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INTRODUCTION 

Extensive u s e  of liquid me ta l s  as working fluids in var ious  

r eac to r  p rograms ,  i .  e . ,  SNAP 10A/2/8,  necess i t a t e s  a handbook 

to c o r r e l a t e  and p resen t  the c u r r e n t  information which i s  available 

to the engineer .  

s ive but contains important  excerp ts  f r o m  commonly used  r e f e r -  

ences  along with recent  developments,  a r r a n g e d  for the convenience 

of the design engineer .  Data se lec ted  for  presentat ion h a s  pas sed  

the t e s t  of being in reasonable  ag reemen t  with the ma jo r i ty  of pub- 

l i shed  work;  some  older  data not wel l  substantiated by recent  exper i -  

m e n t s  has  not been included. The liquid me ta l s  cons idered  to be 

the m o s t  useful for p re sen t  and future  applications a r e  m e r c u r y ,  
sodium, sodium-potas s ium, potassium, rubidium, and l i thium. 

A s  additional information becomes available,  periodic rev is ions  

will  be incorporated in this SNAP TECHNOLOGY HANDBOOK. 

The p resen t  work  i s  not intended to be all inclu- 

ACKNOWLEDGMENT 

The author  e x p r e s s e s  h i s  appreciat ion to P. D. Colin, 

C .  J .  Baroczy,  and L .  Bernath for  the i r  valuable c r i t i c i s m s  and 

suggest ions.  

NAA- S R-  8 6 17 
xi 



1.0 PROPERTIES 

1.1 GENERAL PROPERTIES 

1.1.1 M e r c u r y  (Hg; at. no. 80; at. wt 200.61) 1,2,3,4, 5 

M e r c u r y  is  a mobile,  s i lvery-white  liquid sl ightly heavier  than  lead. 

It d i sso lves  in  n i t r ic  o r  concentrated sulfur ic  ac ids  but is  not soluble in non- 

oxidizing s t rong  ac ids  o r  in s t rong  b a s e s ,  M e r c u r y  i s  the m o s t  dense  liquid 

m e t a l  and exhibits the highest  gaseous  ionization potential  of all e lements ,  ex-  

cluding the ine r t  gases .  
does  not r eac t  with oxygen at room t empera tu re ,  and is ine r t  toward water .  

Upon prolonged exposure to  moi s t  air, a n  oxide film (usual ly  represent ing  oxi- 

dized t r a c e  impur i t i e s )  m a y  f o r m  on m e r c u r y  sur faces .  

It is a l s o  the m o s t  fusible and volati le liquid meta l ,  

M e r c u r y  readi ly  f o r m s  al loys with the alkal i  m e t a l s ,  aluminum, 

bismuth,  cadmium, gold, l ead ,  magnesium, s i l ve r ,  tin, and zinc; when mer-  

cu ry  c o m e s  into contact with sodium, NaK, o r  po tass ium,  hea t  is given off. 

Some of the  p rope r t i e s  of t hese  sodium and potass ium amalgams  a r e  given 

below. 5 

TABLE 1.1 

HEAT O F  FORMATION O F  SODIUM AND POTASSIUM AMALGAMS 

Me It ing 
Amalgam Point 

2 NaHg 

Nal ZHgl 3 

NaHg 

NaHg4 

KHg2 

KHg3 

mg9 

K2Hg9 

668 

44 1 

426 

320 

51 8 

392 

343 

158 

W t  % o f  
Na  o r  K 

Heat of Fo rma t ion  
( f r o m  liquid 
m e r c u r y )  

(Btu/lb-mol) 

5.4 

9.6 

10.3 

2.8 

8.9 

6.1 

4.1 

2.1 
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Not a l l  of the hea t s  of formation a r e  given due to lack  of information 

and experiments .  P r o p e r t i e s  on the t e r n a r y  compounds w e r e  unavailable. It 

is important  to note that the amount of l ibera ted  heat  i n c r e a s e s  with increas ing  

mercury- to-NaK weight ratio.  

M e r c u r y  is p resen t ly  avai lable  commerc ia l ly  in 76-lb f l a sks  @$208 to 

$210 p e r  f lask with a pur i ty  of 99.7%. 
Bonanza Mines,  Inc. , Carde r0  Mining Company, and Sonoma Quicksi lver  Mines,  

Inc . 
1.1.2 

The pr incipal  p roduce r s  (1949) a r e  

Sodium (Na; at. no. 11; at. wt 22.991;) 2,376 

Solid sodium i s  a relat ively soft, s i lvery-white  metal .  Molten sodium 

is a l so  a s i lvery-white  me ta l  which has  a high react ivi ty  with mos t  g a s e s  o r  

liquids o ther  than the noble g a s e s  and nitrogen. Solid sodium does not burn- in  

d r y  air a t  o rd ina ry  t empera tu res ,  but owing to  the formation of an  oxide film, 

it t a rn i shes  rapidly in  moi s t  air. Molten sodium burns  under  a tmospher ic  
conditions to fo rm a dense sodium monoxide fume, but under an oxygen atmos-  

phere  a yellow f lame of burning sodium resu l t s  giving off sodium monoxide and 

sodium peroxide.  When sodium comes  in contact with wa te r ,  it r e a c t s  violently 

and igni tes  the l ibera ted  hydrogen. 

when a lka l i  m e t a l s  a r e  brought into contact with carbon te t rachlor ide  which 

r e su l t s  in e r r a t i c  detonation. 

me ta l  is brought into contact with o ther  polyhalogenated hydrocarbons.  

reac t ions  between sodium and halogens,  acidic  oxides,  m e r c u r y ,  o r  a l loys with 

lead, tin, zinc, o r  bismuth a l so  occur .  Reference 3 gives ce r t a in  conditions 

under  which the combination of the above m e t a l s  with sodium resu l t s  in no 

reaction. 

'' 

One of the m o s t  violent reac t ions  o c c u r s  

This  react ion will a l s o  occur  when an  alkal i  

Vigorous 

Alloy compounds of sodium with m e r c u r y ,  potassium, bismuth, cad-  

mium, antimony, a r sen ic ,  gold, lead,  tin, and some o ther  m e t a l s  a r e  possible.  

Commerc ia l  sodium (-99.8% pure )  - with common impur i t ies  such a s  

calcium, potassium, hydrogen, ch lor ides ,  and oxygen p resen t  in amounts ex- 

ceeding 10 ppm - i s  produced by E. I. DuPont de  Nemours  and Company, Ethyl 

Corporat ion,  MSA Resea rch  Corporat ion (Commerc ia l  Division),  and National 

D i s t i l l e r s  Chemical  Company. P r i c e  ranges  f r o m  -16kllb in tank c a r  lo t s  to  

50d/lb fo r  1 o r  2 l b  br icks .  

NAA- SR-86 17 
1.2 



1.1.3 Sodium-Potassium (NaK) 1,3,7,8 

Above i t s  mel t ing point, NaK a p p e a r s  a s  a mobile,  s i l ve ry  liquid. 

Although NaK r e a c t s  s imi l a r ly  to  sodium and potassium, it is considered m o r e  

act ive than e i the r  of the two m e t a l s  alone; because NaK is in the liquid s ta te  at 

room t e m p e r a t u r e  (composition of NaK ranges  f r o m  50 t o  90 wt % potassium).  
Because potass ium is the m o s t  reac t ive  of the two e lements ,  it de t e rmines  the 

chemical  p rope r t i e s  of NaK to a gr-eat extent ( s e e  Section 1.1.4 fo r  d i scuss ion  

of po tass ium) .  Exothermic reac t ions  occur  when NaK comes  into contact with 

wa te r  forming oxides and hydroxides  of sodium and potass ium and a l so  hydro- 

gen gas .  

face  scum of sodium oxide and potass ium superoxide.  

f r o m  the NaK a t  392°F  is en t i re ly  sodium monoxide. 

At room t empera tu re  NaK r e a c t s  with the oxygen in air to  f o r m  a s u r -  
The oxide precipi ta t ing 

Commerc ia l  NaK is manufactured by the same  p roduce r s  a s  those 

l i s ted  fo r  sodium, in addition to the Mine Safety Appliance Co. 

60Cllb f o r  NaK-56; 80Cllb f o r  NaK-78 (The  K wt 70 is given when r e fe r r ing  to  

NaK. ). Common impur i t ies  in ppm in the dis t i l led NaK a r e  20 i ron,  20 copper ,  

20 si l icon, 40 aluminum, 10 magnesium, and 20 ppm of calcium. NaK used for  
r eac to r  appticLtio:?s i s  usu2-lj.y fur ther  pu r i f i edpr io r  to introduction into a system. 

The above p r i c e  va r i e s  greatiy according to the puri ty  d e s i r e d .  

1.1.4 

The cos t  was  
7 

Potas s ium (K; at. no. 19; at. wt 39.100) 2,397 

Po tas s ium is a soft, s i lver -whi te  a lka l i  me ta l  which d i f fe rs  f r o m  

sodium in many ways. 

room t e m p e r a t u r e  to f o r m  a superoxide which m a y  cause  explosions.  The 

cause  of t hese  explosions is not fully understood. 
explosive carbonyl when brought into contact with carbon monoxide. F u r t h e r -  

more ,  po tass ium detonates with liquid bromine  while sodium and l i thium only 

r eac t  superficially.  But similar to  sodium, potass ium r e a c t s  violently with 

water  and igni tes  the l ibera ted  hydrogen. 
and inorganic reac t ions  occurr ing  with potassium. 

Unlike sodium, potass ium combines with oxygen a t  

Also, potass ium f o r m s  an  

Reference  7 l i s t s  the  many organic  

Po ta s s ium is able to  f o r m  alloy compounds with sodium, ces ium,  

l i thium, rubidium, magnesium, aluminum, gold, antimony, zinc, and cadmium. 

Commerc ia l  po tass ium is avai lable  f r o m  p roduce r s  of NaK and Na 

@---$l.OO/lb in  150 ton quantit ies and @-$4.75/1b in 1 to 5 lb  quant i t ies  (1961). 
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Rubidium (Rb; a t .  no. 37; a t .  wt 85.48) 2,3,9 1.1.5 

Rubidium is a soft, ducti le,  si lvery-white metal .  Neglecting ces ium 

and francium, which i s  a n  unstable isotope, Rb i s  the mos t  react ive a lka l ime ta l  

and r e a c t s  violently with wa te r ,  igniting the l ibera ted  hydrogen. 

ni tes  spontaneously in  d r y  air  charac te r ized  by a blue flame. 

chemical  proper t ies  c losely r e semble  the o ther  a lkal i  meta ls .  

Rubidium ig- 

The r e s t  of the 

Charac t e r i s t i c  of the alkal i  me ta l s ,  with Rb being no exception, is 

Rubidium can be alloyed with gold, that  the compounds formed a r e  univalent. 

cesium, potassium, and sodium and readi ly  amalgamates  with m e r c u r y .  

The pr incipal  p roduce r s  of commerc ia l  Rb (-99+% puri ty)  a r e  

Amer ican  Potash  and Chemical Corporation, De Rerva l  Int. R a r e  Metals  

Corporation, and Fa i rmont  Chemical Company, Inc. ,  @-$440/lb in  1 lb  quanti- 

t i e s  o r  $350/lb in  6 t o  25 lb quantit ies.  

1.1.6 Lithium (Li; at. no. 3; at. wt 6.940; Valence '1) 293 

Lithium is a silvery-white me ta l  and is the l ea s t  dense and l e a s t  
volati le of the alkal i  me ta l s ;  however,  Li  is the ha rdes t  a lkal i  metal .  

2 1 2 ° F  Li does not r eac t  with d r y  oxygen, but a f r e sh ly  cut su r f ace  of Li tu rns  

yellow in mois t  air. 

without igniting the l ibera ted  hydrogen. 

nitrogen, Li in the p re sence  of moi s tu re  r eac t s  exothermical ly  with nitrogen a t  

o rd inary  t empera tu res ,  and a t  t e m p e r a t u r e s  above i t s  melting t empera tu re ,  Li 

r eac t s  rapidly with nitrogen to f o r m  Li N, a black hygroscopic ni t r ide.  3 

Below 

When Li is exposed to cold wa te r ,  a slow react ion r e su l t s  

While o ther  a lkal i  me ta l s  a r e  ine r t  to 

Li thium alloy compounds may  be formed with magnesium, zinc, cad-  

mium, bismuth,  si l icon, aluminum, tin, lead, m e r c u r y ,  s i l ve r ,  thall ium, 

sodium, beryl l ium, bar ium,  and calcium. 

