e  
i m p o s s i b i l i t y  of t u r n i n g  t h e  whole appal-atus i n  a v a i l a b l e  l a t h e s  and fear  of 
damaging the b o i l e r  i f  done o therwise .  

Also,  it was d e s i r e d  t o  avoid 

S t a i n l e s s  s tee l  sheathed,  chromel-alumel Ceramo type thermocouples were 
used t o  measure the  temperature  i n  t h e  h e a t e r  p l a t e  and i n  t he  b o i l i n g  pool .  
T h r e e  4 0  m i l  thermocouples were placed i n  t h e  42 m i l  bo l e s  i n  t h e  h e a t e r  p l a t e .  
The c l o s e  c l ea rance  supported t h e  assumption t h a t  t h e  e f f e c t i v e  p o s i t i o n s  of 
t h e  hot  j u n c t i o n s  could be taken  a s  a t  t h e  axi.s o f  t h e  thermocoup1.e hol-es. 
A f t e r  many hours of ope ra t ion  i t  w a s  found t h a t  t h e  thermocouples could not  be 
removed from t h e  ho le s .  The oxide  formation between t h e  shea ths  arid the ho le s  
had obvious ly  cemented the  two, f u r t h e r  s t r eng then ing  the assumption as .to 
l o c a t i o n  of t h e  thermocouples i n  t h e  h o l e s .  The thermocouple used t o  measure 
t h e  vapor space temperature  w a s  a 1/16 inch  s t a i n l e s s  s tee l  c l a d  chromel- 
alumel couple .  T h i s  thermocouple could be r a i s e d  o r  lowered i n  t h e  w e l l  and 
could thus  be used t o  determine t h e  temperature  p r o f i l e  i n  t h e  pool .  A l l  
thermocouples,  w i th  t h e  except ion  of two o n l y  used i n  t h e  hea t  loss runs were 
c a l i b r a t e d  a g a i n s t  a s t anda rd  Pt-Pt 10% R h  thermocouple.  The 40  m i l  h e a t e r  
p l a t e  thermocouples were found t o  ag ree  very  w e l l  among themselves and w i t h  
t h e  s t anda rd .  A c o r r e c t i o n  of on ly  l o p  a t  1500°F was found, and s i n c e  t h i s  
e r r o r  is wi th in  t h e  accuracy of t h e  s t anda rd  no c o r r e c t i o n  was appl ied  t o  
t h e s e  thermocouples.  
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The Ni-K-Ni d i f f e r e n t i a l  thermocouple cons i s t ed  of a n i cke l  wire  dipping 
i n t o  t h e  b o i l i n g  metal  and another  n i cke l  wire connected t o  t h e  i i i cke l  hea t e r  
p l a t e .  The n i cke l  wires were made of h igh -pur i ty  low-carbon n icke l  a s  wan t h e  
h e a t e r  p l a t e .  However, a s l i g h t  d i f f e r c n c c  i n  composition between the w i r e s  
and t h e  p l a t e  r e s u l t e d  i n  a s m a l l  emf being generated a t  t h e i r  j unc t ion .  This 
emf was measured vs .  temperature  and taken  -Into account when cons ider ing  t h e  
a c t u a l  emf of t h e  d i f f e r e n t i a l  thermocouple. The N i - K - N i  d i f f e r e n t i a  crmo- 
couple emf was converted Lo b o i l i n g  A t  by a v a i l a b l e  c a l i b r a t i o n  d a t a  . t l 9  

For t h e  l ead  i n t o  t h e  b o i l i n g  metal  a b a l l  was made on t h e  end of a 
n i cke l  w i r e  by s t r i k i n g  an e l e c t r i c  a r c  between t h e  end of t h e  wire and a 
g r a p h i t e  s l a b  Under a pool of g lyce r ine .  The wire was theil threaded through 
a 1/8 inch I . D .  s t a i n l e s s  s tee l  tube and pu l l ed  t i g h t  u n t i l  t h e  ball. was 
f i r m l y  sea t ed ,  then  welded t o  t h e  end of t h e  tube .  I t  was e l e c t r i c a l l y  
i n s u l a t e d  from t h e  tube by ceramic beads,  T h i s  t i p  was placed 3/8 inch above 
t h e  b o i l i n g  s u r f a c e .  The o t h e r  wire was welded to t h e  bottom of a thermo- 
couple w e l l  i r i  -the h e a t e r  p l a t e  by condenser d i scha rge .  

Experimental Procedure __ _. . .-... 

Before assembling t h e  appara tus  t h e  b o i l i n g  chamber was f i l l e d  wi th  con- 
cen t r a t ed  hydrochlor ic  ac id  and allowed to s tand  f o r  or18 hour i n  o rde r  t o  
d i s s o l v e  oxide and welding f l u x .  A f t e r  the ac id  was dra ined  t h e  chamber was 
f lushed  s e v e r a l  t i m e s  wi th  d i s t i l l e d  wa-ker and helium l eak - t e s t ed .  'The 
appara tus  was not  considered ready f o r  charging u n t i l  a vacuum of less than  
1 mm Hg. abs .  could be maintain-ed overnight  a t  1 O O P F  wi th  t h e  vacuum pump 
turned o f f .  

The hea t  loss -El-om t h e  h e a t e r  housirig was determined i n  o rde r  t o  ca lcu-  
l a t e  t he  ne t  f l u x  t o  t h e  b o i l i n g  p l a t e  by s u b t r a c t i o n  from t h e  t o t a l  e lect-  
ri.ca.1 energy i n p u t .  This  was accomplished by hea t ing  t h e  einpty appara tus  
u.nder a high vacuum before  charg ing .  A t  s e v e r a l  power inpu t s  .the p l a t e  t e m -  
pe ra tu re s ,  condenser block temperature ,  h e a t e r  r e s i s t a n c e ,  temperature  p r o f i l e  
along t h e  chamber wal l  frorri h e a t e r  p l a t e  t o  condenser block,  and temperature  
p r o f i l e  along t h e  i n s i d e  wal l  of t h e  s tovepipe  were recorded.  Sub t rac t ing  
t h e  loss  through t h e  insul.a, t ion along t h e  chambey wal l  p lus  the  loss from 
the condenser block to  t h e  atiiiosphere from t h e  power input  gave t h e  n e t  l o s s  
from t h e  h e a t e r  t o  t h e  room through i t s  thermal i n s u l a t i o n .  This  loss  i s  
p l o t t e d  i n  Figure 3 a g a i n s t  h e a t e r  r e s i s t a n c e ,  t h e  r e s i s t a n c e  being a good 
measure of t h e  average temperature  of t h e  winding, and thus  of i t s  housing,  
This  f i g u r e  has been publ ished previous ly(14)  A t  t h e  highes-t  temperatures  
t h e  hea t  1.oss amounted t o  some 25% of t h e  hea t  input  a t  high heat  f l u x e s .  
However, i t  was be l ieved  t o  be known t o  some 5%, thus was not  a s u b s t a n t i a l  
source  of e r r o r .  

The f i r s t  group of da t a  ( see  l a t e r )  was taken without  argon cover g a s .  
The va lve  t o  the  inanometer system was c losed  to preverit potassium vapor from 
e n t e r i n g  t h e  system tubing  from t h e  b o i l i n g  chambor. The b o i l i n g  pressure  
dur ing  these  runs was taken a s  t h e  s a t u r a t i o n  p res su re  corresponding t o  t h e  
observed vapor space temperaturc(15 I .  
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A f t e r  one day of ope ra t ion  without  cover  gas ,  it was decided t o  w i t c h  
t o  ope ra t ion  w i t h  argon a t  p re s su res  above atmospheric .  I n  this manner 
p rc s su re  c o n t r o l  w a s  much more accu ra t e  arid r ap id .  Also,  ope ra t ion  itlight be 
contiriued i n  the  event  of a s l i g h t  l e a k ,  s i n c e  Lhe l e a k  would be outward from 
t h e  chamber o r  tub ing  and could p o s s i b l e  be sus t a ined  o r  even r epa i r ed  wjthout  
contaminat ion of t h e  1 i qu id  potassium, P res su re  was c o n t r o l l e d  by s e t t i n g  t h e  
argon t o  t h e  d e s i r e d  b o i l i n g  p res su re .  I t  was no t i ced  t h a t  when s i z a b l e  r a t c s  
of cool ing  water  were passed through t h e  condenser,  t h e  p re s su re  f l u c t u a t i o n s  
normally observed wi th  pool h o i l i n g  ceased.  This  was a t t r i b u t e d  t o  plugging 
of t h e  l i n e  t o  the manometers by s o l i d i f y i n g  potassium i n  the  hole  i n  t h e  
block. The plug could be removed by applying a Bunsen flame t o  t h e  condenser 
block.  

When s teady  s t a t e  ope ra t ion  was reached, a s  evidenced by t h e  l a c k  of d r i f t  
of t h e  h e a t e r  p l a t e  thermocouples , t h e  fo l lowing  measurements w e r c  recorded;  
p l a t e ,  d i f f e r e n t i a l  and vapor space thermocouple erflfs, manometcr readings  and 
a m m e t e r  vo l tmeter  arid wat tmeter  readings  ~ The r a w  d a t a  a r e  t a b u l a t e d  else- 
where (16,17,18) 

Data Reduction 

The r a t e  of hea t  t r a n s f e r  through the h o r i z o n t a l  s u r f a c e  was detennined 
by s u b t r a c t i n g  t h e  h e a t e r  loss and t h e  conduct ion loss  up t h e  chamber w a l l  
from the t o t a l  power i n p u t ,  which was t h e  wat tmeter  reading  less t h e  I R drop 
i n  t h e  l eads  from t h e  wat tmeter  t o  t h e  h e a t e r .  Dividing t h e  resu l . t s  by t h e  
h o r i z o n t a l  hea t  t r a n s f e r  a r ea  gave t h e  hea t  f l u x  q / A -  

2 

A s  a f i r s t  rough method of a n a l y s i s ( 1 7 ) ,  t h e  hea t  escaping  up t h e  walls 
of the  boi l i -ng chamber was taken  a t  15% of the t o t a l ,  based on an es t imated  
average e f f e c t i v e n e s s  of t h e  wa l l s  as uniform i n f i n i t e l y  long f i n s .  Recog- 
n i z ing  t h a t  t h e  walls a r e  n o t  uniform i n  th ickness  or m a t e r i a l ,  a second 
process  employed was t h e  cons t ruc t ion  of a l a r g e  s c a l e  model of t h e  c r o s s  
s e c t i o n  of t h e  wal l  i n  Tc lede l to s  paper ,  s imu la t ing  t h e  poorer  thermal con- 
d u c t i v i t y  of t h e  s t a i n l e s s  s tee l  weld metal  over lay  by pe r fo ra t ions (19) .  
anal-og was run wi th  a number of d i f f e r e n t  va lues  of cons tan t  hea t  t r a n s f e r  
coef f ic ien t -  a t  i t s  i n n e r  s u r f a c e  and t h e  r e s u l t s  c o r r e l a t e d  g r a p h i c a l l y .  T r i a l  
and e r r o r  was of course  requi red  i.n f ind ing  t h e  r e s u l t a n t  b o i l i n g  hea t  f l u x  i n  
o r d e r  t o  compute t h e  b o i l i n g  hea t  t r a n s f e r  c o e f f i c i e n t  t o  be used a l s o  on t h e  
w a l l .  

The 

Although t h e  r e s u l t s  ob ta ined  us ing  these two methods of c o r r e c t i n g  f o r  
w a l l  hea t  loss d i d  noL d i f f e r  widely,  i t  was decided t o  use  ye t  a t h i r d  pro- 
cedure f o r  t h e  f i n a l  r e s u l t s ( 1 8 ) .  
hea t  l o s t  up t h e  wal l s  which assumes t h e  w a l l s  uniform i n  s t r u c t u r e  but  a l lows 
f o r  t h e  v a r i a t i o n  of h (or  q/A) t o  t h e  b o i l i n g  potassium w i t h  change in1 - t  
a long t h e  w s l l .  Th is  method can o n l y  be app l i ed  t o  ind iv idua l  p o i n t s  of a 
success ion  of t h e  data po in t s  a t  vary ing  heat f l u x ,  so t h a t  t he  c o r r e c t i o n  
e f f e c t  of A t  on h o r  on q/A i s  a v a i l a b l e .  I t  a l s o  r equ i r e s  t y i a l  and e r r o r ,  
but  o n l y  1 o r  2 approximations a r e  r equ i r ed ,  and i t  i s  convenient  i n  app l i -  
c a t i o n .  The de r iva t io i i  fol lows : 

T h i s  method employed a formula der ived  f o r  
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L e t  T = t - t  where t i s  assumed uniform i n  each 
w a l l  potassium’ wa l l  

h o r i z o n t a l  plane through t h e  wa l l  and t i s  assumed uniform through- 
ou t  t h e  b o i l i n g  l i q u i d  I 

pot  a s s  ium 

Let  x = d i s t a n c e  up t h e  wall from its hase,  t h e  wa l l  being assumed, f o r  
convenience,  i n f i n i t e  i n  he igh t  w i t h  t he  same s t r u c t u r e  a s  over  i t s  bottom 
p o r t i o n  ( t h i n  n i c k e l  and s t a i n l e s s  s t e e l ) .  This  assumption i s  pe rmis s ib l e  
because t h e  va lues  of h a r e  h igh .  The hea t  t r a n s f e r  equa t ion  can be presenled  
a s  fo l lows:  

(1 1 
C 

q/A = aT 

where a and c a r e  obta ined  from a p l o t  on log-log paper  of a l l  of the p o i n t s  
of t h e  runs .  These p o i n t s  were hea t  l o s s  c o r r e c t e d  q / A  p l o t t e d  v s .  t h e  n e t  
b o i l i n g  a t ,  which w a s  co r rec t ed  f o r  t he  A t  l o s t  between t h e  Lhermocouples 
and t h e  b o i l i n g  s u r f  ace .  The chromel-alumel thermocouples were employed to 
measure tempera ture ,  s i n c e  t h e  N i / K / N i  d i f f e r e n t i a l  thermocouples read too  
h igh ,  a s  i f  a n i c k e l  w i r e  were shor t ed  L O  s t a i n l e s s  s tee l .  

The hea t  conduct ion equat ion  f o r  t h e  w a l l ,  i n  terms of t h e  i n t e r n a l  d i a -  
meter D, and kS, t h e  sum of t h e  products  of t h e  thermal conduc t iv i ty  h and 
the c ross  s e c t i o n  S of each m a t e r i a l  is: 

c-1 
Replacing h by q/(AT) = a T  from equa t ion  1: 

d 2 T TT Da ,p _._._._.I -- - - 
2 kS dx 

( 3 )  

The f i r s t  i n t e g r a t i o n  of equat ion  3,  which i s  a l l  t h a t  i s  needed here ,  

From t h e  cond i t ion  t h a t  a t  x = &  , T = 0 and dT/dx c 0, N must = 0. 
Equation 4 w i t h  N = 0 can r e a d i l y  be v e r i f i e d  t o  g ive  equat ion  3 by d i f f e r -  
e n t i a t i o n ,  F i n a l l y :  

FINAL RESULTS 

Applying t h e  above method of d a t a  r educ t ion ,  t h e  p re l imina ry  and f i n a l  
va lues  shown i n  Table  I r e s u l t  (18) .  
d u c t i v i t y  of t h e  high p u r i t y  n i c k e l  w a s  estimaLed(20’21).  
e a r l y  t i m e  t h e  maximurn amount O P  in format ion  on t h e  e f f e c t  of  pres su re ,  t h e  
i n i t i a l  runs were made e i t h e r  a t  low pres su res  or i n  t h e  1 t o  2 atmospheres 
range.  Addi t iona l  runs were c a r r i e d  ou t  l a t e r ,  but  had t o  be d i sca rded  a s  
less accura t e  when i t  w a s  determined t h a t  a f t e r  run D - 1 1  t h e  potassium had 
pene t r a t ed  through t h e  n i c k e l  p l a t e  a t  a p e r i p h e r a l  spo t  11881’ t he  welding 
f a l l - t h rough  and had a t t acked  t h e  braze  metal  beneath t h e  p l a k .  This  was 
discovered by comparing t h e  r u n  numbers wi th  t h e  thermal r e s i s t a n c e  from t h e  
inolybdenurn w i r e  t o  t h e  b o i l i n g  p l a t e ,  employing t h e  e l e c t r i c a l  r e s i s t a n c e  

To calcul .a te  t hese  d a t a  t h e  thermal  con- 
To o b t a i n  a t  an 

of t h e  Mo wire t o  o b t a i n  i t s  temperature .  
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TABLE I 

POOL B O I I J N G  OF POTASSIUM ( re f .  1 . 9  

R,ll17 NO . 
A- 1 
A - 2  
A- 3 
A - 4  
A- 5 
A- 6 
A-7  

B-1 
B-2 
B- 3 
B-4 
B-5 

c- 1 
c- 2 
e- 3 
e-4 
c-5 
c-G 

D- 1 
D- 3 
D-4 
D- 5 
D- 6 
I)- 7 
D- 8 
D- 9 
D-10 
D-11 

Press urc 
mm Hg.  