The pr incipal  p roduce r s  of commerc ia l  Li (99.5% puri ty)  a r e  Foote 

Minera l  Co.,  Lithium Corporat ion of Amer ica ,  Maywood Chemical  Works,  and 

Metalloy Corporat ion @-$9.00 to $1 l.OO/lb. 

par t ic les ,  wi re ,  o r  8 by 1-1/2-in.  d i ame te r  cast ings.  

Lithium is available as g ranu la r  
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. 

Melting Tempera tu re  
( O F )  

1.2 ENGINEERING PROPERTIES 

Boiling Tempera tu re  
( O F )  

The following sect ions contain engineering p rope r t i e s  most ly  f r o m  Ref-  

e r ence  2 fo r  Hg, Na ,  NaK, K, Rb, and Li and r ep resen t  the mos t  recent  re l iable  data 

available.  The r eade r  i s  r e f e r r e d  to  the above re ference  for  o ther  p rope r t i e s  

and liquid m e t a l s  not included in  th i s  repor t .  

TABLE 1.2 

ATMOSPHERIC BOILING AND MELTING 5OfS;JTS 
O F  Hg, Na,  NaK, K, Rb, and Li 9 

I 
Metal  

Hg 
Na 

NaK 

K 

Rb 

Li 

2 1.2.1 Density 

-37.97 

208 
See F igu res  
1.1 and 1.2 

145.8 

102 

3 57 

674 

1630 

1395 

1295 

2430 

F i g u r e s  1.3 to 1.11 give the graphical  representat ion of density v s  

t empera tu re  for  Hg, N a ,  NaK, K, Rb, and Li in  the liquid and sa tura ted  

vapor  s ta tes .  
unavailability of data.  

1.2.2 T h e r m a l  Conductivity 

The density of saturated NaK vapor was  omitted because of the 

2,11,12 

F i g u r e s  1.12 to 1.21 graphical ly  r ep resen t  the the rma l  conductivity 

Again data  w e r e  not available fo r  sa tura ted  of Hg, N a ,  NaK, K, Rb, and Li. 

NaK vapor.  

data  were  obtained f r o m  Reference 10. 

For liquid Rb between 102 and 300°F,  the t h e r m a l  conductivity 

1.2.3 2, 10, 13, 14  E lec t r i ca l  Resis t ivi ty  

All available data a r e  shown in F i g u r e s  1.22 to  1.25 for  the liquid 

m e t a l s  in the  liquid s ta te ,  E lec t r ica l  res i s t iv i ty  p rope r t i e s  for  liquid metals 

in the sa tura ted  vapor  s ta te  were  omit ted due to lack of experimental  resu l t s .  
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1.2.4 2, 15, 16,17 Specific Heat 

All of the available data  on the specific heat of liquid me ta l s  a r e  

shown graphical ly  in  F igu res  1.26 to  1.34. 

vapor  was  omit ted due to  the lack  of data  on th i s  alloy. 

1.2.5 Surface Tension 

The specif ic  heat of sa tura ted  NaK 

2, 18, 19 

F i g u r e s  1.35 to  1.40 graphical ly  r e p r e s e n t  the sur face  tension prop-  

e r t i e s  of the se lec ted  liquid meta ls .  

1.2.6 Vapor P r e s s u r e  2 

F igu re  1.41 compares  the vapor  p r e s s u r e  p rope r t i e s  of the se lec ted  

liquid meta ls .  

1.2.7 Absolute Viscosi ty  2, 10 ,12  

Viscosi ty  p rope r t i e s  of the selected liquid m e t a l s  a r e  shown in F ig-  

u r e s  1.42 to  1.50 with the exception of NaK in its sa tura ted  vapor  s ta te .  Li t t le  

i n t e re s t  h a s  been shown by r e s e a r c h e r s  in the sa tura ted  NaK vapor  proper t ies .  

NAA- SR- 8 6 1 7 
1.31 
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1,10,20 1.3 HAZARDOUS PROPERTIES 

This discussion is presented to  briefly descr ibe the hazards  involved 

with liquid meta ls  and should be used only as  a guide. 

The possibilityof a leak in anuclear-powered system presents  manyprob-  

lems .  
is the toxicity of mercu ry  vapor. 
vapor in air i s  low, over long periods of t ime chronic mercu ry  poisoning will 
result .  
l iver ,  kidneys, and spleen. 
and upon the mouth and gums, similar to the effect caused by tetraethyl lead. 
The re  a r e  severa l  symptoms indicating the possibility of mercu ry  poisoning; 
stomatit is ,  t r e m o r s ,  psychic disturbances,  excessive salivation, and pain on 
chewing a r e  among the common ones while gingivitis, loosening of the teeth, 
and a dark line on the gum margins  ( resembling the "lead line") a r e  among the 
ones in severe  cases .  

Fo r  a mercury-coolant system the major  hazard created due to  leakage 
Even when the concentration of mercu ry  

After absorption it c i rculates  in the blood and is s tored in the bone, 
The chief effect i s  upon the central  nervous system 

Another important fact should be noted at this t ime. L e s s  thanone ounce 
of mercu ry  compounds when swallowed can cause death; this indicates that 
mercu ry  compounds formed with eating mater ia l  and mercu ry  can be m o r e  
dangerous than metall ic mercu ry  if  one i s  ca re l e s s .  

An even g rea t e r  hazard is created when hot alkali meta l  leaks out of a sys-  
tem,  because the alkali metals  will ignite in a i r  o r  water resulting in severe  
alkali  burns to  personnel i f  contacted with the liquid metal .  
produced by combustion is very  i r r i ta t ing to  the throat and lungs but is  not 
poisonous. 
the hydroxide mist produced by the alkali  metal-water  reaction. 
Research  Institute has  indicated that NaK will react  explosively at room tem-  
pera ture  with cer ta in  fluorinated and chlorinated hydrocarbon compounds (such 
as  stopcock g rease  and Teflon). 

,k 
The oxide smoke 

Injury to the throat and lungs will be largely due to the inhaling of 

Armour 

20 

It-should a l so  be noted that under some circumstances i t h a s  been r e -  

ported that the products of the apparently innocuous reaction between the clean- 
ing fluid trichloroethylene and alkali  metals  can explode violently without warn-  
ing. 

n icAtomics International presently employs a company developed NaK loading 
c a r t  which combines a purification, loading, and closure sys tem for  loading 
NaK into a system. 
loops a r e  operated in an open laboratory utilizing only the usual chemical f i r e  
precautions.  

NaK technology has  progressed  to the point where NaK 

NAA-SR-8617 
1.57 
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2.0 HEAT TRANSFER 

2.1 NATURAL CONVECTION 

The  p rob lem m a y  ar ise  where  a component in a r e a c t o r  s y s t e m  needs  t o  be 

cooled by na tu ra l  convection, such as  during shutdown. The c a s e s  cons idered  

in th i s  sect ion,  un less  o therwise  specified,  will  be where  the liquid m e t a l  flow 

in the  a s s e m b l y  is not dependent on the hydraul ic  and t h e r m a l  c h a r a c t e r i s t i c s  of 

the ex te rna l  c i rcu i t .  

e ra t ion  of hea t  in the element ,  o r  on the  geomet ry  of the cooling sys t em,  the 

p r o p e r t i e s  of the cooling medium, and its constant t empera tu re .  
t e m s  and boiling na tura l  convection will  not be considered h e r e ;  however,  t r a n -  

sient calculat ions m a y  be made  with the data  presented .  The following subsec-  

t ion contains the bes t  c o r r e l a t e d  heat t r a n s f e r  equations that a r e  present ly  

avai l  able. 

The cooling c h a r a c t e r i s t i c s  will be dependent on the gen- 

Trans i en t  s y s -  

21 Os t r ach  presented  an  ana lys i s  which t akes  into considerat ion f r ic t ion  

heating. 
of any significance when analyzing convection heat t r a n s f e r  is 

His  p a r a m e t e r  which de te rmines  whether  o r  not f r ic t iona l  heating is 

Pf.L 
1 - 

K = G r L c  
P 

. . . (2.1) 

If the quantity [(pfiL) / c  1 > 1.0, the Nussel t  number  should be de te rmined  a s  a 

function of R in addition to  Pr and Gr.  
P 

In o r d e r  to  de t e rmine  whether  na tu ra l  of forced  convection is the dominat-  
2 ing heat  t r a n s f e r  p r o c e s s ,  the r a t io  G r / R e  should be examined. If G r / R e 2  << 1 .O, 

na tura l  convection can  be neglected; i f  G r / R e 2  >> 1.0, na tu ra l  convection will  be 

the dominating heat  t r a n s f e r  p r o c e s s ;  and i f  G r / R e  = 1.0, na tura l  convection 
should not be neglected.21 The equations in the following sect ions a r e  r ecom-  

mended fo r  u se  in  calculating Nusse l t  numbers  f o r  var ious  geometr ies .  

o therwise  s ta ted,  the fluid p rope r t i e s  should be  evaluated a t  the f i lm t e m p e r a t u r e  

kf = (Tw t Tb) /2] .  

2 ,  

Unless 

Also the en t r ance  region is usually neglected,  because it i s  

quite small (L  << 100D); it is a function of the Reynolds number ,  which i s  smal l  
3 7  e 

n C d L .  in na tura l  convection. 

NAA- SR- 86 17 
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2. Ver t ica l  P l a t e s  and Cylinders  

Eckert" der ived the ave rage  Nussel t  number  equation fo r  a ve r t i ca l  
8 plate a t  constant  t e m p e r a t u r e s  in l amina r  na tura l  convection flow, RaL<5 x 10 , 

which is 

0.667Pr'  I 2 G r  114 
L - - 

NuL - 
(0.952 t P r ) l I 4  

. . . (2.2) 

using the cha rac t e r i s t i c  dimension (L)  a s  the height of the plate. 

a g r e e s  sa t i s fac tor i ly  with O s t r a c h ' ~ ~ ~  exact solution. 

Equation 2.2 

Siege124 obtained Equation 2.3 f o r  a constant su r f ace  heat f l u x  and l amina r  

flow occurr ing  - 

114 0.7 27Pr1  I 2 G r T  
L - - 
114 ' 

- (0.800 t P r )  
. . . (2.3) 

Ecke r t  and Jackson25 developed a n  equation f o r  turbulent  flow (RaL>5 x 10 8 ) 

with the ve r t i ca l  plate  held a t  constant t empera tu re  which is, 

7 / 1 5  215 
GrL 0.0246Pr 

- - 
- (1  t 0.494Pr 2 / 3 ) 2 / 5  ' 

. . . (2.4) 

Equation 2.4 inherent ly  is in e r r o r  due to  the assumpt ion  that  the  su r face  heat 

f l u x  v a r i e s  a s  P r  

cause  of the lack of exper imenta l  resu l t s ,  i t s  usage  is s t i l l  recommended (Equa-  

tion 2. 4 was  developed only f o r  l iquids having a P rand t l  number  c lose  to  one; 

therefore  its usage m a y  not be valid f o r  liquid me ta l s ,  however no data  a r e  avai l -  

able  to prove  th i s  hypothesis so that  it is  still useful as  a l a s t  a l ternat ive for  

predicting the heat  t r a n s f e r  coefficient). 

-213 which is not always t r u e  a t  low Prand t l  numbers ,  but be-  

F o r  constant heat r a t e  instead of constant wall  t empera tu re ,  Equa- 
24 tion 2.4 becomes  

0. 0246GrL 21 5pr7/ 15  

( 1  t 0.444Pr 2 / 3 ) 2 / 5  
- 
NuL = 

NAA- SR- 86 17 
2.2 
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P 
8 

T h e r e  seems to be a genera l  consensus  among va r ious  au thors  that  the equations 

fo r  ve r t i ca l  p la tes  a l s o  hold t r u e  fo r  ve r t i ca l  cyl inders .  This  approximation is  

conservat ive because as  the rad ius  of a n  e lement  becomes  s m a l l e r ,  its Nussel t  

number  i n c r e a s e s 2 6  (the cha rac t e r i s t i c  length i s  the height of the cyl inder) .  