2.25 
2.67 
11.60 
2.66 
5.40 
2.67 
993 

771 
772 
771 
775 
768 

1198 
1189 
1198 
1186 
1198 
1198 

1501 
1500 
1503 
I. 5 00 
1498 
1498 
1498 
1498 
1498 
1498 

Saturation 
Temp 

.._._ ( O F  1 

682 .G 
696.1 
821.7 
693.1 
752.9 
697.9 
1452 .. 0 

1391.5 
1391.5 
1391.5 
1392.4 
1390.7 

1482.5 
1480.9 
1492.5 
1480.2 
1482.5 
1482.5 

1532.6 
1532.5 
1532.7 
1532.5 
1532.1 

1532.1 
1532.1 
1532.1 
1532.1 

I- 

Preliminary Values 
(1st Approximation) 

t -  w tsat q / A  
BTU/hr ft2 (OF 1 -- 
16,530 31.8 
38,300 73.6 

56 200 81.7 
55,400 87.4 
82,300 83 .I 
67,700 15.9 

37,100 77.4 

12,930 11.2 
23,200 13.6 
32 850 14.5 
47,200 16.5 
69,700 17.8 

24 , 870 13.8 
35,850 14.9 
41,100 19.2 
59 , 700 17.5 
71,200 14.9 
85,500 14.5 

21,400 
39,400 
50,500 
54,100 
71,500 

78,900 
86,600 
98,000 
106,800 

-- 

12.8 
17.7 
15.7 
16.0 
17.0 

16.6 
18.4 
16.4 
18.5 

-- 

Final Values 
(2 Re-iterations) 

q/A 
BTU/hr ft2 
-I_ 

15,500 
24 100 
18,700 
35,500 
29,900 
63,200 
78,100 

12,100 
21., 000 
32,400 
46,400 
71,300 

24,100 
35,700 
34,900 
59,800 
75,800 
95,400 

20,900 
35,700 
50,400 

65,400 
76,700 
83,700 
91 500 
107,300 
115,500 

55,900 

tw -I t s a t  
( O F )  ___-- 

33.9 
77.4 
81 -3 
82.0 
94.4 
92.9 
18.9 

12.0 
16.3 
16 .O 
19.0 
20.0 

15.0 
16.3 
22.4 
19.9 
17.3 
15.8 

13.8 
20.2 
18.7 
17.5 
18.9 
17.5 
18.1 
20.0 
17.3 
19.7 

These points have been plotted in Figure  4 .  
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The f i r s t  series of runs ,  series A ,  was taken  without  argon cover  gas .  
Most of them were a t  low p res su res ,  but run A-7 was i n  t h e  h igher  p re s su re  
range,  a s  w e l l  a s  a t  a r e p r e s e n t a t i v e  hea t  f l u x .  A-7 i s  seen i n  Figure 4 t o  
agree  w e l l  wi th  t h e  o t h e r  h igher  p re s su re  runs ,  a l l  of which employed argon 
t o  con t ro l  t h e  p re s su re .  Therefore  i t  is concluded t h a t  t h e  b o i l i n g  po ta s -  
sium hea t  t r a n s f e r  c o e f f i c i e n t s  provided by t h i s  apparatus  a r e  not  a f f e c t e d  
by the  presence or absence of cover gas ,  and thus  would app1.y i n  e i t h e r  type  
of ope ra t ion  on a l a r g e r  s c a l e ,  provided t h a t  any cover  gas  i s  kept  s u f f i c -  
i e n t l y  away from t h e  l i q u i d  s u r f a c e .  I t  is  ev ident  t h a t  a c l ea r - cu t  separa-  
t i o n  of t h e  experimental  d a t a  i.nto low p res su re  and high pressure  va lues  i s  
obta ined ,  t h e  l a t t e r  having approximately 5 times as high a hea t  t r a n s f e r  
c o e f f i c i e n t  a t  t h e  same hea t  f l u x .  This  is  ev ider i t ly  t h e  e f f e c t  of gross 
pres su re  d i f f e r e n c e ,  t h e  (much sma l l e r )  r e l a t i v e  v a r i a t i o n  among p res su res  
i n  each group of t h e  d a t a  po in t s  not  showing any s u b s t a n t i a l  t r end .  h is 
seen t o  be approximately propor t iona l  to t h e  ( l o g  5/ log (1200/5) ) = 0.293 
power of p re s su re .  This i s  i n  e x c e l l e n t  agreemen-t wi th  0.30 found f o r  pu re  
mercury (4), and c l o s e  t o  0.20 found (9)  f o r  t h e  b inary  mixture  NaK.  

Film b o i l i n g  i s  not  involved i n  any of t h e s e  runs ,  a s  bubbling was heard 
dur ing  a l l  of them. I n  add i t ion ,  t h e  s lopes  (8.7 a s  drawn for t h e  low p r e s -  
s u r e  p o i n t s )  of t h e  l i n e s  a r e  t y p i c a l  of nuc lea t e  b o i l i n g ,  no t  f i l m  b o i l i n g .  
The high va lue  of t h e  s lopes  agress  wi th  L y ~ n ( ~ ) ,  and is presumably due t o  
t h e  h igh ly  uniform roughness of t h e  (po l i shed)  n i c k e l  p l a t e  ~ 

An empir ica l  cquat ion  approximately f i t t i n g  t h e  d a t a ,  and thus presum- 
ab ly  o t h e r  couparable  and in te rmedia te  p re s su res  is : 

(6 1 0.115 -0.293 
A t  = 47..5 (q/A) P 

0 
where A t  i s  i n  F, q/A i n  BTU/hr x s q . f t  . and P i n  mm.  of mercury abso lu te .  

ComDarison w i t h  Avai lab le  Cor re l a t ions  

(22,23,24 25)  
Avai lab le  t h e o r e t i c a l  and empir ica l  Cor re l a t ions  proposed 

for  l i q u i d  meta ls ,  or poss ib ly  app l i cab le ,  have been c a l c u l a t e d  f o r  t h e  
r e p r e s e n t a t i v e  cond i t ion  of 140OoF and p l o t t e d  on Figure 4 .  
moderate agreement is  reached,  but t h a t  t h e  c o r r e l a t i o n s  spread over  t h e  f u l l  
range of t h e  experimental  po in t s ,  a r e  yet  less s e l f - c o n s i s t e n t  than  t h e  exper i -  
mental po in t s ,  and have less s t e e p  a s lope .  Evident ly  f u r t h e r  improvement i n  
c o r r e l a t i o n s ,  i nc lud ing  t h e  r f f c c t  of roughness and meta l ,  is necessary  before  
pool b o i l i n g  p r c d i c t i o n s  f o r  l i q u i d  meta ls  can be made wi th  confidence.  

I t  i s  seen t h a t  

Advanccd Apparatus -_...___.._.._I._ 

The advanccd type  of potassium pool b o i l e r  f o r  work a t  h igher  p re s su res ,  
hea t  f l uxes  and roughness has been completed and i n s t a l l e d ,  and ope ra t ion  on 
i t  is commencing. I t  is i l l u s t r a t e d  i n  F igures  5 , 6 , 7  and 

The bottom assembly of t h e  pool b o i l i n g  appara tus  i s  i l l u s t r a t e d  i n  
Figure 5. Power is suppl ied  through tantalum l eads  he ld  i n  p re s su re  con tac t  
aga ins t  t h e  molybdenum h e a t e r  element.  A Cb-1Zr a l l o y  c y l i n d e r ,  which is 
braAed to  t h e  molybdenum d i s c ,  provides  t h e  t r a n s i t i o n  between t h e  inolybdenuin 
b o i l e r  and the Tt-605 a l l o y  condenser s e c t i o n .  The L-605 a l l o y  bottom s h e l l ,  
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no t  shown i n  Figure 5 ,  conta ins  thermal sh i e ld ing  and provides  t h e  vacuum o r  
i n e r t  environment necessary  t o  p ro tec t  c r i t i c a l  molybdenum and Cb-1Zr a l l o y  
components Ins t rumenta t ion  c o n s i s t s  of t e n  thermocouples, pos i t ioncd  as 
shown i n  Figure 7 ,  w i th in  t h e  Mo-0.5 T i  a l l o y  b o i l e r  p l a t e .  The p l a t e  thermo- 
couple w e l l s  shown as  meeting a r e  p a i r s  l oca t ed  a t  d i f f e r e n t  depths .  The 
o t h e r  two w e l l s  a r e  f o r  No-0.5 T i  w i r e s ,  t o  use  i n  d i f f e r e n t i a l  connect ion 
w i t h  s i m i l a r  wires i n t o  t h e  potassium pool .  Two L-GO5 a l l o y  thermocouple 
w e l l  s provide temperature  measurement wi th in  t h e  potassium pool ,  inc luding  
t h e  s epa ra t e  Mo w i r e s .  

Using s tandard  metal lographic  procedures ,  the MQ-0.5 T i  a l l o y  b o i l i n g  
p l a t e  (3-inch diameter  x 0.382-inch t h i c k )  was pol ished on one s i d e .  The 
f i n a l  po l i sh ing  ope ra t ion  employed 0.25-micron alumina powder ab ras ive .  From 
interferorrieter photographs a s  shown i n  Figure 9 t h e  i n i t i a l  roughness can h e  
determined . 

The hea t ing  element was produced i n  the  fol lowing sequence. I n i t i a l l y ,  
99.5% p u r i t y  alumina was flame sprayed t o  a 0.045-inch th ickness .  S l o t s ,  
0.12O-inch wide, w e r e  then  ground i n  t h e  alumina so t h e  remaining alumina 
was Q.020-inch t h i c k .  A 0.030-inch wide alumina spacing was maintained 
between s l o t s .  Near t h e  circumference,  these  spacings were removed t o  pro- 
duce t h e  continuous conf igu ra t ion  shown i n  Figure 5. A t  t h i s  p o i n t ,  t h e  
h e a t e r  was exposed t o  2700 F f o r  1 hour i n  a vacuum t o  convert  t h e  alumina 
from metas tab le  gamma phase t o  t h e  s t a b l e  a lpha phase.  Unalloyed molybdenum 
was then  flame sprayed over  t h e  enLire  su r face  and ground t o  expose t h e  
alumina s e p a r a t o r s  a t  a molybdenum th ickness  of 0.020-i nch e Visual inspec- 
t i o n s  were made a f t e r  each processing s t e p  t o  v e r i f y  t h e  i n t e g r i t y  of t h e  
sprayed depos i t s .  To determine t h e  uni formi ty  of t h e  molybdenum hea t ing  
element,  r e s i s t a n c e  measurements w e r e  made on each segment. A cons tan t  
c u r r e n t  was introduced a t  t he  teni i inal  po in t s  and m i l l i v o l t  readings were 
taken  across  each s t r a i g h t  segment of t h e  element.  A high degrcc of uni-  
formi ty  was obta ined ,  wi th  a t o t a l  hot  r e s i s t a n c e  of roughly 1 ohm. 

0 

Two brazed j o i n t s  were used t o  a t t a c h  t h e  Mo-0.5 T i  a l l o y  b o i l i n g  p l a t e  
t o  t h e  L-605 a l l o y  containment v e s s e l .  The i n i t i a l  j o i n t  between t h e  Cb- 
1 Z r  a l l o y  t r a n s i t i o n  cy l inde r  and t h e  Mo-0.5 T i  p l a t e  used AS-514 (V-35 Cb) 
brazing a l l o y .  
possesses  exce l l en t  me ta l lu rg ica l  coi i ipat ibi l i ty  wi th  both Mo-0.5 T i  and 
Cb-1Zr a l l o y s ,  Liquid metal  capsule  tests had a l s o  shown no a t t a c k  a t  
1850°F a f t e r  a 1,000-hour exposure.  
(21 C r  - 8 S i  - 21 N i  - 3.5 W - 0.4 C - 0.8 B Bal.  Co)to form t h e  b i ine t a l l i c  
j o i n t  between the  Cb-1Zr a l l o y  cy l inde r  and t h e  L-605 a l l o y  containment 
ves se l .  Brazing was accomplished a t  215OoF i n  two 5-minute cyc le s .  
tongue-in-groove j o i n t  conf igu ra t ion  i s  i l l u s t r a t e d  i n  Figure 6. Radiographic 
in spec t ion  of both j o i n t s  revealed no s i g n i f i c a n t  d e f e c t s .  U l t r a son ic  inspec- 
t i o n  of t h e  AS-514 braze ind ica t ed  a minor de fec t  i n  the ou t s ide  braze f i l l e t .  
The j o i n t  c ros s  s e c t i o n ,  however, was not  a f f ec t ed .  

Brazing was conducted a t  3400°F f o r  5 minutes.  This  a l l o y  

The second brazc employed H-33 a l l o y  

The 

F ina l  assembly of t h e  pool b o i l e r  cons i s t ed  of rou t ine  fus ion  welding 
of t h e  L-605 a l l o y  and s t a i n l e s s  steel components. Radiographic in spec t ion  
of each l i q u i d  m e t a l  containment weld revealed no d e f e c t s .  The f i n a l  con- 
f i g u r a t i o n  is shown i n  Figure 8. Both t h e  bottom ( l e f t )  vacuum j a c k e t  and 
t h e  l i q u i d  metal  containment tube,  independent ly  helium l eak - t e s t ed ,  were 
f r e e  of d e f e c t s .  
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Figure 5 .  The Pool Boi ler  B o t t o m  Sub-Assembly. 
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Figure 7. Radio h of Thermocouple Roles i n  the Mo-O.5Ti Alloy 
e r  Plate. V i e w e d  from the Polished Surface. 
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FIGURE 9. Interferometer Photograph of Mo-0.5 Ti Alloy Boiling Plate 18OX 
Magnification Using 4500 Angstrom Oblique Light Source. 
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D I S C U S S I O N  

MR. HAYS: I was wondering, yesterday and today, about using the 
liquid metal as one leg of the thermocouple. I notice the traces were 
about 200 microvolts, full scale. Is there any possibility of some kind 

of electromagnetic currents occurring when you have the resulting liquid 

metal here, and the electric heater, and resulting magnetic field that 

could produce the fluctuation. 

MR. BONILLA: I don't believe so. The heater employed 60-cycle AC. 

The measurements are fluctuating E, showing only much lower fre- 
quencies. It is possible with a potentiometer and an uninsulated thermo- 

couple even to measure the temperature of the central electrode of a spark 

plug during firing. 

the reading itself. 

affects circulation of the metal, altering the heat transfer. We could 

do comparative tests with DC heating as a check, but I don't anticipate 
that there would be any effect. 

So I don't think there w i l l  be any interference on 

Another question would be whether the AC heating 

There is quite a thickness of good electrical conductor, nickel and/ 

or molybdenum, around or between the heater and the pool. But it is one 

of the things that certainly could readily and will be investigated if it 

cannot be ruled out by analysis. 

MR. G O L D W :  Perhaps of some concern too, when you have liquid metal 

flow, is that you could get voltages due to the zeta potenKa1 between the 

liquid metal and the wall; just a flowing fluid will cause Lhe voltage to 

occur. 

MR. BONILLA: The Z-potential? That requires a nonco? ucting liquid, 

doesn ' t it? 

MR. GOLDW: N o .  Any liquid in contact with the wall has a Z-Poten- 

tial; and if you have a flow of the potential along the wall, you create 

voltages which are measureable. 



MR. BONILM: %ere i s ,  of  CGUIS~, a Pe1.tj.e:~. potential bctxeeri any 

1iqut.d. and. sol.5.d. m e t a l ,  as well as 'Illlomseil p o t e n t i a l s  al.ong each i f  'ciie:re 

i s  a temperature gradient. Their effects could. be inves'c:igg:xted. by pu'i.ti:cig 

in baff les  of some type t o  change the  current f l o w ,  imd see if there is 

any change i n  the  heat t r a n s f e r  perfomance. 1 doubt 'ch.aI; m e  would be 

ahlc  t o  deiwnstrate nr:ything l i k e  tnat,; but; of COLII-S~ we w i l l  operate wiKh 

d j r f e r e n t  depths, ard with a, very slia1l.or.i povl. {;here ~nigli-I; be q ix i t e  a 

difference coxpared t o  a deep pool.. Previous :mrk with NaB and mercury 

have show no effect, over a sizable depth rmge; bat %'Rat is anotlnei- good 

p o i d  t o  inves t iga te .  



310 

- SUPFRWJ REQUMEMEXCS WITH B O I L I N G  L I Q U I D  METALS 

A. 1. Krakoviak 
Oak Ridge Nat ional  Laboratory 

Oak Ridge, Tennessee 

ABSTRACT 

A b r i e f  review of b o i l i n g  for ord.inary f l u i d s  wi th  emphasis 3x1 

t h e  wal l  superheat  r equ i r ed  f o r  bubble i n i . t i a t i o n  from a heated sur- 

face  i s  presented .  Cal.cu1.ations based on an equat ion v a l i d  f o r  normal 

f l u i d s  indi-cate  t h a t  superheats  from two t o  e i g h t  times -ihat for water 

are r equ i r ed  Lo i n i t i a t e  a vapor bubble i n  some of t h e  a lka l - i  metals. 

'This high superheat  and t h e  high thermal  conduct iv i ty  pecu l i a r  to 

l i q u i d  meta1.s a r e  combined t o  expla in  t h e  unstable l iqu id-meta l  b o i l -  

ing phenomenon i n  natural- and fo rced -c i r cu la t ion  l o o p s .  



A b r i e f  review of the  boi l ing  phenomenon i n  orclinary f l . u i d s  (water, 

alcohol, ntc.  ) with emphnsi.s on the superheat required to i n i t i a t e  a bubblc: 

from a su-rface may be useful i n  explaining t h e  errati .c behavior. observed i n  

the natural-  and forced-circulation boiling-potassim- loops a t  the Oak H i a e  

Ntttional Laboratory. 

The contiition for  tlynamjx equilibrium of a spherical  vapor bubble i.n 

a 1 iquid pool is given by: 

2 0  

of a ?iapor wi.thin a bubble and t h e  pyessure which r e l a t e s  the  pressuxe, 

ia the l iqu id  external  t o  t h e  bubble, PQ, t o  the  surfa.ce tensinn, 0, of t h e  

l i q u i d  a t  t h e  liquid-iiapor interface and. t h e  bubble radius,  r .  Then for  

bubble formation, P 

of t h e  1icpi.d must be grea,ter than t h a t  corresponding t o  t h e  s a t r i a t i o n  

FV9 

must be greater  than Pa; for boili.ng, the temperature 
V 

temperature of t h e  l i q u i d  a t  pressure, P,. 

tihe sa tura t ion  value a t  P i s  termed. the  l i q u i d  superheat. 

This excess temperatme over 

R 

I f  Eq. (1) i.s combined with the  Clausis-Clapyron relati-on, as was 

1 
done by E l l i o n ,  there  r e s u l t s  the expression: 

wherelin it hss been assumed .t.inat the  spec i f ic  volume of t h e  l.iqih3. can be 

neglected J.n comparison with t h a t  of t h e  vapor and t h a t  t h e  g a s  lav re1.a- 

t i o n ,  W = RT, describes the spec i f ic  vol.ume of t h e  vapor. 

Tv i s  the absolute temperature of' .the vapor within the bubble; Tsak, t he  

In Eq- (21, 
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absolu te  temperature of  t h e  saturaied l i q u l d  at P R ,  t h e  gas constai i t ;  

hfg, t h e  l a t e n t  h?.zt, of vapor iza t ion  of  t h e  l i q u i d .  

p r e d i c t s  t h e  approximate 1 i qwid superheat  requi red  fo r  equi l  ibrium for a 

bubble o f  r ad ius ,  r . 

'8; 

This  equat ion then 

Equation (2)  has been t e s t e d  and found adequate by a number of ex- 

G r i f f i t h  and W21 l i s 2  s tud ied  nuc lea t ion  of water, e thanol ,  per imenters .  

and methanol from a copper su r face  conidintug con ica l  c a v i t i e s  of 0.0018. 

i n .  dianvter  a t  t h e  base.  With t h i s  value f o r  r ,  iiie ca l cu la t ed  l i q u i d  

superheat  agreed w e l l  wi th  t h e  experimental r e s u l t s  f o r  t h e  superheat  

r equ i r ed  t o  maintain ebul l  i t i o n .  

h i s  i n w s t i g a t i o n  o f  t h e  p f f e c t s  of  sur facc  roughnp-ss on t h e  superhcat 

involved i n  t h e  i m i  l i n g  of l i q u i d  pentane e 

a d d i t i o n a l  e f f e c t  of pressure  on t h e  superhezt  with b o i l i n g  water .  

Berenson3 obtajned s i m i l a r  r e s u l t s  in 

Parbel. and Scorah4 found an 

SUPEKHEAT AS APPTLED TO LIQUID METATS5 

Since Eq. ( 2 )  appears t o  r ep resen t  t h e  r e su lbs  for water and several. 

orga.nic fl.uids, it i s  presumed that, tile equat ion may a l s o  he appl icable  

with l i q u i d  met;al~s. For ease o f  calcul.ation, t h e  eva lua t ion  of t h e  l i q x i d  

superheats  r equ i r ed  f o r  boil.ing with t h e  severa l  l i q u i d  metals  i s  made i n  

comparison wi th  ua te r  by use of 

where t h e  subscript,s, w and x, denote w a t p r  and l i q u i d  metal, r e spec t ive ly ,  

and V i s  t h e  s p e r i f i c  volume change 'oetweer, 1 i q i i i d  ana vapor ( 2  V tL 

vapor volwne). Using t h e  physical p rope r ty  values  l t s t e d  i n  f ab le  1 and 

t ak ing  30°F as the  superheat  requi red  to  s u s t a i n  bubble formation from a 

fg Ti ' 



n -  iaDle 1. P’njrsical Proper t ies  of V a t e r  and Several  Alkali Liqaid Ketals Evaluated 
a t  their Respective Mornal Boil ing Poin ts  

TTorral Boi l -  Spec. Vcl. Density Latent  &et of  T’hermal Surface a R e  a t  
Liquid ing  Poin t ,  Vapor of LiqJid, Vaporization, Zonfiuctivity, Tension, Capacity, 

“F ft3”/b X b / f t 3  Btu/1b BtU/P;r - f t  “F 1?3/ft E t u / T b  - “F 
Water 2: 2 26.82 59.83 970 0 - 353 0. 00h.03 1.0 

Potas s iwn 1400 32.47 4-1.58 853- 18.1 0.0043 0. i57 

Sodium >!Q_8 60 .6 46.4 1605 30.1 0.0077 0.307 

-,.-ye pL G 2 A diLm L -: 27r. : ”  16.67 82.15 347.5 11.8 c.003 0.038 

Ce j pL7?n 1260 10.42 104.7 213.8 16.6 0. oc2 0.057 
Ll 
i-l w 

a 
SxPa-e  tens ions  a t  the mrmL jailing t e r q e r a z w e  were estixa:ed f rox da ta  given i n  the fol lowing 

S o L l r C e E  : 

7-  ii23 - T. F Yo:mg and W 3 Harkins, p .  1721 i n  Ban.23ook or’ Chemistry and P’r;;.sics, e d i t e d  by C .  D Hoagan, 
,C”:em_icsl Rubber N b l i s h i n g  Co., Cleveland, C.%lo, 13 th  ea . ,  194-7. 

K - J. W. Cooke, Themlophysical P rope r t i e s  of Liquid Nstals, “Space Power Program Semiann. Prog. Rep. 
J m e  :Go, 1963, U M C  Xeport @KL-3489, Oak BiLge  Mationst1 L&boratory, t o  be publ ished.  

The Surface Tension of Sodiu?,”  :$a - 6. W. “.-.r13r -4 > "Solid Metal-T,iqc:& $!&al Lr;teraction s tud ie s ,  Pa r t  1: 
Bri t , i sh  Atosic  Energy Asthor i ty  Xepr’; A.ZF.E M/R 1247, Sept,er$Der 1953. 

Rb 
CS 

7 2. N. L.yon (Ed.) ,  Liqxiid-Met.sls Ban~book, 235 e&. ,  pp. 40-1:3, Atomic Energy Cormission m d  Depatment 
j of the Navy, Wsshington, 3. C . ,  1952. k 
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par t i cu la r  surface with cav i t j e s  of radius ,  r ,  immei.sed. i n  water a t  atmos- 

pheric pressure,  t h e  superheats required l,o form vapor bubbles from the 

same surfacr- immersr-d i n  s eve ra l  l i q u i d  metals a t  t he i r  normal b o i l i n g  

points a r e  shown i n  Tablc 2.  Data obteined at OHNL with potassium boi l i r ig  

i n  natural-"-7 and forced-circulat ion loops6-" and j.n r e f l u x  capsulrs">lo,ll 

indicate  l i q u i d  superheats i n  the range of 70 t o  340'F. 

'Table 2. Estimated Liquid Superheats Keyuired t o  S11stai.n Roi.ling 
with the  Alkali  Liquid Meta1.s at 1 A t m  Pressure 

.I.__ -. .- ._ 

Calculated Super - M e  a sur c d C d c u l a t e d  Super - 
Fluid heat Based on 30°F Superheat, heat Based on 90°F 

fo r  w a t e ~ 2 - ~ s - o ~  "F __..__.I fo r  Water, "F 

N a  258 - '(74 

K 125 

Xb 1-01 

3112~ 375 

135" 303 

2c1 - c s  67 
* 

E .  E .  Hoffman, "Metals and "ramies Division Annual P r a g .  Rep. 
1963," USREC Keport ORNL-3470, Oak Ridg? 1l'ati.onal laboratory,  t o  be 
pub1 i s  hed . 

One fu r the r  factor  may be deiermined i n  r e l a t i o n  t o  Llie superheat 

problem. l'he bo i l ing  s i t e s  ( c a v i t i e s )  avai lable  on a na tu ra l  siirface 

(such as a pfpe w a J 3 )  w i l l  show a normal d i s t r i b u t i o n  of  s i z e s .  From 

E q .  (2), it i s  seen t h a t  as the teinperature of  t he  s;irface r i s e s ,  bubble 

formation w i l l  begin i n  t he  c a v i t i e s  of l a r g e s t  radius  f i r s t .  A s  these 

s i t e s  a r e  used up, t he  wall. terlipel-ature wj~ll continue to r i s e  and smn..l:!-r.~ 

and smaller c a v i t i e s  w i l l  be brought i n i u  action. Frerumably ihese 

c a v i t i e s  a r e  no i  wet by the  f l u i d ;  i . e . ,  the  fJuid does no t  dis:ilacP 

trapped o r  adsorbed gases. On t h e  other hand, l i qu id  metals w e t  m a s L  

metals e a s i l y .  It is t o  be expected then t h a i ,  the b o i l i n g  s i t e :  d i s t r i -  
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The superhea-tx required t o  i n i t i a t e  bubb1.e f o m a t i o n  wi.tl-1 -Lhe liquid.-imtal 

wi.l.1 thus s i g n i f i c a n t l y  exceed t h a t  required. with water. In addition, 

s ince t h e  l i q u i d  metals i ~ e d  are generally of very high pur i ty  and a r c  i n  

contact w i . t h  cl.eaa surfaces  i n  Lhe absence of i n e r t  gases, t he  comparison 

o:€ Eq.  ( 3 )  should. be made wit'n water under s i i n i l e s  conditions.  It has 

been observed t h a t  f o r  dist,il .led, deaerated water j.n contact with a very 

clean surface the l i q u i d  superheat Ls of -the order of 90°F. 

mneta!..s, then, th.e values i n  t h e  secoiid co?umi of T3bI.e 2 ,should ke increased 

by a factor  of 3 as s'no~m i n  t he  col.unui on t h e  r i g h t .  

For t h e  I.iqu.id 

UNSTABLE: BOTIJING~'  

from t he  data  of Table I., it can be detfmnined t h a t  .the thermal dif- 

fus t - r i t i e s  of t h e  1 i q i i i . d .  metals grossly exceed that, f o r  water; e.g., -Lhc 

d i f f u s i v i t y  r a t i o )  K t o  W&, is cal.cu.lnted Lo be 355. 'To i l l u s t i - a t e  t h e  

widely d i f f e ren t  temperohre p ro f i1 . e~  and thus the  d i f f e r e n t  boi? . ing b@- 

havior between water and l iquid.  mc.tal s , imagine an in f  i.nTte1.y long 1 - in .  - 
OD solid rod  s iuromded by an infinite1.y long r ad ian t  heoker (as shown i n  

Fig.  I). 

rod a t  a constant rate of ,  say, 30,OOO BiLi,hr*fi" (maxj:mzm heat flix of 

a l l  but one boi l - i -ng-potassi~~~i  loop a t  OrlTLL) , the  temper:3turc: profi2.e wi.tli- 

i n  tine r o d  w i . 1 1  assum t h e  paraboloids of revol.u'iion shown in Pig .  l a .  

Paths a arid b represent t he  tempi tu rc  g:radir;nts i n  a rcd of thcrm,al con- 

d u c t i v i t i e s  equivalent t o  potassiu.m (1-8.1 B.tu/hr.ft* '3') and wat::I- (0.393) , 
respect ively.   not^ i f  t h i s  roil i s  -rep?ace~i. wii,h a 1-in. -ID tube fl.l.led 

.nij.th water under l atm of  pressvre, then -,<hen -i'ne ~ml.!. i.c?mpei-, 

to 30°F zbove sa tu ra t ion  temperature (depending oil the cnvi.-ty s iae  of 

heaked surf:ice) 

kf ter  a siufficierit 3.ength o:f time w i t ' n  energy- :rLfIiating t o  the 

t i n y  "exp!.csions" of I~iqiiiil into vapor t a k e  place a i ;  t h e  
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w a l l  and grow rapi.dl.y i n  t h e  O.OO5-in. superheated annulus depi.cted i n  

F ig .  l b  a i d  e i t h e r  co l lapse  af-l.er l eav ing  t h e  w a l l .  i f  t h e  Sulk  l i q u i d  i s  

subcooled or reniaiii s t a b l e  i f  t h e  bu1.k f l u i d  i s  s a t u r a t e d .  In  con t r a s t ,  

i f  t h e  water i n  t h i s  tube were rep laced  w i - t i i  potassium under l atiil of  

pressure ,  then  t h e  wal l  teniperature would r i s e  375 OF above s a t u r a t i o n  

temperature before  bubble nixJ.eatioii a t  t h e  w a l l .  However, because of 

t h e  conduct iv i ty  of potassium, t h e  e n t i r e  voliime of potassium i n  t,he tube 

would be a t  a superheat  of not  l ess  than  340°F (Fig. IC).  Now when a 

bubble nucl.ea,'i.s, t h e  energy o f  superheat  from t h e  e n t i r e  volume i s  re -  

leased  i n  a matter  of microseconds i n  a sudden "expl-osion" a f  l i q u i d  i n t o  

vapor. The e:rierg-y o f  superheat  i n  a, uni 1; vol~urne of potassium when re- 

l eased  under t h e s e  condi t ions  pi-oduces a vapor q u a l i t y  i n  excess of  7 w t  $, 

r e s u l ~ t i n g  i n  a momentary high-pressure su rge  and suppl.ies a l a rge  mount  

of vapor t o  the  coiidenser, thus  increas ing  t h e  condenser terflpera.tures. 

This cycle  r e p e a t s  i ' i se l f  a-t a frequency depending on t h e  hea t  flux and. 

therm21 gradien t  i n  t h e  bubble-producing cav i ty .  If t h e  heated sur face  

contains  a r e -en t r an t  -type c a v i t y  with a sur"fi.ci e n t l y  high thermal gradient, 

t o  maintain a l iquid-vapor  i n t e r f a c e  a t  t h e  c a v i t y  mouth, then  s t a b l e  b o i l -  

ing without  excessive l i q u i d  superheat  can be expected. The mechanism 

p ic tu red  i s  consis- tent  wi th  t h e  p a t t e r n  of 'i.einpei*a t'e o s c i l l a t i o n s  observed 

i n  t h e  low-flux hoilerRy9 during t h e  condi t ion  descr ibed  as "unstable  bojl- 

ing" and i n  natural-ci-rcul a t i o n  1-oops .6,7 

wal l  temperature w a s  Pound i n  which t h e  tempera.t;ure first. increrised s l r d y  

(over -20 s e c )  t o  a l e ~ l  of  1..50 '60 250°F above t h c  ion temper atur c 

arid then  6ecreascd extremely rap id]  y (-0.1 F , W )  t o  thr 

( i n  a s soc ia t ion  with ecpial l y  rap id  increases  i n  boi1i.r yr+?ssure arid con- 

d.enser tempera ture) .  

A c y c l i c  vari.a'i.j.on i n  b o i l e r  

This type of unsi;able boi.1 ing exj.sLed o n l y  when 
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liquid entered the bo i l e r  sw . l~c~~~l .~ :d  (%?i?,t i s ,  s i n g l e  -phase flow e x i - ~ t e d )  . 