2.1.2 Horizontal  Cyl inders  and Flat P l a t e s  

Hyman, Bonilla, and Ehr l ichZ7 did exper imenta l  work on the heat  

t r a n s f e r  about a horizontal  c i r c u l a r  cyl inder  - cha rac t e r i s t i c  length (D)  being 

the d i a m e t e r  of the cylinder - at constant wall  t e m p e r a t u r e  fo r  l amina r  na tu ra l  

convection flow (Ra<5 x 10 ) and they recommendedthe  following ave rage  Nussel t  

equation fo r  cy l inders  l a r g e r  than  1 / 8  inch in d i ame te r ;  

8 

1 / 2  114 0.53Pr Gr,, 

(0.952 t Pr)  
- - 

114 NuD - . . . (2.6) 

28  
Levy, 
pe ra tu re  horizontal  plate facing upwards with l amina r  na tura l  convection flow 

occurr ing ,  

rec tangular  plate. The equation is  

using a n  in tegra l  method, obtained a n  equation f o r  a constant wall  t e m -  

The cha rac t e r i s t i c  dimension (L)  r e f e r s  t o  the small side of the 

- 215 115 1 
NuL = 0.371Pr GrL  1 / 5  ' ( 0 . 7 6 2  t Pr )  

10 F o r  turbulent  flow in the above case ,  the Nussel t  equation becomes  

0.0727Pr 9 /33Gr4/11  
NuL - 2 /3 )4 /11  (1 t 0.441Pr 

- - 

. . . ( 2 . 7 )  

. . . (2.8) 

Equations 2.7 and 2.8 should be used  with caution, because ver i f icat ion of t hese  

equations h a s  not thus far been accomplished.  

cubes,  sphe res ,  e t c . ,  have not been obtained. Reference  28 gives  the differ-  

ential  equations f o r  such configurations,  but Levy ' s  equations need t o  be v e r i -  

fied exper imenta l ly  before  they m a y  be used with confidence. 

Also, exper imenta l  data  fo r  

NAA- SR- 86 17 
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2.1.3 Ver t ica l  P ipe  o r  P a r a l l e l  P l a t e s  

Shown below in  F igu re  2.1 a r e  schemes”  which w e r e  cons idered  by  

var ious  invest igators .  

HEATED OR 
COOLED 

- 

mmnr IYSULATEO 

Figure  2.1. Schemes Considered in Natural  Convection Flow 

Ost rachZ9 der ived  exact solutions f o r  c a s e  ( a )  f o r  fully developed l amina r  

na tura l  convection flow of fluids with and without heat  s o u r c e s  and constant 

wall t empera tu res .  
t u r e s  a s  a function of a heat  sou rce  p a r a m e t e r ,  

F igu re  2.2 shows h is  r e su l t s  fo r  wal l s  at equal t e m p e r a -  

Qd2 
G = k ( T  - Tb) 

W 
. . . (2 .9 

where  Q, d, and k a r e ;  respect ively,  the hea t  added by the heat sou rces ,  spacing 
31 between p la tes ,  and t h e r m a l  conductivity of the fluid. 

whose r e s u l t s  a r e  shown in F igu re  2.3, der ived s i m i l a r  solutions when one wall 

was heated and the o ther  cooled uniformly. 

Os t rach”  and Lietzke,  

Solutions fo r  c a s e  ( b )  w e r e  proposed by Lighthil132 and Levy28 for  

flow in a pipe o r  between p a r a l l e l  p la tes  with e i the r  end a s sumed  closed and with 

constant wall t e m p e r a t u r e s ,  but the r e s u l t s  a r e  not ent i re ly  valid for  low Prand t l  

numbers .  

liquid meta ls .  

F o r  es t imat ion  purposes  t h e i r  r e s u l t s  m a y  be extrapolated to  include 

Only spec ia l  c a s e s  of c a s e  ( c )  can  be analyzed. Ostrach3’ obtained 

r e su l t s  shown in  F i g u r e  2.4 fo r  heat sou rces  in a completely enclosed region 

NAA- SR- 86 1 7 
2.4 



n 

P 

E 

d 
m 
5 
w 

3 
z 

Ln 
3 
z 

12 

10 

8 

6 

4 

2 

0 
0 2 4 6 8 10 

0 f . d  
DIMENSIONLESS PARAMETER, PGr 

4-  1-64 C P  7569-01397 
F igure  2.2. Ful ly  Developed Lamina r  Natural  Convection Flow 

Between Two P a r a l l e l  P l a t e s  Maintained a t  the Same  T e m p e r a t u r e  

NAA -SR- 8 6 1 7 

2.5 



1 

z 

I- 
o 
3 

0 

n 

3 : :  
L L W  
i n "  
i n =  
o n  

a k  
a n  

n n  
P a  
5 2  
w w  
l - l -  

E c Y  
0 0  

0 0  
" ( L  

. .  

E- 

d 
l- 

GrdPr x 
4-  1-64 7569-0 1399 

F igu re  2 . 3 .  St reaml ine  Flow Between Surfaces  a t  Different 
T e m p e r a t u r e s  and with Uniform Heat Rate 

1 

NAA-SR-86 1 7  
2 .6  



n 

P 

1.c 

0.9 

0.8 

0.7 

0.6 

0 .5  

0.4 

0.3 

0.2 

0.1 

0 
0 1 2 3 4 5 6 

7569-01398 
F igu re  2.4. Lamina r  Natural  Convection Flow in a Region Enclosed 

Between Two Pa ra l l e l  P l a t e s  with Equal and L inea r ly  
Varying W a l l  Tempera tu re  

NAA-SR -8 6 17 
2 . 7  



with equal and constant wall t empera tu res .  

p roximate  r e su l t s  by Hamilton, Poppendiek, and Fa l ine r  i i - 1 ~ 0  rporating a 

simplified velocity distribution. 

Also shown in F i g u r e  2.4 are ap- 
33 . 

C a s e s  ( d )  and ( e }  do not lend themselves  readi ly  to  theore t ica l  solu- 

If the sidewall  spacing i s  very  small ,  solution f o r  a thin ve r t i ca l  annuli 
10 

tions. 

by  Timo,  d iscussed  in  Section 2.1.5, may be used. 

Horizontal  P ipe  o r  Para-llel  P l a t e s  

C a s e s  ( c )  and ( e )  in th i s  section a r e  identical  to  c a s e s  ( e )  and ( c ) ,  
-_ ___I-- 

2.1.4 

respect ively,  of the previous sect ion and need not be mentioned again. 

of the c a s e s  have been considered only on the bas i s  of mel-ting o r  f reezing a 

liquid metal .  Steiner  and Tidball and Ciarlar ie l lo3 '  have considered these  

problems.  

The r e s t  

34 
1 2  

2.1.5 Thin Ver t ica l  and Horizontal  Annuli 

37 Experimentdl inves t iga t ions  hy T i r n ~ , ~ '  M a u s t e l l e r  and McGoff,  
38  and Po\xTledge 

on the conditions of convection and conduction heat  t r ans fe r  up the annulus,  

solid sodium at the top, and a n  open chamber  of molten s o d i u m  a t  the bottom. 

The empir ica l ly  co r re l a t ed  equation is 

o n  srertical annlili w e r e  co r re l a t ed  by Maus te l le r  and McGoff 

0 .73  - = 6.5 x 10-6(GrDmPr) 7 

m N'D 

where  D is the log  m e a n  dj.ameter of the annulus ( f t ) .  m 

NAA- SR- 86 17 
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n 
NOMENCLATURE 

n 

c = Specific heat at  constant p r e s s u r e ,  B t u / l b - " F  
P 
d = Spacing between pa ra l l e l  p la tes  o r  annulus width 

D = Diameter ,  f t  

f .  = Accelerat ion component in the i direct ion (pa ra l l e l  to ve r t i ca l  
2 plate o r  perpendicular  t o  horizontal  p la te ) .  f t / h r  . 

1 

G r  = Grashof number! (GrL = [pf i (T\ f :  - Tb)L3]  / V  '}? nondiinensional. Sub- 
s c r i p t s  D, L, e t c . ,  means  that the Grashof number  is based on?l i ls  dimension.  

G = Heat source p a r a m e t e r  defined by Equatioii 2 .9 ,  iiondirneiisionai 

h = Local  heat  t r ans fe r  coefficient, Btu /hr - f t2-  F 

h = Averaged heat t r a n s f e r  coefficient ove r  a length, B tu /h r - . f t 2 - "F  

k = T h e r m a l  conductivity, B t u / h r - f t - " F  

K = Fr ic t iona l  heating p a r a m e t e r  defined by Equation 2 .1 ,  nondimensional 

- 

- 

L = Length of plate,  pipe, o r  annulus,  ft 
- 
Nu = Average Nussel t  number  ove r  a sur face  [mu, = (KL/k ) ] ,  nondimen- 

sional. 

upon th is  length. 

Subscript  D o r  L m e a n s  that the Nusselt  number  is  based  

Pr = Prand t l  number  [Pr = (c  p / k )  = ( p c  v/k)l, nondimensional 
P P 

q = Heat t r a n s f e r  ra te ,  B tu /h r  

Ra = Rayleigh number  (Ra  = G r P r ) ,  nondimensional 

Re = Reynolds number  [ReD = ( p v D / ~ ) ] ,  nondimensional. Subscr ipt  L 

or  D rep resen t s  length used  in  definition of Reynolds number.  

T = Tempera tu re ,  O F .  Subscr ip ts  w, b, o r  f r ep resen t  wall, bulk fluid, 

o r  film t empera tu re  

v = Average velocity of fluid bulk, f t / h r  

f i  = Coefficient of vo lumetr ic  expansion, O F -  
1 

p = Absolute viscosi ty ,  lbm/f t -hr  

v = Kinematic viscosity,  ft / h r  

p = Density, l b  / f t  

2 

3 
m 
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2.2 FORCED CONVECTION 

Externa l ly  caused fluid mot ionhas  t h r e e  zones assoc ia ted  with i t -  l a m i n a r  

( R e D <  2100), t rans i t iona l  ( 2 1 0 0 5 R e D 5  10,000), and turbulent  ( R e D >  10, 000).  

Most  of the  exper imenta l  r e su l t s  on liquid m e t a l s  have been obtained within the 

turbulent reg ime.  

Nussel t  number  as  a function of the Pec le t  number  which has  proven  to  be v e r y  

sat isfactory.  In the  following subsect ions the recommended and b e s t  p resent ly  

available equations f o r  finding the ave rage  Nussel t  number  and resul t ing hea t  

. t r ans fe r  coefficients will  be given f o r  va r ious  geomet r i ca l  environments  with 

the fluid p rope r t i e s  evaluated a t  the film tempera tu re .  

(amounting to  20 to  40 d i a m e t e r s  i n  length) h a s  been neglected in  mos t  cases, 

because i t  affects  the average  Nussel t  number  by only 0 t o  5%. 

These  r e su l t s  have been co r re l a t ed  by finding the ave rage  

The en t rance  region 

39  

2.2.1 C i r c u l a r  P i p e s  

One of the mos t  widely used of the semi -empi r i ca l  equations f o r  uni- 
f o r m  wall  heat  flux and turbulent  flow is L y ~ n ' s ~ ~  equation (neglecting entrance 

effects) :  

.* : , . a- 

- 0.8 NuD = 7.0 t 0.025 PeD . . . (2.11) 

Dwyer41 proposed to  modify Lyon ' s  equation in o r d e r  t o  br ing i t  into be t te r  

ag reemen t  with exper imenta l  r e s u l t s  by obtaining an  equation f o r  the ave rage  

effective value of the ra t io  of the  eddy diffusivity of hea t  t r a n s f e r  to  that  f o r  

momentum t r a n s f e r  which was  cons idered  equal to  one in Lyon ' s  equation. 

Dwyer ' s  re la t ionships ,  which apply only f o r  P e  

a -  

>400, a r e  as  follows: D 

. . . (2 .12)  - 0.8 N'D = 7.0 t 0.025($PeD) 7 

- 1.82 
1.4 ' 

max 

$ =  1 - 
P r ( c M / v  1 

. . . (2.13) 

- 
Values of ( c M / v )  
spectively.  

rod bundles. 

, I), a n d R u D  a r e  given in  F i g u r e s  2.5, 2.6, and 2.7 r e -  
m ax 

Note that  in F igu re  2.5 ( EM/v) is given fo r  pipes ,  annuli ,  and 
max 

The l a t t e r  two geomet r i e s  will  be d i scussed  in  l a t e r  sect ions.  