In  contrast, stable nerfwniance ( i . e .  no oscj.l.lo.t;i.cjr!s i n  temperature, 

p r e s s ~ w e ~  or f l o w )  has been observed. i n  force4-convection boiling-pot?ssiun 

loops w~ien some :Cinit;e i.n~.et quaI.ity conditton exis-i;ed (i .e. 

flow was present a,t boLler entrance). 'T'riis wt?s general ly  aceo~pl.ished. by 

allowing flashing across t h t ?  fl.ov r e s t r i c t i o n  a t  -i;he '00 iKkr inlet. It i s  

possib1.e tha-t this s t a b i l i t y  r e su l t ed  from -the prcseiice of the bubbl.eu i n  

-the l i q u i d  so t h a t  t he  high superheat. rcquui.red f o r  bv-bble InitiatfLon was 

circumvented. Alternat ively,  R d- i f fe ren t  mechanism niay b e  operu t ive .  

iwo-phase 

From a map of t h e  f ~ m s  of flow f o r  air-wster mixtur-cs i n  a vert;ica,l 

13 
tube by Rsdov-cich and Moiss i.s 

ing the  min: i .nm q u d i t y  requirements for -the existelice of mmdar flow as 

a f'unction of tube di,aiei;er and mass f1o.w rate.  It j.s 1;Iius estimated from 

Fig. 2 t'niz-t annul.ar flow w i l l  e x i s t  i n  a I.-in.-ID .t:,ii7c)e at; a qua l i ty  2 O.k$ 

and a mass flux of 1.05 lb/7i.t..ft2. The thickness of the liquid- film on the 

wall of a ].-in. kube iindrer these conditions (assimiing zero  s l i p )  i s  ca,lcu- 

lated t o  be -0.040 i n .  If, as ind-icated. by E q .  (2), 3'15°F of sup-'- -I heat i.s 

necessary fo r  bubble ini-t i-ation, then by conduction alone ;L f i l m  of 1;ili.s 

thickness WX. su s t a in  a thermal f1xx of the order of 2 x 10" ~ t u / h i - . f - t ~  

without nu.cl.eation. T h e r e  would a l s o  e x i s t  a convective cowitrYuut,ion 

however, t h i s  was not consi-dered i n  t h i s  analysis  . !Phil.:; nucleate boi 1. i.ny 

is  " sup e s se d" i n  " f or ce d - c onve ct ion -fi o 5.1. i.ngS" be c a x  F the  high therm 1. 

conductivi.ty of the I.iquid film and subseque 

liquid.  i n t e r f ace  precl..ude .the d.eveI.opm.ent of su.r"fi cirn-t ssa.3.l. sJip.;-hteat. to 

i n t i t i a t e  bubble forrmtion at the  heated surface,  

a graph was constructed f o r  potassium c;?tow- 

14 

vapor imi.  .i or1 at t 

Hence, t h e  toi:,a?. heiil; 
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t r a n s f e r r e d  in t h e  tes ts  t3 can be amply accounted fo r  by t h i s  

conduct ion-evapor a t  i on  me chmism.  

Pool b o i l t n g  t e s t s  w i t h  potassiwn at CX?NTJ"~~ have shohm t h a t  t h e  wall 

superhez.t; r equ i r ed  fo r  bubble nuc lea t ion  can be reduced apprec iab ly  by 

t h e  add i t ion  of appropz-iate nnclea,t ion s i t e s  on t h e  hea ted  su r face .  

Experiments t o  determine t h e  wal l  superheat  r e c p i r e d  t o  ac-LLvate a pore 

of a con t ro l l ed  s i z e  have Seen i n i t i a t e d ;  t h e  capsule  designed f o r  t h i k  

work i s  shown in Fig. 3 .  The ins ide  su r face  of t h e  capsll lc has been 

pol i shcd  t o  a mii.ror f iili sh -wi+.h di.uaond i-, a Th-rmocouples are I-ocated 

a t  t he  bottom of t h e  capsij.1.e t o  meter -the axial .  hea t  f low from a 1/1~6-in.- 

01) c a l r o d  hea te r  brazed i n  t h e  -fo!>m of a sp i l*a l  t o  t h e  bottom of tho  cap- 

s u l e .  Ext rapola t ion  of i'he tem-pernluiae g rad ien t  t k o u p h  t h e  capsul e t o  

t h e  1. iquid-sol id  interface w i l l  provide a neasurcment of  t h e  l i q u i d  tern- 

peratu-re a t  -the w a l l  and t h e  pressni-e sage and thermocouples i n  t h e  vapor 

space will provide 2 check on t h e  sa-Lilration teniper.nture. 

'The assump-t i oils and c c r r e l a t i o n s  presented. here  a r e  adrnitte&l.y over - 

simplifi .ed.  it i s  hoped t h a t  t h e  d i f f e rence  between liqluid metn1.s and 

o rd ina ry  f1u i .d . s  presented. i n  t h i s  paper w i l l  e l . i c i t  more qi iant i ta t , ive 

s tudy  of  boi l ing-l . i~uid-rnetal  hea t  t r a n s f e r .  
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Fig.  2. Calculated Min5mu.a Mass Fbows PeyLiired f o r  P r n ~ ~ I - r n  
Flow as a Function of Quality and Tube Dimidxr. 
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Fig. 3.  Supmheat Capsule. 
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nI.SCUSSION 

P!B. GOLEMA3T: I. tinirtk you are very much on the  r i g h t  t rack.  I hnve 

only one question, r e l a t i n g  t o  your statement t h a t  you 1)el.ieve t n a t  the 

surface of the f i l m  i s  snffi.ciei?t t o  evaporate a l l  the liqlrid vhich is 

evaporating. 7: w a s  rmndering whether you. have any data l&ich shows that 

such evaporation rates frorr? free surface a r e  poss ib le .  

NR. KRAiiOVIAK: I wondered a.bout t ha t ;  however, I don’t  have any data 

on this . 
I@. GOLDMAN: Let T T , ~  suggest that  u n t i l  you have f o ~ m d  such data, t h a t  

w e  don’t  accept the model. 

Mli. ROHSEXOTd: ‘This kind of scares us a l i - t t l e  b i t .  Would yci i  :;tty 

t h a t  with low heat f l u x  boiling, pool  boiling, t h a t  we ought t o  have some 

wide swings? And ye t  130nil.la had sane diXta, there ,  a-t lo r r  heat flux. I 

wond.er :&at he has got  t o  say about; the opera.tion of tinat appa.vatus? Do 

you get these wide swings? 

MR. BONILU: We Pi:zve SOIIE pool-boiling data ai; ::.till lotier heat 

f 1-uxes that I don’ t recall- -I know they never have been published. 

were submitted t o  ~o~pson-K,~c-~~ooldrid~:e, bemuse they were o’u ta iy l ed  :xs 

a p a r t  of a condensation slub-contract from t h e  Air Force, i n  which we c(m- 

densed potassrim and nibidiwfi vapor. Of course we had t o  produce t h a t  

vapor; anti si.nc.e we were studying condensation, we d id  not w a a t  t o  r111-1 

i a t o  any p:ro’olems on pr‘oihrciiig the v:zpor. So we used. ve~y low il1~7xwes of 

about 2,000 to about 5,000. We saw n.o i a s t a b i l i t i e s ;  it al;ays ?mi.l.ed. 

‘.[Priey 

beaut i f11l.l.y. 

1.t seem t o  m.e the re  are so  many posr,ihle parnrrtc?ters i n  pool boriling. 

For instance,  a t  ].ow fluxes I t’nirtk. y m  undou:.?ted.ly ,get vzporizai;:i.on from 

t he  top, more than any other way. Ar.d of course 5. t  a l s o  depends on. -the 

pressure at wlnich it is boil-ing, since b o i l i n g  a t  :a 1.ow pressure ~ 4 t h  eveii 

a relati.vely srw-11 hydrostat ic  head, w i l l  increase t h e  boi1in.g po in t  

g rea t ly .  

So imless you have very r;hallow depth, it would be im~ossi’ole t o  boil 

d0IY-n froril ule b O t t G i 1 1 .  



“here are an awful lo t  of angles .  I t  scems t o  me, though, t h a t  my 

own approach i s  l e t ‘ s  nake t h e  b o i l i n s  b e t t e r  inste.zd of worrying about 

how bad ii can be. 

Mli. LYON: 1 would j u s t  l i k e  to  make a qual . i ta t ive comieilt on Di-. 

Goldran’s quest ion.  

when bimping i s  occurr ing,  super-evaporation rates, o r  f l u x ,  a t  t h e  su r -  

f ace ,  would be q u i t e  demonstraSle. 

1 t h t n k  i f  one weye .to look a t  t h e  evaporat ion rate, 

MK. GOLDMAN: I agree v i t h  you t h a t  i f  t h e  evaporat ion i s  a bunping 

kind of p’nenornenon; you ge t  tre:necdous r e l e a s e s  of vapor from a sur face  

but t h i s ,  then,  would i1o longer  imply thaL you have t h i s  n i ce ,  a n i u l a r  

f low.  The rnodel you have descrj-bed he re  i s  t h a t  you have an annular  flow; 

you have a t h i n  1iqul.d film. 1 be l i eve  t h a t  once siich a bump occurs, t h e  

Liquid film g e t s  cornple’ely blown of f  t‘ne wall. 

M R .  LYON: My corn-ent vas d i rec t ed  a t  t h e  idea  t h a t  t h e  r-echanism of 

evaporat ion would be t h e  same, whether it i.s s t eady- s t a t e ,  8s i n  t h e  case 

of annular  flow, o r  uns teady-s ta te ,  i n  t’ne case OC bumping. A s  long  as 

t h e  hea t  i s  being suppl.i.ed to t h e  sur face .  O r  naybe I misunderstand your 

po in t .  

MR. G O L I I W :  No. My poin t  i s  that when you t r y  to evaporate  from 

-t‘nc f r e e  sur face  a t  very  h igh  hea t ing  rates, t h e  f r e e  sur face  doesn ’ t  re- 

main a smooth, f rec  surface. A s  ycu riucrease fluxes from a f r e e  siirface 

you f j n d  t h a t  Lbe su r face  s t a r t s  m’obbl.ing, and soine people a c t u a l l y  ha.ve 

described. tlierr, as “schizoghrenic“ surfaces .  Rut the schizophrenic  sur faces  

occurre:? a t  vapor-rcl.ease raies which are very  mxh lower ’iiiail t h e  kind o f  

vapor-rel-ease rates irhi.ch you a r e  tal.king about here .  

So 11: be l i eve  you must have a l o t  of sur face  ava i l ab le ,  t o  evaporate 

l i q u i d ;  and i n  t‘ne annillar flow (hea t  f l u x  of 2,000,000, f o r  i n s t ance )  

gives  you. such a h igh  vapor iza t ion  r a t e  t‘nat you j u s t  don‘ t  have enough 

sur face  linere. 

MR. K M O V I A K :  Of course i n  annular  f l . 0 ~ 4 ,  yoii have q u i t e  a few 

r i p p l e s  on the sinif’aci?, resi.i(l.t?’.ng from tile shear  f o r c e s  of  l i q u i d .  



MB. :LYON: L e t  m e  Propose a corn_promj.se, Suppose vhat i s  s-uggssted 

i s  on ly  t;hat i f  there  i s  an i n t e r f a c e  of scrnc? imdefined shape, -okhic'n is 

close erioiigln to Lhe wall so t'nat t h e  heat can be supplied with 'che sraall. 

AT availa'nle, then the  evaporat ion can occ1.i.r; the .t;erti,gerature of t h e  wall 

will not rise out of bounds. !&is may be a someTdhal; :fl.u.ctrmt,ing situa- 

t i o n ,  as you suggest. I rfiir,under.:;tmod your contme:n.t. I thought o r i g i n a l l y  

your c~ues t ion  w a s  whether you COU.~.~? ac'twdlly get, molecules I.eax5.y;g 1;he 

sui-face at t h i s  m t e ,  and t h e  answer i s ,  you ~3:n. R u t  i f  your quest ion i s  

whether you have a nice,  sr:ioo.!;ii, n..ruiul.ar layer of l i q u i d ,  I incl ine6 

t o  agree wi th  you. It i s  probably q u i t e  rando.m. i n  shape, with limps 

jumpirig o f f ;  and of  ccurse i f  i t ;  :i.:j evaporat ing rapidl.y, you also have a 

force against the xrinul.us because of the s.eac;-t;ion .frsm the aclceleration 

there.  

Mii. Q O L E m :  My propcsi-tion, of course, i s  -Lh.at; a.ftei- t'ne i n i t i a l  

'uump, all you have l e f t  1s a :hole  bunch of  d rop le t s ,  end you h a v e  :3;n 

evaporat ion of clropl-ets . 
.I%'. LYOI?: You are propositig an a d d i t i o n a l  mechariixn. ?"llc drop le t  s 

come of f  an3 ccntinue to evapcra'ie af ter  they g e t  i n t o  t h e  s t y e m .  

MR. GOLDMAN: Then you have d rop le t s ,  instxad of l i q u i d  €'ih a t  tile 

w d l .  

you have? d r o p l e t s  rst.her than  a coiitinuous l i q u i d  film, a t  these high heat 

fluxes. 

Ma;y-be you have a few rivulets, ?jut wlieri you rea.1l.y look a,t the  vaI.l., 

MR. H. W. I-IOFFMA_N: I o;ily wish -to cor~irrient;, i n  regard t o  your i ~ n -  

1;ionLn.g a 2,000,000 Btu/lir.ft" h e a t  flux, 1;ha-t; l;his r e a l l y  i s  not  the 

Level of' heat f lux X ~ J C ?  have i n  our systems. The capahi . l i ty  of mrist appara- 

tus we have been Tmrk:ing wit11 i s  i n  t'ne range 39,009 t o  imyhe _3OO,OOO 

Btu/'nr ft" 

Mx. IIOHSENOW: Lacey and the fellows at liarwell have got  a p r e t t y  

convincing argument t h a t  you can have a f i l m  along the w a l l  and :riot ha-ve 

nuc lea t e  bo i l ing ,  if the f i lm i s  t h i n  enough to have plain conduction i n  

t'ne m t e r  and evaporat ion at W i e  i.nterface (and they ha-$e h t  

t l i i s  way, c e r t a i n l y )  one can conceive som v ~ p r  models 

p r e t t y  convincing. With liquid. me-t;als-- 

tliis w ~ i i c ~ i  are 
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MK. I X m R :  A t  what fluxes? 

MR. ROHSENOW: I don ' t  have t h e  nidnibers here ,  bu t  t hey  are i n  -the 

hi-glier q u a l i t y  ranzes .  You have t h i s  annular flow niodel~, Some of S i l -  

v e s t r i ' s  d.ata can be interpre-Led i n  t h e  sane way. Tkie s a m e  model. holds .  

11" t h i s  i s  poss ib le  wj.th water, it i s  even more poss ib l e  with l i q u i d  

metsl-s. P a r t i c u l a r l y  i .n l i g h t  of t h i s  re ia rded  nu-cleation, of get-Ling 

tile high super-heats. I f  x'ne va1-1 can go up with modest super-heats ,  t hen  

with t h e  high condueti-v:ity of t h e  l i q u i d  a l k a l i  me-L:lls, a l i q u i d  l a y e r  

could exrist r i g h t  along t h e  wall, and you d o n ' t  have t h e  fog  flow with 

l i q u i d  i ~ ~ t a l ~ ~ .  

€JIK. E. HOFFMAN: I would l i k e  t o  make a few renarks regarding boil..i.ng 

i n s t a b i l i t i e s  whi~ch rrre a t  ORNL have encountered i n  t h e  course of conduct- 

i ng  potassi im corrosi.on experinents .  m e  i.nstabil.ri1;ies have l e d  t o  l i q u i d  

carryover  which complicated. Yi~e de te rx ina t  ion of cor ros ion  i n  condenser 

regions and j.n some cases  t o  a c t u a i  conta iner  system f a i l u r e  due t o  thermal  

f a t i g u e  indiiced by t h e  b o i l i n g  i r is tabi l . i . t ies .  Recently we have conducted 

a s e r i e s  of capsule  experj.nzeuts t o  d e t e m i n c  means o f  s tah i l . i z ing  hoi.li ng 

t o  e l imina te  t h e  pi.oblzms c i t e d  above. 

F i r s t  I wi1.l show two s l ides  which i l l u s t r a t e  t h e  problem which w e  

have encomtered  i n  our  n a t u r a l - c i r c u l a t i o n  b o i l i n g  potassium loop exper i -  

ments. S l ide  1 i s  a t o p  view of 0.8-inch O.D. x 0.1-inch wall x 1.5-inch 

long i n s e r t  specimer, hrhich was loca-ted at t h e  approx3.mate l i q u i d  l e v e l  i n  

t h e  condenser region of a Type 316 s t a i n l e s s  steel--pot;assium loop t e s t .  

The specimen shown i s  one of approximately 40 t h a t  l l n e d  t h e  condenser and 

subcooled l i q u i d  regions of t h e  loop which operated f o r  3,000 hours a t  an 

approximate b o i l e r  temperature of 1 6 0 0 0 ~  (871"~). Fressure  and tempera- 

t u r e  f l u c t u a t i o n s  occurred every one 'Lo t h r e e  minutes duririg t h e  exper i -  

ment due t o  hoil.ing in s - t a ' o i l i t i e s  and t h e  r e s u l t i n g  tl-~ermal. f l u c t u a t i o n s  

l e d  t o  fatigue of t h e  i n s e r t  specimen il.l.iustrated. i n  t h e  f i r s t  s l i d e .  