NAA- SR-86 1 7 
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Dwyer compared  h is  equation with the  exper imenta l  r e su l t s  by Brown e t  a142 and 

Kiril lov e t  a143 fo r  m e r c u r y  under  "wetting" conditions i n  the high Pec le t  number  

range ( P e  

Pec le t  number  range Equation 2.12 was  compared  to  the d iscrepant  exper imenta l  

r e su l t s  of Kirillov4' and K h a b a k h p a ~ h e v a ~ ~  with NaK, and Novikov e t  a145 with 
Na  and w a s  found to  be a compromise  between t h e i r  r e su l t s .  The au thor  com-  

pa red  Equation 2.12 with the r e su l t s  of Baker  and S e ~ o n s k e ~ ~  f o r  forced  convec- 

tion in a horizontal  concentr ic  tube in the Pec le t  number  range,  300 < P e  < 2500, 

with NaK-56 as the fluid and found that  Equation 2.12 ag reed  quite well  with the i r  

resu l t s .  In the low Pec le t  number  range,  10 < P e  < 600, Dwyer compared  a fam- 

ily (Pr as the var iab le)  of extrapolated cu rves  between Equation 2.12 and the  

known limiting l amina r  Nussel t  number ,  NuD = 48/  11, with the d isagree ing  ex-  

per imenta l  r e su l t s  of P i r ~ g o v ~ ~  with Na and Petukhov and Y ~ s h i n ~ ~  with Hg 

( lower r e su l t s  o c c u r r e d  with Hg than with Na) and found tha t  h i s  equation w a s  

again a compromise  between the two different resu l t s .  
r e s u l t s  a r e  needed to p rope r ly  evaluate the accu racy  of the extrapolated Equation 2.12 

in the low ( l a m i n a r )  Pec le t  number  range,  but i t s  u se  in  all r anges  is  recommended 

until such data  a r e  avai lable  to  w a r r a n t  the u s e  of a n  improved equation. 

> 10') and found that  good ag reemen t  was  evident. In the in te rmedia te  D 

- 

Additional exper imenta l  

4 

F o r  the uniform wall  t e m p e r a t u r e  c a s e  with turbulent pipe flow, Segan 

and S h i m a ~ a k i ~ ~  obtained the equation, 

, . . .  - 0.8 NuD = 5.0 t 0.025 P e D  (2.14) 

which gives r e su l t s  about 5 to  10% lower  than  Equation 2.12, but Baker39 found 

experimental ly  that  t h e r e  exis ted no difference between a Nusselt  number  for  

uniform wall  t e m p e r a t u r e  o r  f o r  uniform wall  hea t  flux. 

m a y  be  used  f o r  both cases .  

2.2.2 P a r a l l e l  P l a t e s  

Therefore ,  Equation 2.12 

Seban49 approximated a solution f o r  turbulent  flow between two wide 

para l le l  p la tes  with hea t  t r a n s f e r  through one s ide only and obtained the equation, 

. . . (2.15) 

+See B .  Lubarsky  and S. J. Kraufman ' s  r e p o r t  (NACA-TN-3336) f o r  o lder  liquid 
me ta l  work and R. H e r r i c k ' s  r epor t  (TRG Report  546R) f o r  a recent  hea t  
t r a n s f e r  survey.  

NAA-SK-86 17 
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F o r  the c a s e  of pa ra l l e l  p la tes  with heat through both s ides ,  Seban49 obtains an  approx-  

imat ion by the  pr inciple  of superposi t ion which i s  bes t  understood by reviewing h is  

paper .  

2.2.3 Concentr ic  Annuli 

Dwyer and Tu5' obtained a semiempi r i ca l  equation fo r  constant wall 

heat flux through the inner  wall only and fully es tabl ished turbulent flow which is: 

- Nu ann, D = A t B(.PeDe)" 
e 

where ,  

A = 4.63 t 0.686($) , 

B = 0.02154 - 0.000043 - , and 6:) 
C = 0.752 t 0.01657 ('r) r - 0.000883($1 . 

. . . (2.16) 

. . . (2.16a) 

. . . (2.16b) 

. . . ( 2 . 1 6 ~ )  

Values of < 
51 Dwyer compared  Equation 2.16 with the exper imenta l  r e su l t s  of Subbotin e t  a1 

for  m e r c u r y  flowing through a n  annulus of r / r  = 1.09 and of PetrovichevS2 f o r  

m e r c u r y  flowing through annuli of r / r  
Equation 2.16 a g r e e d  quite well with the data.  

/ u  and Q a r e  obtained f r o m  F i g u r e s  2.5 and 2.6, respect ively.  M 

o i  

o i  0 1  
= 1.55 and r / r .  = 1.67 and found that 

F i g u r e  2.8 contains a plot of 

Equation 2.16 f o r  var ious  r / r .  values.  

2.2.4 Noncircular  Ducts 

0 1  

Hartnet t  and proposed an  equation f o r  finding the Nussel t  

number  in  turbulent  flow fo r  var ious  geomet r i e s  and boundary conditions by  

using a slug Nusse l t  number  given b y  va r ious  expe r imen te r s ,  which is ;  

- 0.8 NuD =(2/3)mu t 0.015 P e D  
e e S 9 . . . (2.17 

where  the var ious  boundary conditions a r e  given in F igu re  2.9 and the slug Nusse l t  

n u m b e r s  for  s imple  geomet r i e s  a r e  givenin Table 2.1 ( s e e  or iginal  pape r  fo r  m o r e  

complex geomet r i e s ) .  

NAA-SR-86 1 7  
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F igure  2.8 Nussel t  Number vs  Pec le t  Number for M e r c u r y  Flowing in 
Concentric Annuli Under Conditions of Constant Heat F lux  

and Heat T r a n s f e r  Through Inner W a l l  Only 
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TABLE 2.1 

SLUG NUSSELT NUMBERS F O R  SIMPLE GEOMETRIES 

.II 

Boundary"' 
Conditions Geometry  

Slug 
Nussel t  
Number 

Ci rc le  

Square 

Equi la teral  
t r iangle  

Infinite slot 

Infinite slot  with 
one wall insulated 

90 O i sosce l e s  
t r iangle  

A 
B 
A 
B 

A 
B 
A 
B 
A 
B 
A 
B 

5.80 
8.0 

(n )2 /2  = 4.93 
7.03 

? 
6.67 

( v ) ~  = 9.87 
1 2  

6 

? 
6.55 

(?7)2/2 = 4.93 

':'See F i g u r e  2.8 

2 .2 .5  Shell Side Heat T r a n s f e r  

Very  few exper iments  have been conducted with liquid me ta l s  flowing 

pa ra l l e l  through equi la te ra l  t r iangular  tube bundles. 

and Dwyer and Tus5 s e e m  to  be the orJy expe r imen te r s  that  have published r e -  

producible r e su l t s  for  the above case.  

equation ( 1.37 5 5  P / D I  2.20), 

54 In fact  Fr ied land  e t  a1 

Dwyer4I modified Dwyer and T u ' s  

2 0.273 - 
NuD = 0.93 t 10.81(;) - 2.01(;) t 0.0252(:) ($PeD)0'8 . . . (2.18) 

2 4 which was  f o r  full-established turbulent flow (10  I P e I 1 0  ) and constant heat  

flux, by using F i g u r e s  2.5 and 2.6 to  obtain a value fo r  $ other  than 1.0. Com- 

par i son  of Equation 2.18 by Dwyer with the r e su l t s  of Fr ied land  e t  a1 for  m e r -  

cu ry  not wetting the tubes (no difference was  found between wetted and unwetted 

wal ls  i f  no entrained gas  is  p re sen t )  showed excellent ag reemen t  between the 

two. 
olated into the s t reaml ine  zone by Dwyer. 

f o r  m e r c u r y ,  i t  m a y  a l so  be used f o r  the alkali  m e t a l s  ( in  o ther  geomet r i e s  the 
cor re la t ions  hold for  alkali  me ta l s  a s  wel l  a s  f o r  m e r c u r y )  until such data  a r e  

available to  war ran t  the use  of a different equation. 

F igure  2.10 gives a plot of Equation 2.18, fo r  var ious  P / D  values,  ex t rap-  

Since Equation 2.18 was  found only 

NAA-SR-86 17 
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Some work h a s  a l so  been done on cross-f lowing l iquid m e t a l s  in equi- 

Rickard,  Dwyer, and D r ~ p k i n ~ ~  obtained r e su l t s  l a t e r a l  t r iangular  tube banks. 

with nonwetting and wetting m e r c u r y  (no g a s  en t ra inment )  under  conditions of 

constant axial ,  not angular ,  heat  f l u x  ( e l ec t r i ca l ly  heated tubes) ,  and P / D  equal 

to 1.37 and published the following equation: 

- 
= 4.03 t 0.228 PeD 0.67 N‘D . . . (2 .19)  

McGoff and Mausteller5’ obtained r e su l t s  fo r  NaK-56 heating the  tubes on the 

inside and cooling by cross f low on the outside fo r  a P / D  ra t io  of 1.25. 

author co r re l a t ed  the i r  r e su l t s  into the following equation: 
The 

- 0.8 NuD = 0.068 t 0.25 P e D  . . . (2.20) 

Equations 2.19 and 2.20 a r e  plotted in F igu re  2.11. Since Rickard,  Dwyer, and 

Dropkin could not explain why the m e r c u r y  r e su l t s  va r i ed  according to the 0.67 

power of the Reynolds number a s  compared to  McGoff and M a u s t e l l e r ’ s  r e su l t s ,  

which var ied  according to the 0.8 power and because the m e r c u r y  r e s u l t s  differ  

to  such  a g r e a t  extent f r o m  the NaK resu l t s ,  Equation 2.19 is recommended for  

m e r c u r y  s y s t e m s  and Equation 2.20 fo r  a lkal i  me ta l  s y s t e m s  until fu r the r  ex-  

per imenta l  r e su l t s  a r e  available to  prove otherwise.  

NAA- SR- 86 17 
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NOMENCLATURE 

c = Specific heat a t  constant p r e s s u r e ,  B t u / l b - " F  
P 
D = Diameter  of tube, f t  

D = Equivalent d i ame te r  of a conduit o ther  than  a tube e 
[De = 4 ( c r o s s  sect ional  a r ea /we t t ed  pe r ime te r ) ] ,  ft.  
wide para l le l  p la tes  c lose  to  each  o ther ,  D 

width of one plate.  

F o r  two 

equals  two t i m e s  the e 

L h = Local  heat t r a n s f e r  coefficient, Btu /hr - f t  - " F 

h = Averaged heat t r a n s f e r  coefficient ove r  a length, B t u / h r - i t 2 - " F  
- 

k = T h e r m a l  conductivity of fluid, B t u / h r - f t - " F  
- 
Nu = Average Nussel t  number  ove r  a sur face  [Tu = (gD/k)I, dimension-  

Subscr ipt  s will indicate the Nussel t  number  i s  fo r  slug flow. 
D 

l e s s .  

P = Tube pitch, i. e . ,  d is tance between tube c e n t e r s  in a bundle, ft 

P e  = Pec le t  number  ( P e  = R e P r ) ,  d imens ionless  

Pr = Prand t l  number  [Pr  = ( c  p/k)], dimens ionless  
P 

r = Radius,  f t  

r .  = Inner  rad ius  of annulus, ft 

r = Outer  rad ius  of annulus,  f t  

Re = Reynolds number  [Re = ( p v D / p ) I ,  dimensionless .  Subscr ipt  D 

1 

0 

D 
r e p r e s e n t s  the geometr ica l  dimension used in  the definition of the 

Reynolds number.  

v = Average velocity of fluid bulk, f t / h r  

= Eddy diffusivity fo r  heat  t r a n s f e r ,  ft / h r  2 
€H 

= Eddy diffusivity fo r  mass t r a n s f e r ,  ft ' lhr €M 

p = Absolute viscosi ty ,  lbm/hr - f t  

v = Kinematic  viscosi ty ,  ft'/hr 

p = Density,  lbm/f t  3 

- # = Average value of / C  ra t io ,  d imens ionless  H M  

NAA- SR- 86 1 7 
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2.3 BOILING 

Considerable  attention h a s  been  given to  boiling liquid m e t a l  hea t  t r a n s f e r  

T h e r e  ex is t  only l imi ted  amounts  of data  on th i s  mode within the last  few yea r s .  

of hea t  t r a n s f e r .  

surveys ,  while o t h e r s  61, 6 2 ,  63F 64, 65, 6 6  have p resen ted  r e su l t s  on boiling l iq- 

uid m e t a l  heat  t r ans fe r .  However,  no adequate cor re la t ion  h a s  been developed 

to  p red ic t  the loca l  boiling hea t  t r a n s f e r  coefficient, main ly  because  p r o g r a m s  

w e r e  conducted to  produce da ta  fo r  specific p ro jec t s  and conditions. 

needed to  b reak  through the b a r r i e r  produced by the many  va r i ab le s  - i nc reased  

su r face  roughness ,  boi ler  p r e s s u r e ,  o r  exit  quality ( for  x < 5070) i n c r e a s e s  

the hea t  flux at a fixed t empera tu re  difference - in boiling hea t  t r a n s f e r  is a n  

extensive exper imenta l  p r o g r a m  conducted with the sole  purpose of developing 

co r re l a t ions  that  will adequately pred ic t  local  heat  t r a n s f e r  coefficients in two- 

phase  flow. 

fo rmed  by the  au thor  f r o m  the known avai lable  data  on boiling heat  t r a n s f e r .  