Two adjacent  specimens had similar tine-rmal fa,tigue c racks .  

S l i d e  2 i l l u s t r a t e s  ike b o i l i n g  i n s t a b i l - i t i e s  whlch have been observed 

i n  seve ra l  na tu ra l - c i r cu l  ai;ion b o i l i n g  potassiwn loops during s t a r t u p .  The 

temperature p l o t t e d  i s  t h a t  measured by a two-color pyrometer sighting on 
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the l.oop wall. above l;he condenser. 'Tne severi-by- of the the-mal Shock eszd 

tine f:requ.ency of the ur?s.ta'ule bo i l ing  i s  i l l u s t r a t e d .  A s  t h e  heat  t o  -the 

-boiler was Increased, th is  system very ab rup t ly  began t o  b o i l  s t a b l y  and 

continued t o  b o i l  sta?jl.y f o r  t h e  rem.ainder of  Yhe 2,800 !ir e:cperirrteiit a 

As a result o.f t h e  d i f f i c u l t i e s  c i t e d  :zbov-e, a s e r i e s  of capsule ex- 

pertrnents wsre conducted i n  an attempt t o  discover a, p r a c t i c a l  methcd of 

m:kt:Leving stable b o i l  jmg e Ana1ysi.s o f  i;he o:;cil.l.:ztions i n  the  terciperatu.re 

of the l i q u i d  potassiim i n  tlie boiler i n  t he  various experiiiieats suggested 

t h a t  l i c p i d  superhea.t and per iodic  f l a sh ing  d.ue t o  l ack  of contirruous 

vapor 'ou'uble auclea-t; ion -might be the prob1ern. 

For t h i s  reason, a. tes-t progran was i n i t i a t e d  Lo evalinate .the effec- 

t iveness  of var ious  devices i n  promo-ttng nucleation of vapor bubbles ii? 

a l k a l i  metals. 

The most successful soluticji-r to t h i s  problem. :found dui5nk< these ex- 

peYi.mn!;s, Vhicli included a. .!;otai of nine t e s i x  with both potassium and. 

nii~iciiurn, i s  illustra-Led i n  the third. s l i d e  . 
si1;e !IT "hot-finger" was 1.ocated a t  the  bot;ttsrn of' t h e  capsu.le. The 'oul.k 

of the hea t  t o  the capsule vas suppl%ed by the resis tance hea-Ler T~ki.ch sur- 

romd~erl. t he  entire l i q u i d  length o f  t h e  capsule. A very local ized hot 

region of l i q u i d  was o?)l;ained. in t h e  0.50-in. d i m e - t e r  x 0.25-in. long 

potassium ise1.1. i n  bottom of the  ca,psul.e by heat ing t'ne 0.25-in. &Lameter 

rod with a gas flame. The l.iquid. and vapor temperatures were measured by 

tkiermocouples located i n  wells i n  t h e  co-ndensey and l i q u i d  regions.  A 

t j ~ i c , a I .  experimeatal -run which il.l.ustrutes t he  e f f e c - t i v e ~ ~ s s  of .the "ho.1; 

f i nge r "  as a vapor 'uubble nucleation s i t e  and bo i l ing  s t a b i l i z e r  i s  given 

i n  sli.de 4. 
wii.8 cietennined by a coiit;2ct m i  croph-one iiiechiznically li-r?lied d-irectly :sit11 

the  capsiilc. The cyclic behavior o:C the bo i l ing  i n  the capsu1.e i s  apparent.  

\hen tlie temperature of t he  hot-f inger  reached :z value appmxiimtely 100°C 

i:n excess of the liqii id tern-persture, the poLa i-um began t o  boiling con- 

tirnmu.sly and t h e  cycl3.c tkiemal behavior ceased. 

f i nge r  temperature g.radually, it was observed t h a t  when t h e  AT ?)c?tweeri 

h o t  - f inger  and IiqLIid reached a -vaiu.e of approximately 60°C the potassiun 

The vapor bubble n.uc.l.eai;ion 

The bo i l ing  ac t l -v i ty  inside the  capsule  during tinese tes ts  

On loweying the hot - 
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a&n s ta r - ted  t o  b o i l  i n  Yne uns tab le  manner. This p a t t e r n  could be re- 

produced over  a wide range of l i q u i d  temperatures  i n  both t'ne potassium 

and t h e  rubidium expzrj-ments. A f i n a l  experiment i n  which more p r e c i s e  

ten.per&iire measurements were obtained ind ica t ed  tli a t  a terriperature d i f  - 
f e r e i i t i a l  of approximately 70°C between the  ho t - f inge r  and t h e  bulk l i q u i d  

w a s  s u f f i c i e n t  t o  achieve s t a b l e  b o i l i n g  i n i t i a l l y  and t h a t  red-ucing t h e  

temperature  d. i f  feren-Lie.1. t o  approxkmte ly  55  "C caused the  onse t  of im- 

s t a b l e  bo i l ing .  

Fo1dowtng ihese results,  t h e  1 .00~ r e f e r r e d  'io i n  s l i d e  2 above w a s  

re-examj.ned more c l o s e l y  and a favorab1.e vapor bubble nuc lea t ion  s i t e  was 

foimd ri.n  ti.^ boi.ler where a thermocoupie we3.1. pene-trated. the b o i l e r  w a l l -  .I 

It i s  piistul-ated t h a t  t h e  a c t i v a t i o n  of thi.s s i t e  w a s  responsib1.e for t h e  

sudden transj.ti.on from uns tab le  t o  stab1.e boil.ring observed while t h e  loop  

temperature wds being increased .  

I n  c los ing ,  I would l i k e  t o  suggest  t'nat special. a.tJLeiition be given 

t o  t'nc p o s s i b i l i t y  of accelera ' ied cor ros ion  a t  favorable  nuc lea t ion  s i tes  

i n  b o i l i n g  a l k a l i  metal. systems. It seems q u i t e  poss ib l e  that t h e  v i o l e n t  

l iqu-id a g i t a t i o n  a t  these  s i t e s  mig@t cause p r e f e r m t i a l  d i s s o l u t i o n  i n  

tinese reg ions ,  even wi.'ih ma te r l a l s  having rela'ii-ve1.y good cor ros ion  

resis-Lance. 

Thank you. 

MR. DWYEH: We w i l l  t a k e  a f e w  more ques t ions  on th i s  o the r  contro-  

v e r s i a l  i s sue .  

MX. BMZHISER: I wou1.d l i k e  t o  support  what Kra.koviak has  presented 

here ,  and a l s o  some of t h e  work tliat Gene Hofflnail put  f o r t h .  W e  have ob- 

served exac t ly  the same tkitng, p a r t i c u l a r l y  a t  low fluxes - very  pronounced. 

tcmperat;ure rises. We will d i scuss  th i s  work la te r ,  bu t  1 t h i n k  it appro- 

p r i a t e  t o  mention it at t h i s  time. We have Ynree t h e i ~ o c o u p l ~ s  locateti 

12:OO o 'c l~ock,  j:OO o 'c lock ,  and 6:OO O'cIock, i n  t h e  b o i l i n g  tube.  W e  

observe t h e  l o w  f luxes  r i s e  j u s t  as Gene Hofflnail 's slides i nd ica t e ,  wi.th 

t h e  sudden drops.  In our apparatus  these f l u c t u a t i o n s  may be nvero.11. as 

much as 1-50"; t hese  thcrniocouples are loca ted  about 20 m i l s  below tile 

surface. All three respond exac t ly  i n  phase. It appears as though t h e r e  
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i s  sornething triggering ' A i s  response. When it goes,  the entire system 

i s  IlLlcleated and a l l  t h e  thermocouples a r e  simultaneously depressed; a 

bump OCCUTS a t  the s m e  time. 

I might; a l s o  arld.--:lznd I a m  not  sure of t h e  f lux  levels--but as we 

go up i n  T l . 1 1 ~  (somewhere above l5O,OOO Btu/hr-f t2) ,  t he  period of the 

f luc tua t ions  has decreased substantid-1.y and t he  amplitude (at l e a s t  as 

indicn-beti by our de t ec to r s  and recorders) appears t;o have decreased 

s ign i f i can t ly .  Inc iden ta l ly  a t  t h e  Lawer fluxes, -t'ne period appears t o  

be cf t h e  order of  1.5 sec;  very d i s t ingu i sh ib l e .  

I@,. Iz[wcOVIAK: I wuiXLd l i k e  t o  add -that any liquid-metal. sy:;I;em t h a t  

doe:; not :;how these temperature f luc tua t ions  during nucleate bo i l ing  pro- 

ba.bly has somewhere i n  t h a t  system an appropri;ztely-sizetl nucl.ea.tion .si.te 

resulting< from eif;l-ie:r a. f au l ty  weld., a f'1a.w i n  Yne material ,  o r  some o the r  

discontiirinity . 
1 sqould a l s o  question any nucleate bo i l ing  data  t l i a - k  does not have a 

contact microphone t o  detect nucl.eat;ion mid bo i l ing  in a, capsule. 

MR- E.  HOFF'MAPT: I d i d n ' t  mention Ynis, but when :.re pu!; the swage 

the-rmocoup3.e i n  the  bot tora  of tinis hot f inger ,  we g o t  about 70" te-mpera- 

tu:re differer i - t ia l  between the  end of t he  f ingizr and. the l i q u i d  temperature, 

both on 1iea-ti.ng and cooling. I-t appeared very repr.otluciT13.e. I-t; sv'iis qui te  

differeri-t when we had ti?e thennocouple located lielow, as you irli&t expect. 
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k 

Slide 1 316 stainless steel insert  which was located at the 
approximate liquid level in the condenser. Note the 
thermal fatigue crack and mass transfer deposition 
which occurred during the 3, 000 hour test. 
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HECiiiVT EXPIBPENTAL RESUIJI'S IN OHNL STUDIES 

WI:TB BOILING POTASSIUM 

___- 

___. __ 

H . W . Iiof fman 
Oak Ridge National. T,aboratory 

Oak Ridge, Tennessee 

ABS'LYHACT 

Recent resu.1 ts of con-Li.nued s t u d i e s  i n t o  the forced-convecti.on 

s a t u r a t i o n  b o i l i n g  of potassium i n  a v e r t i c a l ,  circu1.a.r tube are r e -  

por ted .  1Sent-transfer da ta ,  for condii;ion,s below t h e  c r i t i c a l  hea t  

f l ux ,  were explained i n  'Germs o f  an Ynnulm. flow with su r face  evapora- 

t i o n .  Cr i t i ca l .  hea t  flux values  conti.nu.ed. t o  agree wi th  a c o r r e l a t i o n  

developed f o r  water by  Lowdermil-k, Tanzo, and S iege i .  A cons i s t en t  

p a t t e r n  was observed f o r  t h e  pressure  drop across t h e  boi.ler; t h e  da t a ,  

however, inc7.ude indeterminate  losses a t  t h e  b o i l ~ e r  en t rance  and exi-t;. 

New b o i l e r  s ec t ions  , designeri to provide d a t a  on t h e  fl uid-temperature 

d i s t r i b u t i o n ,  a r e  descr ibed.  A program to ob ta in  data on t h e  c r i t i c a l  

hea t  fl.ux i n  a niultirod geometry as a func t ion  of rod  spacing i s  d i s -  

c i ~  s sed .  
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LI'ERODUCT I O N  

The Oak Ridge National Lraborator-y- has continued. a s ig f l i f i can i  e f f o r t  

i n t o  t h e  sLudy of t h e  hca t  tzar isfer   and^ fl.ow a spec t s  of b o i l i n g  po-Lassiui. 

As ind ica t ed  a t  t h e  1962 mce-Litig' of t h i s  gvoup, our over-al-l pro,gram 

remains broad i n  scope. However, oia- p r i n c i p a l  s tud  ies t h u s  far cont inue 

t o  be r e s t r i c t e d  t o  t h e  d~eter ininat ion of hea t  t r a n s f e r  ( inc luding  t h e  

c r i t i c a l  heat  flux) with  potass i im ak s a t u r a t e d  coi idi t ions i n  v e r t i c a l  

upward f l o w  'chroGgh a circii.llar tube and of s e l e c t e d  thermopliysical prop- 

e r t i e s  of  t h e  ad k a l i  iiietals. These i ~ a t t e r  measurements arc discussed  by 

Cooke2 i n  a separratc paper .  

potassiiim (h.opeYully beginn-ing 

wi th  e i t h e r  n swirl.-flow s i t u a t i o n  or wi th  f l o w  p a r a l l e l  t o  t h e  longi tudina l  

axis  of a r o d  bundle ( o r  a, sirfliilated u n i t  channel. from such a geometry). A 

dec i s ion  has  not  y e t  been reached as Lo which of  these  a l t eyna t fves  will. be 

e l e c t e d .  However, w e  have i n i t i a t e d  a study wi th  water boi.1.ing i n  a. mu l t i -  

r o d  geometry t o  s tudy  t h e  e f f e r t  of rod spacing on t h e  ma.gnitude of  t h e  

c r i t i c a l  hea t  f1 .u  and t h e  l o c a t i o n  of t h e  r eg ion  of "burnout,"; t h L s  i s  

d iscussed  i n  more deLai.1. l a te r  i n  t h i s  paper .  

'l'hc next phase of  our stlid-ies wit'n boil..irig 

hin t h c  next yi..tr) w i l l .  be coneyned  

BOILING-POTASSjiUM STUDIES 

Experirneiital s t u d i e s  i n k  -the Eo.rced-convecf, lor. T 

potassium have con'cinued wi th  t h e  3.cciiimiui.1ation o f  some n d d i t i o r i d  da t a  

on t h e  c r i t i c a l  hea t  fl.ux and on t h e  p re s su re  drop fo r  fJ.ow verticaJ1.y u&- 

ward wi th in  a c i r c u l a r  t ube .  'The expe r inen ta l~  appara,tus used i-n t h i s  i n -  

vestigat;iori i s  adequate ly  descr ibed  i n  t h e  preTJj.ous proceedings ;' f o r  

I r e fe rence ,  a cu-i-away ske tch  of' t h e  0.325-ii1. - iD ?.ol.l.er is SIO~.~:~ ir . ~. 
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The r e s u l t s  of the most recent  experjinents a re  SlJlllmariZed i n  Table 1. 

A s  noted, t he  data  were extended t o  heat-f lux l eve l s  of th? order of 

350,000 Btu/’nr.Pt* with e x i t  q u a l i t i e s  i n  excess or” 50%. 

achieving higher heat fluxes and at resolving some unce r t a in t i e s  i n  the 

data  were hampered by a de te r io ra t ion  of t he  bond between the  stainless 

s t e e l  bo i l e r  tube and the surrounding copper blocks and by t h c  f a i l u r e  of  

Atieriqts a t  

a s i g n i f i c a n t  num’oer of thermocouples. 

C a t a  obtained fo r  condiLions lielow the c r i t i c a l  heat flux aye given 

i n  Pig. 2 .  It sho1i.d be notod again tha t  t he  superheat temperature d i f -  

ference shown i s  a mean across the b o i l e r  assuming a lii1ea.r va r i a~ t ion  i n  

the  f l u i d  temperature. The t r end  exhibited by t h e  data remains consis tent  

with t h a t  reported previously. However, t he  dispersion i n  N’ a t  any f1.u 

l eve l ,  which previously seemed t o  r e l a t e  systematical ly  t o  the e x i t  qual i ty ,  

now appears more randorn; t h i s  may r e s u l t  from e r r o r s  introduced by the  

breakdown of t h e  thermal bond i n  L’ne b o i l e r  as mentioned above. It has 

been i-ndicated i n  t h e  paper by K;cakoviak3 t h a t  an annular-flow condition 

can occur with potassium a t  very low q u a l i t i e s .  Such a s i t u a t i o n  almost 

c e s t a i n l y  ex i s t ed  i n  these experiments i n  t h a t  s t ab le  loop operation was 

achieved only when vapor ex i s t ed  a t  t h e  b o i l e r  i n l e t  as the resu1.i; of 

f l a sh ing  across t h e  inle-t  res t ; r Ic t ion;  it has been i-,:;timzted tha t  t h e  i n -  

1.e-t qua l i t y  w a s  of t h e  order of 0.5%. 

r e l a t e s ,  of course, t o  the  question of  the s L i p  

i iucleation i n  liquid-metal. systerm as al.so discussed hy Kcakoviak. it i s  

t o  be expected then t h a t  t he  sS.ope of t he  q/A versus AT curve wj.11 devi,z-t.e 

from t h a t  which obtains  under str j.ctly nucleate bo i l ing  conditions and 

t h a t  t h e  data  wi1.7. show a ve1.ocity dependence. A s  indica-t,ed l a t e r  i n  t? i is  

paper, it i s  plmned -to continue s tud ie s  tow:iYri 7 hot 

e f f e c t .  