Recently s e v e r a l  au thors  58, 59, 6o have published l i t e r a t u r e  

What is  

e 

The following subsect ions contain information and conclusions 

2.3.1 Pool and Forced  Convection Boiling 

F i g u r e  2.12 contains all the known pool, nucleate boiling, hea t  flux 

pe r fo rmed  a pool boiling ex- 67 data  on  liquid m e t a l s  that  a r e  available.  

per iment  with pu re  m e r c u r y  and m e r c u r y  containing additives to  promote  wetting 

in o r d e r  to  obtain pool boiling heat  flux data ,  which a r e  shown in F igu re  2.12 as  

a l ine to within *lo%. Lyon used a 3/4- in .  d i ame te r ,  horizontal ,  s ta in less  s t ee l  

cyl inder  to boil m e r c u r y  ove r  the outside sur face  at a sa tura t ion  p r e s s u r e  ofone  

a tmosphere .  
where  sodium.was pool boiled ove r  a 1/4- in .  d i ame te r  horizontal  cyl inder  at 

va r ious  sa tura t ion  p r e s s u r e s .  Shulman used s t a in l e s s  steel  h e a t e r s ,  while 

Noyes used  both s ta in less  s tee l  and molybdenum h e a t e r s ,  and found a difference 

in hea t  f luxes exis t ing at a given t e m p e r a t u r e  difference which could not be ex-  
plained. 

was  pool boiled ove r  a lapped and polished nickel plate  a t  var ious  sa tura t ion  

p r e s s u r e s .  

used, resul t ing in the data  being r ep resen ted  in F igu re  2.12 as one l ine to within 

*1570. No boiling da ta  w e r e  avai lable  fo r  rubidium o r  l i thium; however,  a 

company- sponsored p r o g r a m  on boiling rubidium i s  being conducted at Atomics 

Internat ional  with the sole purpose of obtaining local  heat  t r a n s f e r  coefficients 

Lyon 

68 The sodium data  w e r e  obtained f r o m  Shulmanb3 and Noyes 

The potass ium data  w e r e  obtained f r o m  Reference  60 where  po ta s s ium 

No significant sp read  in da ta  exis ted ove r  the range of p r e s s u r e s  

NAA- SR- 86 1 7 
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a s  a function of p r e s s u r e  and quality in single and mult i rod flow channels.  

range of va r i ab le s  a r e  a s  follows: 

1800°F;  hea t  f luxes up to  500,000 Btu/hr-ft ' ;  and quality ranging f r o m  0 to 50%. 

The 

boiling t empera tu re  ranging f r o m  1200 to  
69 

F i g u r e s  2.13 to 2.15 r ep resen t  a proposed method ( f o r m e r l y  presented  

by F o r s t e r  and Gr iefb5)  of determining sa tura ted ,  forced  convection, nucleate 
boiling heat f luxes in liquid m e t a l s  f o r  which sa tura ted ,  pool boiling data  a r e  

avai lable  (only m e r c u r y  with additives,  sodium, and potass ium data  w e r e  c u r -  

rent ly  available).  

ex i s t s  a point along the pool boiling curve  beyond which fo rce  convection h a s  no 

effect  on the existing heat flux; t he re fo re ,  beyond th i s  point the forced  convection 

boiling heat  flux is exactly equal to  the pool boiling heat  flux. 

de te rmined  by extending a constant Reynolds number forced  convection curve  

( F i g u r e  2.15) until it i n t e r sec t s  the pool boiling curve.  

sect ion point (q  
heat  flux of q 

de t e rmines  the forced  convection boiling heat flux.65 At some finite amount be-  

low th i s  point the forced convection boiling heat  flux i s  exactly equal t o  the heat  

flux produced by forced  convection only. A t rans i t ion  ex i s t s  between these  two 

hea t  flux producing mechanisms where  both p r o c e s s e s ,  forced  convection and 

pool boiling, produce the forced  convection boiling heat flux ( F i g u r e s  2.14 and 

2.15). 

tha t  i t  neve r  i n t e r sec t s  the pool boiling curve,  a s  shown in F igu re  2.13, the 

forced  convection boiling heat flux will be controlled en t i re ly  by the pool boiling 

mechanism. 

The m a j o r  assumption involved in this  method i s  that  t h e r e  

This  point can be 

The heat  flux a t  the in t e r -  

in  F igu re  2.1 5) is multiplied by the fac tor ,  1.3, resul t ing in a 
0 

which is the minimum heat  flux f o r  which pool boiling controls  and 1 

Of course ,  if the forced  convection Reynolds number is low enough so 

Essent ia l ly ,  the above method inpl ies  that  a t  s m a l l  t empera tu re  dif- 

f e r ences  the bubble activity i s  so low that  negligible heat  is t r a n s f e r r e d  by th i s  

mechanism a s  compared to the forced  convection mechanism.  

t u r e  difference inc reases ,  a t rans i t ion  is reached where  the pool boiling mecha-  

n i sm begins to  overcome the forced  convection mechanism.  At s t i l l  l a r g e r  t e m -  

pe ra tu re  differences,  the bubble activity is so g r e a t  that  i t  completely nullif ies 

the forced  convection mechanism.  

forced convection boiling heat f luxes can  not be used a t  high qual i t ies  (x 

slug o r  m i s t  flow might ex is t  thereby preventing a liquid film, by which bubbles 

t r a n s f e r  energy,  f r o m  contacting the en t i r e  hea t  t r a n s f e r  sur face .  

As the t e m p e r a -  

The author  fee ls  that  this  method of predicting 

> 50%); e 
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Figure  2.1 5. Super imposed  F o r c e d  Convection Heat  F lux  and Pool 
Boiling Heat F lux  Data F o r  Predic t ion  of F o r c e d  Convected 

Boiling Heat  Fluxes in Po ta s s ium 
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V e r y  l i t t le  data on forced  convection boiling heat t r a n s f e r  a r e  available 
for  compar ison  to  the above hypothesis.  
vection boiling r e su l t s  (x 

in F igu re  2.14 fo r  comparison.  
lower than would be expected fo r  forced  convection boiling, s ince the boi le r  

p r e s s u r e s  a r e  higher  than the pool boiling resu l t s .  

indicate that  the proposed method predic t s  sa tura ted ,  forced  convection, boiling 

hea t  f luxes to  within experimental  accuracy;  a s  m o r e  data  a r e  obtained th i s  con- 

c lusion will  be proven m o r e  prec ise ly .  

Longo" presented  some forced  con- 
5 = 13 to 3170; Re 10 ) on sodium which a r e  presented  

One can see  that  Longo ' s  r e su l t s  a r e  somewhat 
e 

But a t  l ea s t  the r e su l t s  do 

The p r e s s u r e  and quality effects  on the forced  convection boiling heat  
t r a n s f e r  coefficient a r e  shown in F igu re  2.16 for  informative purposes .  The 

data  shown a r e  f r o m  the pre l iminary  r e su l t s  of Longo on sodium. One can  

see  that  at  low p r e s s u r e s  the boiling heat t r a n s f e r  coefficient i s  affected v e r y  

l i t t le  by quality. It is  genera l ly  known that a t  high qual i t ies  the heat  t r a n s f e r  

coefficient d e c r e a s e s  with increasing quali ty;  therefore ,  a s  m o r e  data  a r e  gen- 

e ra t ed  the  c u r v e s  in  F igu re  2.16 can be completed f o r  sodium a s  well as  o the r  

liquid me ta l s .  It should be fu r the r  noted tha t  the data  in F igu re  2.16 were  ob- 

tained as  a specif ic  p r e s s u r e  by fixing the heat f lux and varying the flow rate 

which indicates  that  the  quality and flow ef fec ts  a r e  compounded. 

a r e  being made  in future  t e s t s  to  e l iminate  the compounded effect. 

7 0  

Cer ta in  plans 
70  

Ber senson  and Killackey7' p resented  some film boiling r e su l t s  with 

potass ium;  however,  t he i r  r e su l t s  w e r e  not included in th i s  handbook, because  
the i r  t e m p e r a t u r e  differences w e r e  much too low f o r  film boiling to  occur .  

Because  of the complexity of designing a compact  liquid m e t a l  boi ler  

for  space  applications,  a br ief  descr ip t ion  of the S N A P  2 bo i le r  (being used  i n  a 

nuc lear -powered  Rankine cycle  space  s y s t e m  

in  o r d e r .  

72 ) heat  t r a n s f e r  c h a r a c t e r i s t i c s  is 

However, such  a descr ip t ion  f r o m  References  73 and 74 is  c lassi f ied.  

The r e a d e r  is r e f e r r e d  t o  NAA-SR-8617 Vol I, Addendum I, which contains the 
c lass i f ied  por t ion  of th i s  handbook. 

Ze ro  gravi ty  effects  w e r e  a l s o  studied under  the  SNAP 2 p r o g r a m .  

Due to  the high gravi ty  fo rce  produced by the  swir l  w i r e  i n s e r t ,  no noticeable 

change in the boi ler  pe r fo rmance  occur red  under  z e r o  gravi ty  conditions,  

NAA-SR-8617 
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2.3.2 Cr i t i ca l  Heat Flux 

Many inves t iga tors  have proposed analyt ical  expres s ions  fo r  predicting 

the burnout ( c r i t i ca l )  heat flux in sa tura ted ,  pool boiling wa te r ,  while a few in-  
ves t iga tor  s 757 7 6 y  7 7  have extended the i r  genera l ized  cor re la t ion  to  boiling liquid 

metal .  However,  t hese  co r re l a t ions  pred ic t  burnout heat f luxes approximately 

7570 below the exper imenta l  resu l t s .  68 ,78  One of the mos t  recent  and somewhat 

successfu l  burnout cor re la t ion  f o r  liquid m e t a l s  was  presented  by Noyes,68 who 

modified Addoms'  cor re la t ion  in o r d e r  to  c o r r e l a t e  the sodium, sulphur,  l iq-  

uefied gas ,  and "high-g" data  with wa te r  and organic  data. 

is a s  follows: 

79 

Noyes'  co r re l a t ion  

1 / 1 2  0.545 

= 1.325)cp r'ivpv) . .(?) . . . ( 2 . 2 1 )  
V 

F i g u r e  2.17 contains plots of Equation 2.21 made  by the au thor  using the l iquid 
me ta l  p rope r t i e s  f r o m  Section 1.2 of th i s  handbook and Reference  2. 

sul ts68 on  sa tura ted  pool boiling sodium a r e  r ep resen ted  in  F igu re  2.17 by the 

Na curve  to  within *3070. 

r e su l t s  on  sa tura ted ,  pool boiling potassium, which were  recent ly  published by  

B a l ~ h i s e r . ~ ~  Some ag reemen t  can be s e e n  to  ex is t  between Equation 2 .21  and 

B a l z h i s e r ' s  p re l imina ry  resu l t s .  While m o r e  burnout r e su l t s  on liquid m e t a l s  

a r e  needed to  de t e rmine  i f  Equation 2.21 is  gene ra l  enough to p red ic t  the sa tu-  

ra ted,  pool boiling, c r i t i ca l  heat f l u x  f o r  all wetting liquid m e t a l s ,  i t  shal l  be 
used until  r e su l t s  a r e  made  available which tend to  prove whether  o r  not Equa- 

tion 2.21 p red ic t s  e r roneous  burnout hea t  f luxes.  In o r d e r  to obtain a conse rv -  

a t ive es t imat ion  of potass ium burnout heat  f luxes which is  no rma l ly  used f o r  de-  

s ign  purposes ,  the following equation developed by the au thor  and based on 
B a l z h i s e r ' s  da ta  i n  F igu re  2.17, should be used  until Equation 2.21 i s  proven to 
be c o r r e c t  f o r  all liquid me ta l s :  

Noyes '  r e -  

Also contained in F igu re  2.17 a r e  p re l imina ry  burnout 

5 0.173 = (3.962 x 10 )p  . . . (2.22) 
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F igure  2.17. Pool Boiling Burnout Heat  F lux  v s  Saturat ion 
P r e s s u r e  F o r  Liquid Meta ls  
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It should a l so  be noted that  the 'au thor  compared  the burnout predict ions of Zuber 
and T r i b ~ s ~ ~  with Equation 2.21 resul t ing in 75% lower values .  It w a s  concluded 

that  Equation 2.21 was  the bes t  gene ra l  co r re l a t ion  available.  