T h i s  mode of obtaining s t a b i l i t y  



Table >. S m - a r y  o? Resdzs oil PotassLm B o i l i r ?  in a 0.325-9i. I D  V e r t l c a l  Tube 

23 1.42 

24 i .i3 

25 1.4:; 
26 1.23 
27 i.78 

142Q. 4 1394.5 
1418.9 1392.8 
1448.6 1103.0 
1i142.6 1401.6 
1461. I ~ 3 8 2 . 3  

1160. ,7 1386.5 
1466.4 1386.7 
1479.0 1397'. 3 
1J+p. 1 1402.0 
11-65.9 1402.5 

19.4 3.9 
24.3 3.6 
31.7 5.b 
37.2 4.8 
35.4 8.6 

40.5 7.3 

36.8 8.9 

32.2 9.6 
46.5 7.7 
58.6 6.7 

73.4 6.5 

17 .1  3.7 
3k.2 8.3 
45 .5 6.9 

- - 

53.8 6 .1  
57.5 5 - 3  

34.2 8.7 

39.9 7.8 

106, 900 

145 , 700 
146, 200 
197,200 

20;. 9 600 

292,630 
250, 000 

296,400 

137 7,'30 
I ,  l b  

297,40C 

305,300 
- 

174,003 

343,200 
349,500 

345,100 

347,100 
3&6,900 

357,-)30 

1.12 

1.03 

1.08 
i . 0 9  
1.12 

1.09 
1.09 
1.10 

L.10 

1.10 

1.07 

- 

1.00 

1.07 

1 .Ob 

rL.o5 
1.05 

:.07 
1.03 

0.86 

3.79 
0.98 
1.07 

1.36 

1.08 
0.98 
1.03 

1.02 

1.92 

- 
- 

0.92 

0.98 
0.98 

0.99 
0.98 
0.99 
0.95 

1 4 . 3  
12.5 

19.6 
16.4 
39.7 

35.8 
40.7 
41.1 
36.4 
34.8 

- 
- 
- 

45.2 
39.8 

42.2 
55-5 
43.4 
41.1 
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Under these  circumstances, t h e  c r i t i c a l  hea t  f l u m  values reporte3. 

re la te  t o  a "dry-r3-allt' condi t ion .  I n  t h e  d a t a  o f  'Table 1, rims 30 

through 33 aga in  cons'ci.l;ute a c r i t i c a l  hea t  f l u x  determi-nation fol lowing 

t h e  procedure o f  dec reming  the flow while maintaining a cons tan t  hea t  

i npu t .  

l b / h r . f t 2  f o r  a hea t  f l u x  of 305,OQO R-tu/lfr-ft" and an e x i t  q u a l i t y  of  

73.4$. ']?his r e s u l t  i s  compared i n  Fig.  3 with the pi-cvi0usl.y r epor t ed  

values. Again, agreement wi th  pred.i.ctions based on t h e  Low-dci-mj.1-k, Lanzo, 

and Siegel"  c o r r e l a t i o n  fo r  I;iie forced-convect ion s a t u r a t i o n  b o i l i n g  of 

water i.n a v e r t i c a l  tube i s  good; note 'chat t h i s  co r re l~n t io i i  i s  dimensional 

and t h a t  t h e  curves shown i n  F ig .  3 perta . in  t o  t h e  s p e c i f i c  geometries of  

t h i s  i r ives t iga t ion .  It was found., however, t h a t  f 0 - c .  equ iva len t  va lues  o f  

hea t  f l u x  a.nd -mass flow t h e  c r i t i c a l .  hea;t f l u x  conditi-on wi th  potassium 

occurred a t  somewhat hi-gher e x i t  q u a l i t i e s  (-l5$ inc-t.case a t  atmospheric 

pressure) .  

i n  wa l l  temperature  wi.th an equa l ly  sudden reduct ion  i n  t h e  o v e r - a l l  p res -  

sure drop;  a wall-temperature increase  o f  50'~ w a s  taken as t h e  power cu t -  

o f f  c r i t e r i o n .  With t h i s  annular-f l  ow s i t u a t i o n ,  o sc i l l ah j .o i s  i r i  w a l l  

temperature  p r i o r  t o  achieving t h e  c r i t i c a l  f l u x  \,rei"<: not  obsei-vcd. 

From t h i s  la tes t  measurement, "burnout" occurred a k  G = 9.37 X lo4 

I n  t h e s e  experiments, "burnout" w a s  evidenced by a sha-rp r i s e  

Resu.l.ts ob ta ined  f o r  t h e  p r e s s w e  ci-rop across  t h e  b o i l e r  are shown i n  

Fig.  lt as t h e  v a r i a t i o n  of t h e  prcssure- l .oss  r a t f o  ( t o t a l  txo phase Lo 

equi-valen-t 

Mar t ine l l i "  parameter; a cons i s t en t  p a t t e r n ,  :;ith t h e  t o t a l  tvo-phaso 

pressure  drop inc reas ing  as t h e  e x i t  qual i:Ly ihcreaszd,  WRS observed. IP. 

view of t h i s  r e s u l t , ,  i t ;  should be kept  i n  mind t h a t  t h e  pressure  t a p s  w -  

1.ocated approximately 2 ft. upstream of t h e  b o i l e r  eiitrance and 3bout I. F L  

beyond t h e  e x i t .  Thus, t h e  da t a  inc lude  undc 

l i qu id -on ly  a t  t h c  same in1 et, mass fl.ow) wi th  t b : .  LocYrm:.L- 
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wi-th flow through an  i n l e t  mixing chamber , around ex i t -end  thermoxel ls  , 
and through an  e x i t  expaiision. Corresponding da ta  f o r  water , s i m i l a r l y  

presented  bu t  wi-bi? t h e  exc lus ion  of l o s s e s  incurx-ed ou t s ide  t h e  confines  

o f  t h e  b o i l e r ,  fal.1- about a f a c t o r  of t h r e e  highei.. A b e t t e r  comparison 

between potassium and. water would be i n  t e r m s  of  t h e  f r i c t iona l .  p o r t i o n  

only of t h e  pressure  drop; however, information on tine s l i p  r a t i o  i n  a 

potassium l iquid-vapor  flow needed t o  accoun-i; f o r  t h e  acce lk ra t ion  con- 

tri.bu.i;ion t o  t h e  t o t a l  momentum change i s  not  r e a d i l y  a v a i l a b l e .  

APPARATUS MODIFICATIONS 

In t e rpFe ta t ion  o f  t h e  results of -this s tudy  and t h e  development of 

l~ocal hea t - t r ans fe r  information has  n o t  been possibl-e due t o  the l ack ,  

p i * S h r i l y ,  of data  on t h e  f1.uid-temperzture d i s t r i b u t i o n .  

s i t u -a t ion ,  a new b o i l z r  has been fabricated.. I n  most d e - t a i l s ,  t h i s  t e s t  

u n i t  i s  similar - to  t h a t  used thus  far in these experiments. However, t h e  

des ign  has  been modified t o  inc1ud.e t h e  d i r e c t  measirrernent of tubc-sur fsce  

Leniperatures st t h r e e  equa l ly  spaced 1ocati.ons along t h e  tube and of t h e  

pressure  a t  t h e  ni-i&point and ends o f  -ihe b o i l e r  s ec t ion .  'The Chromel- 

A l u m e l  theriiiocouples prev ious ly  used were r ep laced  with F't vs P t - l O $  R h  

couples i n  the hope o f  i nc reas ing  themoeoup1.e l i f e  and of providing f u r  

in -p lace  anneal ring and c a l i b r a t i o n  subsequent -to b o i l e r  fa 'or icat ion.  Un- 

for tuna- te ly ,  t h i s  s-tudy has been temporarily cielayed a s  the result of 

ex tens ive  damage t o  the iiew boi l -er  p i7 ior  to i n s t a l l - a t ion .  Salvage and. 

r ebu i ld ing  of t h e  u n i t  i s  proceeding, and it i s  antici.pa-Let3 t h a t  expe r i -  

ments w i l l  be resixned wi th in  six months. 

To c o r r e c t  th?'.s 

Si t h e  in te r im,  t h e  design amd coi is t r i ic t ion of an  a l t e r n a t e  b o i l e r  

(capable of f luxes  of t h e  order  of ~00,000 B-tu/hr*f t '  ai; t h e  t -oi l i i lg  
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su r face )  has been i n i t i a t e d ;  opera t ion  wi.th t h i s  b o i l e r  should begin by 

t h e  f i rs t  of  Novera'uer . The t e s t  sect,i.on wi l i  be cons t ruc ted  from a 

0 .84- in .  -OD, 0 .29-in.  -ID, type 347 s t a i n l e s s  s t e e l  tube .  

(I% vs Ft-i0$ Rh) w i l l  be i n s e r t e d  r a , d i a l l y  i n t o  shal low wel l s  i n  t h e  

tube waJ.1.. 

i n  t h e  w a l l  a t  two l e v e l s  iiexr t h e  b o i l e r  ex:it. With s e v e r a l  such couples 

pos i t i oned  a t  var ious  depths wi th in  t h e  wall a t  each measuring stati.on, 

it i s  hoped t o  ga in  b e t t e r  d a t a  on wal l - temperature  f1uctuaf;ions near 

t h e  c r i t i c a l  hea t - f lux  condi.t:ion as w e l l  a s  information on t h e  hea t  f l u x  

artd -tile i n s ide  tube su r face  temperara ture .  Pressure  t a p s  w i l l  be loca t ed  

a t  f ive  -f 'os i t ions along t h e  tube .  Heat w i l l  be suppl ied  r a d i a n t l y  t o  t h e  

boi l -er  from a se t  of sunounding  clamshell. hea'iers. The power input  t o  

t hese  hezt;er.s wj.1.1. provide an a d d i t i o n a l  measure o f  t h e  hea t  f1u.x; I-osses 

from t hese  primary h e a t e r s  wi1.l. be minimized by  a second j acke t ing  s e t  

o f  cl.amsliel1 hea te r s  . 

Themocouples 

In  ad-dition, gurlua,rrel. -type -thermocoupl..es" will be loca ted  

In  a- r e l a t e d  phase of t h e  ORNL propam,  a s tudy  of the rnaenitude of  

t h e  c r i t i c a l  hea t  f l u x  i.n a niiil.tirod georfletry has been star-lied. Although 

considerable  a t t e n t i o n  has been gtven to t h i s  problem i n  r ecen t  years  ( i n  

p a r t i c u l a r ,  r e f e rence  can be made t o  the  work of Levy e t  and of 

Becker"), t h e r e  s t L l l  remain s i .gn i f icant  a r eas  of unce r t a in ty .  

general]-y agreed t h a t  t he  burnout hea t  fliur is lower foi- rod -c lus t e r  

geometri-es (with an unheated channel wall) t han  fo r  s i n g l e  round ducts  

a t  t h e  same conditions of yiialj ty,  mass v e l o c i t y ,  and pressure ;  however, 

ques t ions  sti.11 cxi.st as -to the l o c a t i o n  of the "bixnoiit" reg ion  on the 

rods and t h e  inf luence  of rod spaciiig. it i s  wi th  t h i s  la-t;-t;er qGestiorl 

It i s  



khat t h h  i n v e s t i g a t  ion w i l - l  'ne i f i t t i a l l y  concerned. 1:n acidition to rod 

spacing, t h e  e f f e c t s  of iril~et sub coo^. ing am3 o u t l e t  q u a l i t y  oil t h e  criti.ca1. 

heat  flux w i l l  be conside.red. a t  near-atmospheric p re s su res  us ing  deareateil,  

demineral ized water as the  t c s t  f l u i d .  In a l a t e r  aspec-t of  t h i s  study, 

am appaY'atus will be construe-Led t o  examine boi.1.i.ng with potassium i n  a 

seven-rod geometry. 

A photograph o f  t h e  experimental  systein being assembled i s  shown i n  

F i g .  5 .  The ou te r  she]-1s of 8.1.1 m,joi- loop components have been fa'oricated 

from flangetl s e c t i o n s  of  gl-ass p ip ing  t o  allow b-isual ohserva t ion  of  

phenomena occurr ing  dur ing  boil-ing runs ; aL :;he same time , easy rcmovsl. 

and exchange of i nd iv idua l  u m i t s  wil.1 be possible. The b o i l e r  w i l l  con- 

t a i n  a cliisi;er of seven *-in. -&Lam E'irerods of IO- in .  heated. 1engt;h arranged 

i n  a t r i a n g u l a r  p a t t e r n  wi.th six rods surroundiilg t h e  ccii tral  seventh rod. 

Surface hea t  fl.u.xes t o  160,000 Btu/'nl. e f t 2  will be poss ib l e .  ThermocoupJ.cs 

embed-ded i n  t h e  rods n e w  t,he surface w i l l  provide both  iinformation on the 

su r face  temnperxtures and t h e  5.nput s i g n a l  t o  a device for. p ro t ec t ion  

a g a i n s t  actual. phys ica l  burnout .  Boi le r  c l u s t e r s  wi th  rods a.t spaci-ngs 

of 1/16, 118, ana 3/16 i n .  in channels of 1. 3/4-, 2-, and 2 1 /4- in .  diam.- 

e t e r  , r e s p e c t i v e l y ,  are bei.ng cons t ruc ted  fo r  thz f i r s t  s t u d i e s ;  t h e  cor -  

responding ra-Lios of hea ted - to - to t a l  per imeter  are 0.6~7, 0.6111, and 0.61. 

Dunmy-rod s e c t i o n s  may be 7-nserted i n  the channel t o  s imula te  t h e  hydro- 

dynamic condi t ions  of an inf - in i te  arra,y of  rods .  The e f f e c t s  o f  rougimcsn 

elements attached t o  the  channel w a l l  will a l s o  be consi.d.ered. ilperat 

under both n a t u r a l -  and foi.ced-cit.cul.al;ri.on cond.i.tion.s w i l l  be poss ib l e .  



R program ha.s been i n i t i a t e d  to examir,e me-thods for circumventing 

t h e  problems c rea t ed  by the high  sliperhezt requirement with boi-1-ing 

potassium . Since these  s t u d i e s  have just, b a r e l y  s ta r - ted ,  and ai; t h e  

rncmcnt are still rest r ic-Led t o  t he  d e v e l o p e n t  of techniques of sur face  

preparatlon, fur t ,hcr  d i scuss ion  wi.1.l be postpoiied to a la-Ler meeting. 

When avajlablc, 3. shor'i s ec t ion  of a, t , r ea t ed  tube w i l l  be I-oeatc-d in t h e  

inl-et regioii of t h e  b o i l ~ e r .  

A s  indicaked e a r l i e r  j.n tilj.s paper, it i s  planned t o  extend t h e  

b o i l i n g  potassium s t u d i e s  t o  o t h e r  geo .ies during t h e  corning yea r .  

Two poss ib l e  s i t u a t i o n s ,  both o-f much i n t e r e s t ,  tire be ing  considered:  

(1) boi.ling with t h e  f l u i d  i n  s w i r l .  f l o w  through a c ikcu la r  tube  or 

(2)  boi.1 ing wiih in  s- si-rmlated u n i t  channel. of a mul t< . rod  arrangement e 

BoLh geone'ir ies prescn t  some problems i n  construc-Lion and inst rurneniat ion,  

and i-t has no t  y e t  been decided as t o  which course wil.1 be pwsued .  

F i n a l l y  , manpower permiit ing,  it i s  hoped -to iniJLiaLtc e.xperi.!rient,al 

stiidi-es i n k  r e g h e  t r ans i t , i ons  .for a flow i n  a  rod^ bundle geoaietry. 

Water-8.i.r i n  t r anspa ren t  channels  will be used i.n enr1.y phases o-i" t hese  

experiments; t h e  use of  2 capa,cit,ance-type probe , pJ-C'ViOUS1Ly tested rlrith 

some success ,  wil.1 be essayed. It. i s  hoped t o  mod i fy  t h i s  probe even- 

tua.3.l.y t o  be of use i n  similar expeyimeni-,s i n  a potassium ].<quid-vapor 

sys t ein . 

9 
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Fig. 1.. Cutaway V i e w  of Test Sectiolz for  Boi l ing  Potasstm1 Experiment;. 
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Fig .  3. Critical Heat F l i n  wi th  Boiling Potassium. 
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Fig.  5. View of Apparatus for Study of Crit ical  Heat Flwr with Water Boiling 
i n  a Multirod Channel. 
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DISCUSSION 

MR. ROHSENOW: What is the quality in Fig. 3 that causes burnout 

flux? Is this in the quality region? 

MR. H. W. HOFFMAN: The last burnout point I indicated was 73%. 

MR. ROHSENOW: Fig. 3 shows the critical heat flux increasing with 
mass flow rate. With water there is a reverse effect at high quality. 

What is the explanation of that? 

MR. H. W. HOFFMAN: I have none at the moment. The critical flux 

values given are not at constant quality. The qualities for the data 

shown vary from about 6% to about 92%. 

MR. BERENSON: In regard to your plot of your Martinelli parameter 

(Fig. 4) in which you mentioned that the water data (and by this I assume 
you mean the data that Martinelli and Nelson originally used to plot their 

parameter), we have observed that the predicted pressure drop, using the 

Martinelli water data, was approximately a factor of 2 higher. 

paper we offered an explanation of this. Maybe an explanation isn't re- 

quired, and using the water data was just not sufficient. 

In our 

MR. STEIN: Did you also try using the simple homogeneous model to 

bring together the pressure drop? 

MR. H. W. HOFF'MAN: No. "he pressure-drop data, because of the loca- 

tion of our pressure taps, are somewhat uncertain, It has only been 

recently that we have started analyzing this data. 

MR. STEIN: If I may make a suggestion of two kinds, with the critical 
heat-flux data, I think, if possible, it would be better to take the sim- 

plest approach first. Maybe the critical heat flux is a function only of 

local conditions in terms of G, quality, and pressure. And so it would be 

nice if you could look at the data in this way. 

And then for the pressure drop, again maybe we should look at the 

simplest situation first. Maybe the homogeneous model does predict it 

with sufficient accuracy, and it is certainly much easier to use, and much 

more consistent, from a theoretical point of view, than the Lockhart- 

Martinelli type of correlation. 
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MR. BERENSON: One additional observation: In Fig. 2 where you plot 

heat flux versus temperature, with the exception of the data above a tem- 

perature difference of looo, all the data appear to reduce to a constant 

Nusselt number of plus or minus 2%. 

the slope of one and the diameter variation that is reported. 

I get that impression, looking at 

MR. H. W. HOFFMAN: Yes. 
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BOILING STUDIES WITH I‘CTASSIUM 

bY 

Richard E .  Ralzhiser 
Associate Professor of Chemical Engineering 

The University of Michigan 

LnLroduct i on 

Liquid met;al hoi  I.ing studries were initj.at;eci a t  The University of mehig8.n 

i n  June 1961 wi-th support from Aeronautical Systems Division. 

experimental i nves t i za t ions  were planned t o  y i e l d  a better understanding of 

t he  phenomena whi.ch character ize  bo i l ing  1.i qui& metal heat  - t ransfer  i n  all .  

reSiiries. Po-iassj-urn was chosen aa  Lhe experimental f l u i d  f o r  all i n i t i a l  

phases of  the study except the a s rav ic  proGrar,i. The se l ec t ion  was based on 

i t s  nppropria k n e s s  w i t h  respect  t o  the spacc energy conversion i n t e r e s t s  o?” 

ASD a s  well  as t h e  s i m i l a r i t y  of c e r t a i n  of i t s  physical  p rope r t i e s  with 

respect t o  w a k r  i n  the temperature range o f  i n t e r e s t .  

Analytical  and 

The program i s  composed o f  fou r  experimental phases: two pool bo i l ing  

s tud ie s ,  one i n  the high f l u x  nucleate regime and t h e  second encompassing the 

e n t i r e  bo i l ing  range wit,h spec ia l  emphasis on t r a n s i t i o n a l  and. f i l m  boil.ring; 

2 foyced circulat ior i  study which i s  intended t o  produce l o c a l  heat  t r a n s f e r  

coePri.cients and two-phase pressure drop and void fracti .on data; and a study 

of the effec’is of acce le ra t ion  on the boili i ig process. T’ne l a b t e r  study 

employs mercury as  the t e s t  f l u i d ;  a l l  o ther  phases will. employ potassj.um 

ini7t:i a l l y  with la-! r work Lo incl-ude sodium and rubidium uhere appropriate. 

Subs tan t i a l  progress has been achieved i n  each of t hese  phases during the  

p a s t  year w i t h  t h r e e  of t he  s tud ie s  havins yiel-ded some da ta .  S ign i f i can t  

equi.pmerit modificat,i.ons have been and a r e  sti.1.l being made i.n most oi” the 

phases as  experience i s  accumiil.nted. 
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Analyti c a l  s tud ie s  have been concentrated on the t r a n s i t i o n a l  and Tilm 

boil ing processes and on the e f f e c t  of wetting on the heat t r ans fe r  character is-  

t i c s  of metal l ic  f l u i d s .  Analyses of the behavior i n  other regimes will. be 

accelerated a s  experimental demands a r e  lessened and data becomes avai lable  

t o  suggest rewarding courses of ac t ion .  

High Flux Nucleate Boiling 

This phase of the program cons t i t u t e s  t h e  t'nesis research of Mr. C .  P h i l l i p  

Colver and the s tud ie s  with potassium have been e s s e n t i a l l y  completed. The 

program was designed t o  y i e ld  burnout data f o r  saturated potassium boi l ing 

from the  surface of a 3/8-in bayonet tube a t  pressures i n  excess of one 

atmosphere. 

The r e s u l t s  of Noyes (1) have suggested t h a t  burnout co r re l a t ions  based 

on hydrodynamic theory may not be adequate i n  explaining burnout behavior f o r  

meial l ic  f l u i d s .  H i s  burnout data  f o r  sodium was confined t o  a very small 

pressure range, .> psia  t o  1 .5  psia ,  and hence couldn ' t  be expected t o  provide 

any check on the predict ions of e x i s t i n g  co r re l a t ions  f o r  pressure va r i a t ions  I 

H i s  co r re l a t ion  which e s s e n t i a l l y  added a Pr number correct ion t o  the Zuber- 

Tribus equation succeeded i n  reconciling h i s  data  with the ex i s t ing  data  f o r  

a v a r i e t y  of f l u i d s .  

suggests that proper recognition of control l ing paranieters has not yet  evolved. 

I t s  i n a b i l i t y  t o  p red ic t  the sulfur r e s u l t s  of Sawle ( 2 )  

Inasmuch as the physical p rope r t i e s  of potassium d i f f e r  s i g n i f i c a n t l y  

from water only i n  respect t o  thermal conductivity and we t t ab j l i t y ,  ne i the r  

of which would be s i g n i f i c a n t  according t o  hydrodynamic theories,  it was 

an t i c ipa t ed  t h a t  potassium burnout data might provide considerable in s igh t  i n t o  

the control l ing phenomena. 

The design of the apparatus i s  shown i n  Figure 1. BoiLing occurred from 

the outer surface of a 3/8-in diameter bayonet tube which protruded Lt-inches 
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i n t o  the pool.. 

Haynes-25 tube, &-in long. !me upper portion of the system served as a 

condenser with water a s  the coolant.  Potassi-um was charged t o  a desired 

depth through the charging l i n e  a-t the  bottoiii of the tube.  The boil?-ng tube 

assembly screwed in-to a threaded 3/8-in diameter hole,  centered C$-inches 

above the  bottom of the boi l ing chamber. 

The bo i l ing  vesse l  consisted of a 2.15-in OD by 1.36-in ID 

Guard heaters  surrounded -the l iquid-containi ng portion of the boi l ing 

chamber. They were used t o  bring the system t o  t e s t  temperature and reduce 

heat losses during b o i l i n s  runs .  

The boill .ns tube, shown i n  Figure 2, consis ted of a graphi te  core 

surrounded by a t h i n  insulati-ng sleeve of boron n i t r i d e  Lnside the  Haynes-25 

boi l ing tube. Dimensions a re  shown i n  the f l g u r e .  Thermocouples were 

embedded i n  grooves located 90" apa r t  i n  the tube surface.  Nicrobraze was 

used t o  f i l l  t he  grooves a f t e r  thermocouple i n s t a l l a t i o n .  The thermoeouple 

assembly consisted of a .O2O5-in diameter swaged chrome1 -alumel couple within 

a .O35-in OD by .O22-in I D  s t a i n l e s s  s t e e l  hypodermic tube.  The later under- 

went the brazing operation a f - t e r  which t'ne thermocouple was inse r t ed .  

Direct current  was supplied from a Udylite r e c t i f i e r  raked a t  .lP KW. 

'I'he current w a s  introduced t o  the bayonet tube Lhrouzh a spring-loaded 

molybdenum rod, T'ne current passed from the  inolybiienum t o  the graphitx core 

of Yfle bo i l i ng  tube.  The graphi te  comprised approximately 90 per  cent of the 

t o t a l  boili-ng c i r c u i t  r e s i s t ance .  The ci-rcui t  was completed tliroug'h 'ihe 

Haynes-:!? tube i n  paraJ.l.el with the potassium pool and then through the ves se l  

wal l .  Heat f l u x  was determined by men:;ciring I R dissipat:ion i n  t h e  graphi te  

r e s i s t o r  and. al.l.owing f o r  reasonable end lo s ses .  An analysis  of end e f f e c t s  

at, both end.s indicated t h a t  the heat f l u x  over the c e n t r a l  portion of the tube 

should be g rea t e r  than 95 per  cent of the measured value.  

2 
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Temperatures were measured and recorded a t  12, 3 ,  and 6 o’clock a t  the 

center  of the  bo i l ing  -Lube. A s l i d ing  thermocouple extendling from the top 

of the condenser was used t o  neasure and record pool temperatures at d i f f e r e n t  

depths. A s ing le  tube wit‘n thermocouples located a t  d i f f e r e n t  I.ongi.t;udinal 

posi t ions was used t o  v e r i f y  the a n a l y t i c a l  evaluation of a x i a l  temperature 

gradients i n  the tube. 

Water was boiled i.n preliminary runs t o  check the apparatus and sub- 

s t a n t i a t e  t he  system geometry as  being reasonably representat ive.  Resul-ks 

agreed. wel l  with Lyon’s ( 3 )  data  from a 3/8-in OD tube by >-in 1-ong, con- 

s ider ing tile inherent uncertainty i n  estimating su-rface temperatures under 

these conditions.  Burnout data f o r  water was not obtai.ried i n  the o r i g i n a l  

t e s t s  but, consi.deration i s  being gi.ven t o  obtaining such data before charging 

sodium f o r  f u r t h e r  ctutlie:: . These r e s u l t s  contrasted vi-kh l i q u i d  nietal 

r e s u l t s  should prove extremely reveal.ing. 

Burnout data  for potassi-um were obtained on fou.r d i f f e r e n t  tubes over 

ihe pressure range 0.1.5 psi.a t o  22 psia  and a r e  shown i n  Figure 3. 

tubes experienced des t ruc t ive  biurnout, one melting near the center  while 

the ot‘ner developed a longi iudinal  crack along one thermocouple groove. This 

l a t t e r  tube al.so developed a hole i n  -the IIaynes-23 a t  t he  f r e e  end of the tube. 

Ei ther  of the above rail-ures would have led. t o  the short ing of t he  graphi te  

r e s i s t o r .  

‘ h o  of the 

Burnout was approached i.n most cases by f ix ing  the heat  f l u x  and gradually 

decreasing pressure.  A t  burnout, tempera-tures measured by the th ree  tube 

thermocouples would simul.taneously soar o f f  t he  recorder s ca l e .  1mmedj.ate 

power cutoff t o  the boi l ing tube prevented damage t o  the surface.  Several  

runs were made by increasing f l u x  a t  constant pressure u n t i l  burnout WRS achieved. 

These runs confirmed the  points  obtained ’DY t he  constant fI-ux technique. 
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Figure  l b  c o n t r a s t s  t h e  burnout resu l t s  wi th  th.e p red ic t ions  of Noyes, 

Addoms, Zuber and Tribus,  Rohsenow and G r i f f i t h ,  and Kutateladze.  None of 

t hese  s a t i s f a c t o r i l y  p r e d i c t  t h e  bahavior observed. over the pressure  range 

s tud ied .  The s lope of t h e  da t a  i s  a s  s ig r i i f i can t  as t'ne magnitude i n  t h a t  

it suggests  t h a t  f u n c t i o n a l  rei-ationship between pressure  dependent p r o p e r t i e s  

arid burnout f l u x  may need reeva lua t ion .  

I n t e r e s t i n g l y  enough t h e  theory  of Zuber and Tribus f o r  subcooiing 

co r rec t ions  t o  t h e  s a t u r a t e d  burnoul; f l u x  p r e d i c t s  va lues  s l i g h t l y  i n  ex" L e S S  

of those ohLained i n  t h i s  s tudy f o r  1 0 ° F  subcooling. The s lope  also approxi-  

mates t h a t  ex'nibi'ied by t h e  present  d a t a .  

Pool  temperature measurements were made a t  var ious  depths  f o r  a s e r i e s  

of f l u x e s .  These measurer,ents i nd ica t ed  temperatures  a t  o r  above s a t w a t i o n  

from t h e  l i q u i d  f r e e  su r face  t o  two inches below t h e  tube .  From t h i s  point, 

t h e  tempera-Lure decreased to '-1°F bel-ow sa tu- ra t ion  a t  t h e  base of t h e  pool. f o r  

nea r ly  all f luxes  studi.ed. The subcool.ing a t  t he  bottom of t h e   pool^ 'was 

a t t r i b u t e d  t o  conduction 1 osses  through t h e  charging Line. It seenis doubt fu l  

t h a t  it could. have accounted f o r  t h e  d i f  fei-ences observed. 

The ternperature t r a v e r s e  of t h e  pool  al.so revea led  superheat  a t  consider- 

a b l e  d i s t ances  from the  tube * T h i s  behavior tends t o  support  o1;Iier observat ions 

made during nuc lea te  boi  1.i.ng runs and re -enforces  c e r t a i n  ideas  advanced dur ing  

the  analy' i ical  po r t ion  of our i nves t iga t ions .  

Ext rapola t ion  of tube  thermocouple readings t o  t'ne sur face  produced some 

i n s i g h t  a s  t o  t h e  na tu re  of 'iine nuc lea te  b o i l i n g  process .  Uncertainty i i i  t h e  

exac t  sensing p o s i t i o n  of t h e  therrn0coupl.e juncti.on and the  e f f e c t i ~ v e  con- 

d u c t i v i t y  of t h e  Xaynes all-oy-braze cornbina-tion made pyecise  determinat j  on of 

sur face  tempera-Lures d i f f i c u l t .  'The band of da t a  obtained seemed t o  f a l l  

uniformly around t h e  da t a  of Boni1l.a (IC) and suggFsts Ynat wall. superheats  of 

20°F a t  htgh f h x e s  a r e  experienced a t  atmospheric pressure a 
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Fluc tua t ions  i n  tube temperaiures of up t o  170°F were observed ai, lower 

f luxes .  They were charac te r ized  by a gradual bu i ld  up to  peak va lues  followed 

by a sudden drop t o  near  s a t u r a t i o n  temperaLure. ' ke  tube thermocouples, 

whjch were loca ted  a t  t'nc top,  bottom and s i d e  of t h e  tube,  f l u c t u a t e d  i n  

phase a t  low f luxes  suggest ing t h a t  the  cause of t he  f l u c t u a t i o n s  a f f e c t e d  

a l l  simultaneoiisly. The simultaneous drop i n  tube thermocouple readings was 

accompanied by an  altdi h l e  "bump. " 

occur a t  t h e  same t i m e .  A s  t h e  f l u x  was increased  t h e  Treyuency increased 

s u b s t a n t i a l l y  and t h e  amplitude appeared t o  decrease .  Fur ther  s tudy of t h i s  

i s  underway and a more complete d iscuss ion  will be piibl.ished l a t e r ,  

Pressure f l u c t u a t i o n s  were a l s o  observed t o  

These obsr rva t ions  tend 'LO support t h e  behavior t o  be a n t j c i p a t c d  wi th  

wet t ing ,  me ta l l i c  f l u i d s .  The combination o€ good wet t ing  and low thermal 

conduct iv i ty  makes ii d i f r i c u l  t t o  concent ra te  s u f f i c i e n t  energy a t  t h e  

i n t e r f a c e  t o  nuc lea te  vapor. Unlike water  and organjcs  t h e  superheated region 

may extend well i n t o  t h e  bulk f l u i d .  When nuclea t ion  occurs a t  one po in t  on 

the  sur face  t h e  f lu sh ing  opera t ion  proceeds along the  e n t i r e  sur face  u n t i l  

l i q u i d  superheat i s  consumed a s  la te r i t  h e a t .  Evident ly  seed vapor nuclcrl do 

not  remain behind or1 the  sur face  t o  enhance nuc lea t ion  of subsequent cyc les  

'l'he observat ion t h a t  sys  k r i  superheat  e x i s t e d  w e l l  i n t o  t h e  bulk vas f u r t h e r  

evidence of t h i s  iype of behavior .  The scaLter i n  nucleate  b o i l i n g  da ta  can 

a l s o  bc explained i n  p a r t  by these f luc t i i a t iun  temperatures 

Film Boil ing 

An experimental s tudy w i t h  f i l m  b o i l i n g  potassium was i n i t i a t e d  by Andrew 

P a d i l l a  a s  a secoiid phase of t h i s  p r o j e c t .  The purpose was  t o  determine the 

c h a r a c t e r i s t i c s  of potassium i n  the t r a n s i t i o n a l  and j f i l r n  b o i l i n g  regimes I The 

na tu re  o r  t h e  appara tus  i s  such  iha t  it should a l s o  y i e l d  da t a  a t  low fl-uxes 

i n the nuc lea te  bo i l ing  re& me I 
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Potassium w i l l  be bo i l ed  i n  the  upper compirtmcnt of a "double bo i l e r "  by 

conilcirrsing sodium on Lhe bottom s i d e  of The p l a t e  ( see  Figure 3) .  

w i i l  be  bo i led  by r a d i a n t l y  hea t ing  Lhe Cb-1Zr tuber; which rzakcs u p  t h e  vessel .  