The  p resence  of forced  convection and subcooling grea t ly  complicates  

the problem of predicting the burnout heat  flux, which is -20 to  150% higher ,  

depending upon the amount of subcooling and forced  convection, thanthe  sa tura ted ,  

pool boiling, c r i t i ca l  heat f lux .  Very  l i t t le  advancement  h a s  been made  in 

this  area s ince exper imenta l  da ta  a r e  not readi ly  available.  Gambill" proposed 

a n  additive method f o r  the forced  convection contribution and a multiplying fac tor  

to  take into account subcooling. 
f luxes in  liquid m e t a l s  t o  Lowdermi lk ' s  r e su l t s  on water .  Some re su l t s  w e r e  

obtained with potass ium and compared  favorably (within 1 0 7 0 ) ~ ~  to  Lowdermilk '  s 
cor re l a t ions ,  which a r e  as  follows: 

61 Hoffman proposed to  compare  c r i t i ca l  hea t  
81 

2 
In the low-velocity high-exit-quali ty region, f o r  G / (  L / D )  < 150, 

-0.85 
4 = 

F, sub 
9 

2 and in the high-velocity low-exit-quali ty region, f o r  G / ( L / D )  > 150, 

4 = 1400Goo5D 
(A)C, F, sub 

. . . (2.23) 

. . . (2.24) 

The  range of va r i ab le s  used in  Lowdermi lk ' s  exper iment  are  as  

follows: 

ranged f r o m  a tmospher i c  t o  100 ps i ;  subcooling ranged f r o m  0 to  140°F ;  tube 

d i ame te r  ranged f r o m  0.051 to  0.188 in. ; and length- to-diameter  ra t io  ranged 

f r o m  25 t o  250. 

and 2.24 should be used to predict  forced  convection, subcooled, c r i t i ca l ,  boil- 

hea t  f l u e  s with caution. 

s table  flow occur red ;  velocity ranged f r o m  0.1 to  98 f t / s e c ;  p r e s s u r e  

Until m o r e  exper imenta l  data  becomes  avai lable ,  Equations 2.23 

NAA - SR - 8 6 1 7 
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NOMENCLATURE 

c = Specific heat a t  constant p r e s s u r e ,  Btu / lbm- 'F  
P 
D = Diameter ,  it 

g = Local acce lera t ion ,  f t / h r  
2 

G = M a s s  velocity, l b  

h = Local hea t  t r a n s f e r  coefficient, Btu/hr-f t ' - 'F  

h = Average heat  t r a n s f e r  coefficient, B tu /h r - f t2 -  O F 

k = T h e r m a l  conductivity, B tu /h r - f t -  O F  

L = Length, ft 

n = Number of local  acce le ra t ions  ( g ' s ) ,  nondimensional 

p = P r e s s u r e ,  ps ia  

/ h r - f t  m 

- 

Pr = Liquid P rand t l  number  [Pr = (pc / k ) ] ,  nondimensional 
P 

q = Local  hea t  t r a n s f e r  ra te ,  B t u / h r  

q = Average hea t  t r a n s f e r  r a t e ,  B t u / h r  
- 

L q / A , q / A  = Heat flux, B tu /h r - f t  . Subscr ip ts  C, P, sa t ,  F, and sub indicate 

c r i t i ca l ,  pool, sa tura ted ,  forced,  and subcooled, respect ively.  

Re = Reynolds number  [ R e  = (pvD/p) ] ,  nondimensional 

T = Tempera tu re ,  O F .  Subscr ip ts  w, b, f ,  s a t ,  and v indicate wall, 

bulk, film, saturat ion,  and vapor ,  respect ively.  

v = Average velocity of fluid bulk, f t / h r  

x = Quality, vapor  wt 70. Subscr ip ts  e and i indicate exit  and inlet ,  

respect ively.  

Cy = Liquid t h e r m a l  diffusivity [a = ( k / p c  )I, ft 2 / h r  
P 

h = Latent hea t  of vaporization, Btu / lb  

p = Absolute viscosi ty ,  lbm/f t -hr  

p = Density, l b  

m 

3 / f t  . Subscr ip ts  1 and v indicate liquid and vapor ,  m 
respect ively.  

NAA-SR-8617 
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2.4 CONDENSING 

n 

T h e r e  ex is t s ,  basical ly ,  two types of condensation - dropwise and 

f i lmwise - by which vapor  t r a n s f e r s  hea t  t o  a wall. 

wall, a film of liquid me ta l  f o r m s ,  resul t ing in f i lmwise condensation. Dropwise 

condensation exists when the l iquid metal is  unable to wet the su r face ;  the vapor  

condenses  in d r o p s  r a t h e r  than  a s  a continuous film. 

t r a n s f e r  coefficients a r e  obtained in dropwise condensation a s  compared  to  film- 

wise  condensation, because the vapor  t r a n s f e r s  its energy  d i rec t ly  to  the su r face  

ins tead  of through a film. Due to  the high t h e r m a l  conductivity of a liquid me ta l ,  

the advantage of dropwise condensation is somewhat  suppres sed  a s  compared  to 

dropwise condensation fo r  s t eam,  which r e su l t s  in four  to  eight t i m e s  higher  

hea t  t r a n s f e r  coefficients than in f i lmwise condensation. However,  dropwise 

condensation r a r e l y  ex i s t s  with liquid metals, except with m e r c u r y  which h a s  

the p rope r ty  of not wetting m o s t  meta l l ic  sur faces .  

If a liquid me ta l  wets  the 

Somewhat h igher  heat  

While v e r y  little da ta  have been  published on boiling heat  t r a n s f e r ,  
58 still smaller amounts  have been published on condensing hea t  t r ans fe r .  

pe r fo rmed  a l i t e r a t u r e  survey  on the hea t  t r a n s f e r  p rope r t i e s  of m e r c u r y  which 
83, 84 s u m m a r i z e s  all work conducted p r i o r  t o  the y e a r  1960. 

obtained r e s u l t s  f o r  m e r c u r y  and sodium condensing in a ver t ica l ,  na tura l  con- 
vect ion tube ( F i g u r e  2.18)(sodium w a s  condensed in a 45" inclined tube).  

explanation was  given as to  why the low-heat flux, a i r -cooled  condenser  gave 

lower  hea t  t r a n s f e r  coefficients than the high-heat flux, water-cooled condenser ,  

except that  f i lmwise  condensation m a y  have exis ted in  the a i r -cooled  condenser .  
Cohng5 obtained r e su l t s  fo r  pu re  m e r c u r y  and m e r c u r y  with a sodium additive 

condensing i s  a ver t ica l ,  natural  concection, a i r -cooled  condenser  which a lmos t  

matched  Bonilla and M i s r a ' s  resu l t s .  F i lmwise  condensation was  a s s u m e d  to  

exist. No effect  on the heat t r a n s f e r  coefficient was  observed  when the additive 

was used;  th i s  is probably due to  the sodium additive not being volati le enough in 

the m e r c u r y  vapor .  

Noyes condensed sodium underneath a horizontal ,  na tura l  convection, wa te r -  

cooled plate;  t h e i r  r e su l t s  are presented  in F i g u r e  2.18. 

made  as  to  whether  the condensation w a s  f i lmwise o r  dropwise,  but it probably 

was  f i lmwise,  s ince  sodium does  eventually wet m o s t  sur faces .  Brooks p r e -  

sented some  p re l imina ry  r e su l t s ,  which a r e  shown in F i g u r e  2.18, on potass ium 

Cohn 

Bonilla and M i s r a  

No 

84 

Cohn 's  r e su l t s  a re  presented  in F igu re  2.18. Reed and 
86 

No s ta tement  was  

87 
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condensing i n  a ve r t i ca l ,  downward forced  convection flow, sodium- cooled tube. 

No cor re la t ions  have been developed f r o m  the data  to accura te ly  pred ic t  condens- 

ing heat  t r a n s f e r  coefficients in liquid meta ls .  

Reed and Noyes86 and M i s r a  and B ~ n i l l a ~ ~  studied the effects of non- 

condensable gases  being p resen t  in the condenser  f o r  sodium and m e r c u r y ,  

respect ively.  It can  be concluded f r o m  t h e i r  work that  the condensing heat  

t r ans fe r  coefficient d ra s t i ca l ly  decreas ing  (somewhat exponentially) a s  the 

amount of noncondensibles i n c r e a s e s .  F igu re  2.19 contains the r e su l t s  of 

Reed and Noyes. The independent var iable  (effective noncondensable g a s  l a y e r )  i s  

defined by the following equation: 

1 - ex.( -p2El *)I. 2 . . . (2.25) 

This  method of cor re la t ion  was  used so that  a g a s  hea t  t r a n s f e r  r e s i s t ance  

could be defined in t e r m s  of the effective thickness  of the noncondensable gas. 

However, the author f ee l s  tha t  m o r e  work is needed in  th i s  f ield in  o r d e r  to  

be t te r  understand and predic t  condensing heat t r a n s f e r  coefficients in  a sys t em 

containing noncondensables. 

It should be br ief ly  noted that in forced  convection s y s t e m s  zero  

gravi ty  h a s  no effect on the condensing p r o c e s s ,  due to the dynamic fo rce  f r o m  
forced  convection over r id ing  the effect of gravi ty .  

NAA- SR- 86 17 
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n NOMENCLATURE 

a 

C1 = Constant dependent on the noncondensable g a s  (0.0079 f o r  he l ium and 

0.00223 f o r  a rgon)  
2 - 

D1 = Average b inary  diffusion coefficient, f t  / h r  
2 G = M a s s  velocity,  lbm/hr - f t  . 

- 2 h = Average heat  t r a n s f e r  coefficient, Btu lhr - f t  - O F 

Subscript  2 indicates  liquid metal vapor .  

L = Distance between condensing su r face  and liquid m e t a l  vapor-liquid 

in te r face ,  f t  

M = Molecular  weight. Subscr ipt  2 indicates  liquid me ta l  vapor .  

2 p = P a r t i c a l  p r e s s u r e ,  lb f / f t  . Subscr ip ts  t ,  1, 2, and 20 indicate  total  

sys tem,  noncondensable gas ,  liquid m e t a l  vapor ,  and liquid m e t a l  

vapor  pa r t i a l  p r e s s u r e  at condensing sur face ,  respect ively.  

T = Tempera tu re ,  OR. Subscr ipt  t indicates  m e a n  s y s t e m  t e m p e r a t u r e  of 

g a s  mixture .  

t = Effective noncondensable g a s  l a y e r  thickness ,  f t  
- 
R = Universal  g a s  constant;  = 1545 f t - lbf / lb  m o l - " R  

2 2 m 
p = Density of liquid m e t a l  vapor  [ p  = (p tM2/ETt) ] ,  l b  / f t  3 

p2B12 = P r e s s u r e  independent effective diffusion coefficient (p2D12 = c1 \/Tt), 

n 

l b  / f t - h r  m 

NAA-SR-8617 
2 . 3 9  



3.0 M A T E R I A L  TRANSFER 

3.1 MATERIAL COMPATIBILITY 

a 
U 

n 

Because of the eve r  increas ing  use  of liquid me ta l s  in heat t r a n s f e r  sys -  

t e m s ,  the problem of co r ros ion  h a s  reached a point where r e s e a r c h  and development 
on co r ros ion  r e s i s t an t  m a t e r i a l s  i s  needed p r i o r  to sys t em construct ion.  Mater ia l s  

m u s t  be found which wil l  be compatible a t  high t empera tu res  and for  long per iods 

of t ime.  Unfortunately, no model  has  been developed to predict  co r ros ion  r a t e s ,  

probably because  of the many var iab les  and types of co r ros ion  that a r e  p re sen t  

in  a s y s t e m .  Allowable co r ros ion  r a t e s  should not be formulated,  s ince the allow- 
ab le  co r ros ion  will depend en t i re ly  upon the component 's  location in the s y s t e m .  