Potassium will be condensed by r a d i a t i n g  'neat from t he  top of C b - I Z r  Lube t o  

The sodium 

i t s  envi ronmental chamber ua 11s a 

The b o i l i n g  p l a t e  w a s  nachinrd from C b - l Z r  ( s e e  Figure 6) and h e l i a r c  

welded t o  t h e  uppc'r and Lower p ieces  of Cb-iZr tube .  'i'he b o i l i n g  sutface i s  

0.98-inches i n  diarncter by ,1065-inches t'nick. It conta ins  e i g h t  .O2l-in 

diatneter ho les  d r i l l e d  t o  var ious  clepths a i  t h r w  long i tud ina l  pos i t i ons  Tne 

hea t  f l u x  and sur face  temperatures  w i l l  be determined by e s t a b l i s h i n g  i,he 

temperatiire p r o f j  l e  Ltirough t h e  plat,rl and ex t r apo la t ing  t o  the  sur faces ,  The 

p r o f i l e  w i l l  be determined at two r a d i i  t o  check for r a d i a l  v a r i a t i o n s  i n  f l u x ,  

Heat i s  suppl ied  t o  t h e  potassium by passing DC currelit t'nroLgh a g raph i t c  

c l o t h  which e n c i r c l e s  Llie sodium pool P r e L i m j n n r y  t r i a l s  h a w  proven the 

f e a s i b i l i t y  of such an approach. Cua1.d hea te r s  and r a d i a t i o n  ?Melds  aT? 

used t o  rninimizc h e a t  l o s s e s  from t h e  sodium b o i l e r  and t o  reduce heat  f l u x  

d i s t o r t i o n s  i n  the  reg ion  of t h e  b o i l i n g  su r face .  

T'rie e n t i r e  boiling tube assembly i s  contained wi th in  an environrnenta 1 

charher jn  which a vacuum i s  maintairied to minimize oxida t ion  o r  t h e  tub? and 

r ad ian t  h e a t e r .  The f l u i d s  are charged through t h e  l i n e s  shovn schemat ica l ly  

i n  Fjgure 5 .  A water cooled t r a p  R L  ihc t o p  of t h e  vessel  servcs  t o  condense 

t r a c e s  o f  potassium frorrr i n e r t  gas  being pumped Crom tile sysiern. 

Prel iminary opcrnt ior l  t o  da t ?  has  y ie lded  nuc lea te  b o i l t n g  da ta  w i t h  

temperature f l u c t u a i i o n s  similar i o  those obtaiiied i n  Lhe h igh  ?lux pool 

b o i l e r  Bumping aga in  cha rac t e r i zes  the b o i l i n g  proeesr; but  t he  presence of 

two bo i l ing  pools c r e a t e s  some uncer ta in ty  a s  t o  t h e  source of t h e  noise .  

S t ab le  opera t ion  has  not  ye t  been obtained i n  t he  f i lm b o i l i i i g  regime. 



' l 'wo nethods seem i e a s i b l e  foy  achicv inz  f i l i i 1  b o i l i n g .  The Pirst involves  a 

reduction of systei i  pressure such t h a t  t h e  c1 , i t i ca l  hea t  f l u x  n l iLht  be 

exceeded. T r a n s i t j o n a l  bo i l i ng  is expected t o  r e s u l t  i n  a system of t f i ic  

type where sur facc  tempcraturc i s  an indpendent v a r i a b l e .  A t  h igher  energy 

inputs  t o  t h e  sodium the wal l  superheat  a t  the upper d i s c  sur face  should 

increase  and s t a b l e  f i lm bo i l ing  should even tua l ly  r e s u l t .  This method 

depeiids or, t he  c a p a b i l i t y  of t he  system Lo produce fluxes i n  excess of the 

"burnolit flidx," which according t o  Colver 's  r e s u l t s  discussed e a r l i e r ,  i s  

1100,000 Btu / (n r ) ( sq  f t)  a t  1 p s i a .  This  value i s  g r e a t e r  than a n t i c i p a t e d  

and. i f  t h ?  change h i t h  pressure  i s  as  s l i g h t  a s  our e a r l i e r  data  sugges ts2  

some d i f f i c u l t y  might be encountered wi th  t h i s  approach. 

The second approach involves charKing t he  potassium slowly t o  a systcm 

whi ch has been preheated s o  t h a t  tile sur face  i s  above the minimum temperature 

requi red  t o  s u s t a i n  fl' Lm b o i l i n g .  Westvater and Hosler empl.oycd t h i s  technique 

i n  i h e i r  s ~ u d i e s  The equipment j s opr ra t ing  a t  t'ne present  Ljme a i d  additional 

da ta  should be forthcornin2 i n  t h e  near  f u t u r e .  

Inasmuch as  t h a  diameter of t he  sur face  i s  t h e  same order of niagnitudc a s  

t h e  wavelenLth o f  the su r face  WBVFS p red ic t ed  f o r  potassium, i t  i s  planned t o  

dup l i ca t e  the  geometry vi th a water b o i l e r  a i d  determine the s ign i f i cance  of 

edge e f f e c t b .  

Considw-ablc, o i f o r t  has  been devotcd to an  a i ia ly t j  c a l  examination of t h e  

film bo i l iog  regimeo 

o the r s  have been examined An explanat ion f o r  phenomena observed i n  ihe  

t r a n s i t i o n a l  and s t a b l e  f i l m  regimes has  bcen advanced and e f f o r t s  t o  complete 

the a n a l y s i s  art= cdrrently i n  p r o y r e s s .  

The s t u d i e s  of Zuber ( 5 ) ,  Berensen (6), Rankin (7) and 

Forced CirculaLion Studies ~- 
A l i q u i d  n e t a l  c l r c u l a t i n g  f a c i l i t y  was i l l s t a l l e d  e a r l i e r  t h i s  year  which 
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i s  designed I o ob ta in  h i<h  tenpera ture ,  h igh  f l u x  two-phase hea t  t r a n s f e r  3rd 

f l u i d  flow da ta  f o r  rne ta l l ic  f l u i d s ,  The e f f e c t s  of mass v e l o c i t y ,  q u a l i t y ,  

subcooling and pressure  on bo i l ing  w i l l  bc examined. F'ressure drop and void 

f r a c t i o n  df tc rmina t ions  vi11 also be obta j  ried for var ious  combinations of  the 

above parameters. P red ic t ion  of the  condi t ions  which l ead  t o  sudden deprcsnions 

i n  the hea t  t r a n s f e r  c o e f f i c i y n t  v i t h i n  the  q u a l i t y  region r ep resen t s  d 

primary goal of the s tudy.  

Figure i s  a schenintic diagram of the  f a c i l i t y .  initially it is plsnned 

t o  c i r c u l a t p  potassium i n  the  p r jmary  Loop. Hcilting of' potassium I n  the  +,est 

s e c t i o n  w i l l  be  accomplished by condensing sodium c i r c u l a t c d  i n  a na tura l  

convection loop. The t e s t  s e c t i o n  consists of a 2- in  Leng:th of 10 m i l l  W R L ~  

,335-jn ID Hayncs tub ing ,  Potassium circiJlai,ed jn s idc  the  tubc wL'.h sodirrrn 

condensing of1 t he  outer sul"fi3w. Il'he system i s  designed t o  achicve f i u x e s  of 

up to 10 FLod rates 

of 0 - 4 * 5  GPM arid q u a l i t i e s  up t o  100 pel cent  can bc obtained a t  t h e  test 

s e c t i o n  inlet. 

6 Btu/(hp)(sq f t , )  with the  potassium opera t ing  a t  1800°F. 

Heat t ran ; f2r  measurements will be iiiade by f i r s t  dpternlining sodium eon- 

dnasing c o e f f i c i e n t s  wi th  t h e  potassium i n  s i n g l e  phase f l o w .  Temperature 

measurements i n  and out  of' t h e  test s e c t i o n  w i l l  y i e l d  t h e  ELux and a s u i t a u l e  

bulk potassium tcmperai,ur-c Measuremeni of ihc condensing temperaturr  of 

sodium permits  evaliiation of an ove ra l l  c o e f f i c i e n t  from which the cindensing 

c o e f f i c i e n t  can be estimal,ed f o r  known va lues  of tine tube w a l l  and pciLissiurn 

Yj l m  r e s i s t a n c e s  

When boil i r ig  c o e f f i c i e n t s  a re  to  be measurXl, a s i m i l a r  p roceduw i s  

rollowed and t h e  b o i l i n g  coef ' f ic ien t  i s  exLractPd from n measured o v e r a l I  

c o e f f i c i e n t .  No su r f ace  tcmpcratures  a r e  involved i n  ihese  deterrninat,ions 

for two reasons.  'The a t t a i n m e n t  of high  f l u x e s  necess i t a t ed  us ing  a t h i n  

walled tubc i n  which i t  was v i r t u a l l y  impossible t o  ob ta i r i  teiriperaturc 



messurements, and secondly, tile accuracy a s soe ia t cd  wi th  making and extrapolstiy 

thermocouple readings a t  high fluxes t o  obtYi[i  sur face  temperaturc; i s  quest1 on- 

ab le  Thin f i l m  techniques may even tua l ly  provide an answer t o  th i s  probli-it1 L j ~  

t h e  technology was riot considercd vel1 enough advancrd t o  use i n  t n i s  study 

YVo-phase flod s t u d i e s  w i l l  inc lude  pressure drop reaa ings  across  a 

ho r i zon ta l  j-ft iensvn of 5/8- in  OD by .OG?-in w a l l  tube 

be obtained from a Taylor d i f f e r e n t i a l  p ressure  gaze Void f ract ior ,  mezsurenicnis 

w i l l  be nade by  gamma r a y  a t t e n u a i i o n  technique-, using a thulium-170 sourre 

The r e s u l t s  w i l l  be used t o  test t h e  a p p l i c a b i l i t y  of e x i s t i n g  pressure  drop 

c o r r e l a t i o n s  t o  m e t a l l i c  systems 

Thcsct readings W ~ J L  

Operatioil t o  d a t e  has been concerned wi th  c a l i b r h t i  oil of i n s t1  umerltaLion 

and e l l  mination of p l i i ~ g i n g  d i f f i c u l t i e s  i n  t h e  potassium loop .  I n i i i a l  

a t te r rp ts  t o  c i r c u l a t e  potassium resu l t ed  i n  oxide plugging i n  t h e  pumping 

sec t ion  which necess i t a t ed  removal and c leaning ,  Sodium cot-tarnination o f  t h c  

potassium l j k e l y  aceeatdated t h e  d i f f i c u l t i e s  and a n igher  Grad: potassium 

was t h e r e f o r e  used i n  subsequent charges .  A s t a i n l p s s  fr i t  i ' i l t e r  bypass vas  

in se r t ed  i l l  t h e  coo le r  por t ion  of' the  loop t o  remove gross  oxide contamine%ion 

C i rcu la t ion  through these  filters followed by zirconium hot  t rapping  eliminaLrd 

t h e  plugging d i f f i c u l t i e s  

More r e c e n t l y  a t t e r i i i on  has been focused on the  sodium loop.  Nucleating 

d i r f i c u l t i e s ,  not  uncomnon i n  l i q u i d  metal systems, were i n i t i a l l y  experienced 

Then a Leakage oE potassium i n t o  thc sodjum system prevented proper. operat ion 

of t h e  sodium loop.  

Two-phase f low da ta  vill be obtained while d i f f i c u l t i e s  with t he  sodiuol 

loop are being resolved.  The inst rumentat ion bas undergone prc l iminary  checkout 

and da ta  should be forthcoming soon. 
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Future E f f o r t s  

Each of these phases w i l l  be continued dur ing  the coming year. Pool 

boiling stiidies will be extended t o  sodium and rubidium upon completion or" the 

potassium pr*ograms. Lt, is a l s o  in1,ended t o  study socliurn i n  forced  convection 

a i  a later s t age  i n  t h e  program The e f f e c t  of swirl f low on hea t  t r a n s f e r  

behaviol. i n  the t e s t  s ec t ion  will be explored during the f i n a l  s t ages  o f  the 

p r o j e c t .  
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THERMOCOUPLE GLAND HELIUM LINE k, [ELECTRODE GLAND 

Figure 1 Sectiorisl Drawing of Experimental Apparatus 
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0 Tube 1 by decreasing pressure 
@ Tube 1 by increasing flux 
0 Tube 2 by decreasing pressure 
A Tube 3 by decreasing pressure 
A Tube 3 by increasing flux 
V Tutle 4 by increasing Illux 
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Figure 3 Burnout Heat Flux Versus Saturation Pressure f o r  Saturated 
Pool B o i l i n g  Potassiiim. 
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Figure  11 Comparison of Saturated Pool Boil . ing Potassium Burnout 
Data with Burnout Correlations. 
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C B  -lZR BOILING PLATE 

Fig. 6 
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DISCUSSION 

M E .  BONILLA: I w a s  wondering how c e r t a i n  you a r e  of t he  s tabe of 

10" super-heat that you reported f o r  t he  pool? 

measuring t h a t ,  o r  estimating i t ?  

What w a s  t'ne technique of 

MR. BAIZHISER: Tbe 10" super-heat? D i d  1 report  it here now? 

MK. BONILLA: Yes. 

MH. BAUH1SE:K: We did have a thermocouple which extended down i n t o  

the pool. We started a t  t h e  surface and measured t h e  pool temperature 

rel.at;i.ve t o  t he  surface temperature a t  a l l  depths. 

Tne pool  temperature increased as much as 20°F (a t  a f lux of 228,000 

Btu/hr.f.t*) as the  tube w a s  approached. 

below . h e  surface a n d  increased about; 1 6 0 ~  i n  the 2 i n .  j u s t  above the 

tube.  I-t then proceeded t o  decrease a t  depths below t'k tube. Near the  

base of the pool the  temperature a t  the  above f l u  w a s  approximately 4°F 

below t,he potassium surface temperature. A t  lower fluxes the pool super- 

heat  observed within an inch of Yne bo i l ing  tube w a s  less than 20°F and 

more subcooling w a s  observed a t  t h e  base of t he  pool. B y  t he  way, t he re  

were s ign i f i can t  f l uc tua t ions  i n  these temperatures, as you would expect. 

We experienced siuper-heating well  out i n t o  tlie l i q u i d  region; a simul- 

taneous f l a sh ing  seemed t o  occur pe r iod ica l ly  which caused a l l  tu'oe 

thermocoupies t o  drop simultaneously. 

This increase began t o  occur j u s t  

There were a couple of e r r o r s  I had wanted t o  correct  i n  the  paper. 

1 ha.d. "f.lushingf7 f o r  'Iflashing", although it seems t o  me it m i & t  be j u s t  

as descrip-tive. More h p o y t a n t ,  on page 6, second paragraph, "The combi- 

nation of good w e t t i q  and low thermal conductivity,--" be sure t o  change 

that word lllow" t o  "high". It should be "--high l;hemal conductivity". 

MX. BONILLA: 

l i t t l e  o,ppai.atus. 

You probably had a very uncertain flow regime i n  t h a t  

MR. BALZHISER: I wouldn't want t o  describe it. 

FIR. BROOKS: Dick, d id  you col?rect f o r  t he  heat  that comes out the 

end of t he  tubz? D i d  you have a way t o  measure t h a t ?  
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IW,. BROOKS: Yes. 

MH. BAIXHISEH: No. I believe the val1ie.s cha.rted. here a r e  essen- 

tia1l.y the v a l u e s  we comput,ed by assuming unifom d i s s ipa t ion  and. t ransfer  

ra.dlally. A s  I mentioned, our analysis  indicated the I.oss t o  be almost 

neg1igibl.e a t  Yhe center  of ti?c3 tube so t h a t  the actual value should be 

95% o r  more of the t h e o r e t i c a l  f lux over the cent ra l .  portion. 

w e  were. within IC$ of t'ne correct value. 

f erence between our resl*l.ts and. hyd.rodyimic equation. 

We f e e l  t h a t  

It i s  s1ml.l. r e l a t i v e  t o  t h e  dif- 
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