It should a l s o  be pointed out that  extensive m a s s  t r anspor t  of the co r ros ion  prod-  

uc t s  to the co lder  port ions of the sys t em m a y  re su l t  in "plugging." 

u red  co r ros ion  r a t e  a t  the hot ter  port ions m a y  not give a good indication of how 

much precipi ta t ion develops a t  the co lder  region; because  a s  the co r ros ion  prod-  

ucts  prec ip i ta te  out chemical ly  o r  physically,  bonded m a t e r i a l s  f rom the coolant 

s t r e a m  m a y  accompany the precipi ta t ion.  Therefore ,  the possibil i ty of "plugging" 

m u s t  a l so  be considered,  in addition to co r ros ion  r a t e s ,  when designing a dynamic 

sys t em.  

The m e a s -  

The following th ree  sec t ions  wil l  b r ie f ly  outline the mechan i sms  and preven-  

tion of co r ros ion  and a s u m m a r y  of dynamic co r ros ion  data  using m e r c u r y ,  

sodium, NaK, potassium, rubidium, o r  l i thium. These  sec t ions  a r e  by no means  

complete  s ince  the re  i s  cu r ren t ly  much r e s e a r c h  being done in this f ield,  

3 . 1 . 1  Corros ion  3,88,89,90 

Cor ros ion  wil l  be defined in the broad  sense  a s  the des t ruc t ion  of a 

m e t a l  by chemical ,  e lec t rochemica l ,  o r  physical  ( such  a s  e ros ion ,  solution, and 

:cavitation) means .  T h e r e  a r e  in genera l  two types of a t tack,  i n t e rg ranu la r  

( m e t a l  is at tached along the gra in  boundaries)  and t r a n s g r a n u l a r  ( m e t a l  i s  attacked 

within the g ra ins ) ;  these  a r e  controlled by four  mechanisms of co r ros ion ,  which 

will  be d iscussed  in the following paragraphs .  

Dissolution of solid m e t a l  in liquid m e t a l  is the f i r s t  mechanism which 

is influenced by the chemica l  potential  of 'lA1! in the solid m e t a l  re la t ive to "A" 
in the liquid me ta l .  

the r a t e  of react ion between the liquid and the solid.  

I ts  r a t e  is controlled by the diffusion ra te  of the solute  and 

High energy  regions,  such  

NAA-SR-8617 
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a s  twinned regions (produced by the application of s t r e s s )  and gra in  boundaries ,  
g rea t ly  acce le ra t e  the dissolution r a t e .  
authors  91,92 for  a detailed descr ipt ion of the p rocess  and va r i ab le s  involved. 

The r e a d e r  is r e f e r r e d  to o ther  

The presence  of impur i t ies ,  such a s  oxygen, carbon,  e t c . ,  in the g ra in  I 

boundaries grea t ly  cont ro l  the depth of penetrat ion by  the liquid me ta l  by 

cipitating out a t  the gra in  boundaries and react ing with the liquid meta l .  

bur izat ion of low alloy s t ee l  by a liquid me ta l  is  an  example of this leach 

of co r ros ion  mechanism.  

Dissolution of liquid meta ls  in sol ids  is .the second mechanism 

nd grain 

p r e -  

Deca r -  

ng type 

of 

co r ros ion  where  the liquid meta l ,  o r  its impur i t ies ,  diffuse into the sol id  and 

f o r m  compounds. This phenomenon can  reduce the s tabi l i ty  of a me ta l  phase 

o r  even change phases .  

s tabi l ize  a m e t a l  ( s t a in l e s s  s tee l )  o r  produce a n i t r ide  a s  in a l i thium sys t em,  

which is co r ros ive  to m o s t  m e t a l  o r  c e r a m i c  conta iners .  

The p resence  of ni t rogen in the liquid m e t a l  can e i ther  

88 

.. 
Diffusion welding is another mechanism of co r ros ion  which occur s  

due to the presence  of a liquid me ta l  acting as a br idge between the two me ta l s  

tending to weld together .  
o r  i n c r e a s e s  in sys  tem tempera ture ,  g rea t ly  i n c r e a s e  diffusion welding. 

the presence  of valves ,  pumps, e t c . ,  m a y  de termine  the upper  t empera tu re  

l imi t  due to the occur rence  of diffusion welding in these  components.  

The presence  of p r e s s u r e  holding the m e t a l s  together ,  

In fact ,  

Eros ion  i s  another mechanism of cor ros ion .  This mechanism i s  

exceedingly important  in  or i f ices  and nozzles .  

me ta l  mechanical ly  removing sca l e  o r  par t ic les  f rom the m e t a l  and may c r e a t e  

cavi t ies  under  ex t r eme  erosion.  

It r e su l t s  f rom the flowing liquid 

The amount of co r ros ion  is usually measu red  in two ways - depth of 

penetration p e r  exposed t ime and amount of m a t e r i a l  t r anspor t  p e r  exposed t ime.  

The re  a r e  two mechanisms that control  the amount of t r anspor t  through the l iq-  

uid me ta l ;  thermal -gradien t  m a s s  t r ans fe r  ( a l so  cal led solubi l i ty-gradient  mass 

t r a n s f e r )  and concentrat ion-gradient  m a s s  t r ans fe r  ( a l so  cal led act ivi ty-gradient  

o r  d i s s imi l a r -me ta l  m a s s  t r ans fe r ) .  Liquid m e t a l  s y s t e m s  automatical ly  sa t i s fy  

the requi rements  of m a s s  t r ans fe r ,  s ince the sys t em cannot be i so thermal ,  if 

heat  is to be obtained f r o m  i t ;  and i t  se ldom occur s  that the me ta l  loops a r e  con- 

s t ruc ted  en t i re ly  f r o m  the s a m e  ma te r i a l .  / 

NAA-SR-8617 
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# 

n 

8 

R 

Tempera tu re -g rad ien t  mass t r a n s f e r  occur s  due to a finite solubili ty 

of one o r  m o r e  components of the s t r u c t u r a l  m a t e r i a l  in the liquid meta l ,  a t e m -  

pe ra tu re  effect  on solubili ty,  and an an i so the rma l  liquid m e t a l  coolant.  Ma te r i a l  

that  is  being t r a n s f e r r e d  dissolves  into the liquid m e t a l  (usual ly  in the "hot" 

zone) ,  is t r anspor t ed  to another  p a r t  of the sys t em (usual ly  the "cold" zone) ,  and 

"plates  out" onto the m e t a l  sur face .  The p rocess  is  control led by e i the r  the r a t e  

of solution o r  deposit ion o r  by the diffusion r a t e  of the t r anspor t ed  m a t e r i a l  

through the m e t a l  to the l iquid-metal  interface.  

ample of this type of m a t e r i a l  t r a n s f e r .  

"Plugging" i s  an excel lent  ex-  

Concentrat ion-gradient  m a s s  t r ans fe r  wil l  occur  when different  m a t e -  

rials with different concentrat ions,  which ac t  as the driving fo rce  o r  potential ,  

of a t  l ea s t  one consti tuent,  a r e  present .  

for  a m e t a l  wil l  dissolve into the liquid m e t a l  and be c a r r i e d  along until  i t  " sees"  
a m e t a l  having a higher  affinity. The consti tuent then leaves the coolant and 

diffuses into this meta l ,  thus completing the cycle ,  which continues until  the 

affinity fo r  this  consti tuent in both m e t a l s  a r e  equal.  

f e r  may be control led by the diffusion r a t e s  through each meta l ,  by the r a t e  of 

t r a n s f e r  through the liquid me ta l  coolant, o r / a n d  by the r a t e  of solution o r  deple-  

tion a t  the m e t a l  sur face .  An excel lent  example of this  type of m a t e r i a l  t r a n s f e r  

is the t r a n s f e r  of carbon f rom low alloy s t ee l  to s t a in l e s s  s t e e l  in sodium sys tems.  

A consti tuent having the lower affinity 

The r a t e  of m a t e r i a l  t r a n s -  

89 

3.1.2 Inhibition of Corros ion  

There  are  only a few methods by which co r ros ion  in a dynamic,  

an i so the rma l  sys t em canbe  reduced. 
d i f fus ion-bar r ie r  type) may effectively reduce cor ros ion .93  The scavenging-  

type of inhibitor ac t s  by removing the impur i t ies  (oxides,  n i t r ides ,  hydrides ,  

e t c . )  f rom the liquid m e t a l  that  a re  responsible  fo r  acce lera t ing  cor ros ion ,  by 
e i ther  increas ing  the r a t e  of mass t r a n s f e r  o r  react ing with the container  m a t e -  

rial, thus depleting the container  of i t s  const i tutents .  

inhibitor to be successfu l ,  i t s  thermodynamic s tabi l i ty  with the impur i ty  m u s t  be 
much greater  than that of the impur i ty  with the container .  

be  p re sen t  as e i ther  dissolved a toms  in the liquid m e t a l  o r  a sol id  suspended in 

the s t r e a m  of liquid meta l ,  both methods of location having i t s  advantages and 

disadvantages .93 Examples  of the scavenging type of inhibi tors  a r e  magnes ium,  

t i tanium, and zirconium which a r e  used to deoxidize liquid sodium. Hot t r a p -  

ping would a l so  be an example of this method of co r ros ion  reduction. 

The use  of inhibi tors  (scavenging type o r  

In o r d e r  for  this  type of 

The scavenger  m a y  

94 
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The d i f fus ion-bar r ie r  type of inhibitor a c t s  by forming  a protect ive 

s u r f a c e  f i lm on the container ,  which prevents  the conta iner  f r o m  coming into 

contact with the liquid me ta l ;  which in  t u r n  d e c r e a s e s  the r a t e  of solution of the 

container  m a t e r i a l ,  thus reducing co r ros ion .  F o r  success fu l  reduction of c o r -  
cor ion by  a d i f fus ion-bar r ie r  type of inhibitor,  c e r t a i n  r equ i r emen t s  m u s t  be  

m e t  a s  follows: 
ex is t ;  ( 2 )  the film m u s t  be chemical ly  ine r t  to  all components of the sys t em,  in-  

cluding impur i t i e s  that  may  come into contact with the  inhibiting l a y e r ;  ( 3 )  s t a -  

bil i ty of the f i lm mus t  ex is t ;  and (4) the  con ta ine r ' s  solubili ty and diffusion r a t e  
in the fi lm m u s t  be Examples  of the d i f fus ion-bar r ie r  type of inhibitor is 

calcium plus t i tanium o r  z i rconium which is used to reduce  mass t r a n s f e r  of i r o n  

( 1 )  l a r g e  negative f r e e  energy  of format ion  of the  film l a y e r  m u s t  

95 in liquid m e r c u r y .  

Heat t r ea tmen t  m a y  be  used  to reduce  c o r r o s i o n  on m a t e r i a l s  contain- 

ing carbon.  

heat  t r ea tmen t  can  effectively reduce in t e rg ranu la r  a t tack  by removing these  
carb ides  f r o m  the g r a i n  boundaries .  

If ca rb ides  ex i s t  along the g ra in  boundaries  of the solid,  spheriodizing 

88 

Pur i f ica t ion  during operat ion by e i the r  cold trapping o r  hot trapping 

(d iscussed  e a r l i e r )  can effectively reduce  co r ros ion ,  i f  impur i t i e s  a r e  the cause  

of such  cor ros ion .  Unfortunately in s o m e  s y s t e m s ,  the impur i ty  concentrat ion 

can  not be reduced sufficiently to  prevent  excess ive  mass t r a n s f e r  ( co r ros ion ) .  

Davis and D r a y ~ o t t ~ ~  demonst ra ted  that  the oxide concentrat ion could not be 

reduced to a to le rab le  level  by cold trapping in a niobium o r  vanadium loop. 

trapping had to  be  incorpora ted  into the sys t em.  

I 

, Hot 

3.1.3 Choice of M a t e r i a l  

Many authors  2,3,88796 have at tempted to  s u m m a r i z e  the co r ros ion  

r e s u l t s  of o ther  expe r imen te r s .  Unfortunately t e s t  t imes ,  t e m p e r a t u r e s ,  and 

m e t a l  su r f ace  conditions w e r e  in m o s t  c a s e s  not c l e a r l y  repor ted .  

the numerous  s ta t ic  t e s t s  conducted and repor ted  e l sewhere ,  only r ecen t  dynamic 
and semis t a t i c  t e s t s  wil l  be s u m m a r i z e d  in this  r epor t .  The r e a d e r  is r e f e r r e d  

to References 2 ,  3,  88, 96, and 97 that s u m m a r i z e  the e a r l y  s ta t ic  and dynamic 

t e s t s .  

s ide red  in this  handbook. 

Because  of 

The following sec t ions  contain co r ros ion  da ta  on the s i x  liquid m e t a l s  con- 
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3.1.3.1 M e r c u r y  

P 

8 
0 

I 
P 

Most  of the m a t e r i a l  compatibil i ty investigations with m e r c u r y  have 
98 been done fo r  SNAP 2 p rogram.  

conducted was  done by f i r s t  sc reening  m a t e r i a l s  using bent ref lex tubes  at 9 0 0 ° F  

o r  1 1 0 0 ° F  and then using two-phase,  na tura l  c i rculat ion loops cons t ruc ted  f r o m  

the m a t e r i a l s  tha t  proved sa t i s fac tory  in the bent ref lex tube (BRT)  t e s t s .  

r e a d e r  is r e f e r r e d  to  Reference  98 fo r  the d iscuss ion  and r e su l t s  of the m a t e r i a l s  

t e s t ed  (low- and high-alloy s t ee l s ,  300 and 400 s e r i e s  s t a in l e s s  s t ee l s ,  p rec ip i -  
t a t ion  hardening s tee ls ,  nickel-  and cobal t -base al loys,  and nonmetal l ics) .  F ig -  

u r e  3.1 somewhat s u m m a r i z e s  v e r y  br ief ly  the r e su l t s  of Reference  98. 

One of the mos t  extensive co r ros ion  t e s t s  

The 

99  Ellis repor ted  some  bent reflux tube t e s t s  using m e r c u r y  with 

n icke l -base  b r a z e  al loys,  which a l s o  was  done under the SNAP 2 p rogram.  

Brazing was  done in a vacuum and for  10 min  a t t e m p e r a t u r e .  

m a r i z e s  these  sca t t e red  t e s t s ,  f r o m  which no conclusions were  drawn. 

e r e n c e  100 is a n  extension of the work by Ellis and p r e s e n t s  co r ros ion  and sub-  

sequent mass t r a n s f e r  r e su l t s  on m a t e r i a l s  that  a r e  being cons idered  f o r  u s e  in  

the SNAP 2 sys tem.  

f o r  the  d iscuss ion  on Reference  100, 

3.1.3.2 Sodium 

Table  3.1 sum-  

Ref- 

The r e a d e r  is  r e f e r r e d  to  NAA-SR-8617 Vol  I, Addendum1 

s ince  it is classif ied.  

94 Davis and Draycot t  repor ted  on some  extensive forced  convection 

loop t e s t s  conducted to de t e rmine  the effect of sodium on m a t e r i a l  spec imens ,  

such a s  s t a in l e s s  s tee l ,  var ious  f e r r i t i c  s t ee l s ,  nickel,  t i tanium, zirconium 

and al loys,  niobium, vanadium, uran ium and f i s s ion  products ,  thor ium,  and 
beryl l ium. 

of oxygen in  the  liquid me ta l  on niobium (columbium) and vanadium which r e -  

sulted i n  concluding that  the mechan i sm of excess ive  at tack w a s  oxide controlled.  

The  l a r g e s t  p a r t  of t he i r  work  was  conducted to  de t e rmine  the e f fec t  

Some t e s t s  w e r e  conducted using NaK instead of sodium which s e e m e d  

to  pose  no problem,  s ince sodium is  oxidized preferen t ia l ly  to potass ium;  however,  

some  potass ium oxide might exis t ,  because  some kind of equi l ibr ium would s e e m  

likely to  occur .  

f o r e  it can  be definitely s ta ted that  the oxide causing the co r ros ion  is  sodium 

oxide only. However,  it can be s ta ted that  misleading r e su l t s  a r e  obtained if  

The re fo re ,  the co r ros ion  r e su l t s  will  have t o  be ver i f ied  be-  
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TABLE 3.1 

Hg CORROSION RESULTS O F  NICKEL-BRAZED SPECIMENS (PH15-7 Mo) 
TESTED IN BRT FOR 30 DAYS AT 9 0 0 ° F  ( R E F .  99) 

B r a z e  Alloy 
(wt 70) 

Nicrobraze  No. L C  
(Ni t 13.5 C r  t 4.5 Fe t 3.5 B t 0.15 C t 4.5 Si) 

Repeated 

Repeated 

Nicrobraze  No. LM 
(Ni t 65 C r  t 2.5 Fe t 3 . 0  B t 0.15 C t 4.5 Si) 

Repeated 

Nicrobraze  No. 150 
( N i  t 15.0 C r  t 3.5 B t 0.15 C) 

Repzated 

Repzated 

Repeated 

Nicrobraze  No. 130 
(Ni t 3.0 B t 0.15 C t 4.5 Si) 

Nicrobraze  No. 30 
(Ni t 19.0 C r  t 0.15 C t 10.0 Si) 

Repeated 

B r a z e  
Tempera tu re  

( O F )  

2150 

2075 

2075 

1900 

1900 

2150 

2150 

2075 

2075 

1875 

2175 

2175 

Weight 
Change 

(mg) 

t0.2 

- 10.6 

-5.0 

-9.3 

-5.6 

- 13.2 

-6.7 

- 10.0 

-9.3 

- 1.4 

- 7.6 

-3.6 

.b ,I- 

Penet ra t ion  
(in.  ) 

0.0014 

0.0104 

0.001 6 

0.0144 

0.0014 

0.0076 

0.0094 

0.0063 

0.0076 

0.0055 

0.0041 

0.0096 

:::Penetration is defined as the maximum loca l  su r f ace  r eces s ion  due to the m e r c u r y  t e s t  
envi r onm ent  . 



the  co r ros ion  is dependent upon the formation of alloys o r  solutions with e i ther  

sodium o r  potassium; th i s  does not s e e m  to  be the c a s e  with niobium, vanadium, 
uran ium,  zirconium, and nickel ma te r i a l s .  

sion r e su l t s  of Reference  94 is given'in Tables  3.2 through 3.12. 

A s u m m a r y  of some  of the c o r r o -  

Hoffman and Manly l o l ,  l o 2  a l so  summar ized  some  re su l t s  which a r e  

worth present ing fo r  the sake  of a v e r y  br ief  outlook upon the m a t e r i a l s  prob-  

l e m  with sodium. 

conclu s ion s. 

F igu re  3.2 is  a representa t ion  of Hoffman and Manly ' s  

Wagner and Kl ine lo3  tes ted  some  zirconium alloys in na tura l  convec- 

tion, cold t rapped  (0 a t  10 ppm) sodium fo r  var ious  lengths of t ime.  Thei r  

r e su l t s  a r e  summar ized  in  Table  3.13. 
2 

3.1.3.3 NaK 

The eutect ic  sodium-potassium al loy h a s  received considerable  at- 
104 tention due to the SNAP 2 p rogram.  Per low 

sion s tudies  conducted with NaK-78 which a r e  presented  in Tables  3.14 and 3. 15. 
p resented  r e su l t s  f r o m  c o r r o -  

Page89 made  a l i t e r a tu re  s e a r c h  and presented  r e su l t s  f r o m  the tab-  

co r ros ion  s tudies  a t  Atomics International and m a s s  t r a n s f e r  s tudies  at the 

Oak Ridge National Laboratory.  F r o m  the data  available,  the conclusion was  

f o r m e d  that  NaK cor ros ion  with me ta l s  o ther  than r e f r ac to ry  m a t e r i a l s  was  by 

carbon t r a n s f e r  above 800'F,  in te rgranular  penetrat ion between 1000 and 1400" F 
induced by oxygen, and nickel and chromium t r a n s f e r  above 1400°F.  

3.1.3.4 Po ta s s ium 

Jansen  and Hoffman105 have conducted some  compatibil i ty t e s t s  using 
na tu ra l  c i rcu la ted ,  boiling potass ium loops with two different m a t e r i a l s .  The i r  

r e su l t s  a r e  c lass i f ied ;  t h e r e f o r e ,  r e f e r  to  NAA-SR-8617, Vol I, Addendum 1 for  

th i s  information.  

have not been repor ted .  

T e s t s  with a Cb t 1% Z r  alloy a r e  being conducted, but as yet  

Hammond and L i t tman lo6  p resen ted  some  co r ros ion  r e su l t s  using 

r e f r ac to ry  m a t e r i a l  spec imens  in se r t ed  in  a forced  convection, boiling potas  - 
s i u m  loop. Table 3.16 s u m m a r i z e s  the i r  r e s u l t s ,  which a r e  v e r y  misleading 

NAA- SR- 8 6 1 7 
3.8 



a 
Q 

B 

i 

T e s t  
Number  

1 
2 

3 
4 

5 

6 

7 

8 

9 
10 

11 

12 

13 

14 
15 

16 

17 

18 

19 
20 

21 

22 

23 
24 
25 

26 

TABLE 3.2 

NIOBIUM CORROSION IN COLD TRAPPED CIRCUITS 
(Reference 94) 

Durat ion 
of T e s t  

( h r )  

500 
500 

500 

500 

500 

500 

500 
500 
500 

500 

500 

500 

500 
500 

500 

500 

500 
500 
500 

500 

3 50 
350 

336 
336 
336 

336 

Tempera tu re  
of Spec imen 

1°C) 

3 70 
370 

370 

3 70 
3 70 

405 

405 
405 

405 

405 

456 
456 

456 
456 

456 

500 

5 00 
500 
500 

5 00 

600 

600 

600 
600 
600 
600 

Velocity 
( f t  / s ec) 

1.31 

2.07 

3.58 

5.86 
11.32 

1.32 

2.09 
3.62 

5.93 
11.42 

1.35 
2.13 

3.69 
6.04 

11.65 

1.36 

2.15 

3.73 
6.12 

11.79 

5.5 
5.5 

16.2 
24.2 
27.1 

29.5 

Cold T r a p  
T e m p e r a t u r e  

( "C)  

140 
140 

140 

140 

140 

140 

140 
140 

140 

140 

140 
140 

140 
140 

140 

140 

140 
140 
140 
140 

120 

240 

125 
125 
125 
125 

Weight Change 
2 

( g / d m  /mo)  

Penet ra t ion  
Rate  

(mil /  mo)  

-0.093 

-0.086 

-0.099 

-0.079 
-0.090 

-1.57 

- 1.83 
-2.44 

-2.70 

-5.21 

-7.77 

-8.83 

-15.7 
-2 1.2 

-49.2 

-17.5 

-25.9 
-36.3 
-47.4 

Com ple t e  l y  
co r roded  

- 1.60 

-2.92 
-33.34 

-42.75 
-55.5 

-71.6 

NOTE: Liquid metal T e s t s  1 t o  20, NaK-78; T e s t s  21 t o  26, NaK-30. 
Ma te r i a l  T e s t s  1 to  20, tubes; T e s t s  21 t o  26, shee ts .  

0.042 
0.039 
0.045 

0.035 
0.040 

0.71 

0.82 

1.09 
1.22 

2.34 

3.49 

3.75 

7.07 

9.54 
22.11 

7.86 

11.68 

16.64 
21.37 
30 

0.74 
1.34 

15.35 

19.63 
25.60 

32.90 

NAA-SR- 86 17 
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TABLE 3,.3 

NIOBIUM - REDUCTIONS O F  CORROSION RATE E F F E C T E D  BY 
INCORPORATION O F  DEOXIDANTS INTO THE CIRCUIT 

(Refe rence  94) 

168 
163 
168 

256 
162 

Velocity 
( f t / s ec )  

600 
600 

500/600 

600 
600 

Measured  
0 Level  

( P P d  

Weight Change 
(g / dm2/mo)  

Penetrat ion 
Rate  

(mils /mo)  
Tes t  

I 
Deoxidant -Magne sium.''' 

Method of Oxide Control 

2 50 
250 
2 50 

2 50 
250 

176 
3 57 
3 50 

500 
50 0 

500 
50 0 

500 

600 
600 
600 

1.34 
2.10 
3.64 
5.96 

11.46 

30 
25 
25 

120°C cold t rapped for  72 hr .  Specimens 
then r a i sed  to t e s t  condition - 10% of flow 
passed  through Mg d ispenser  at 400°C. 

-0.0347 
-0.278 

-0.138 
-0.352 
-0.145 

-0.0358 
t0.048 
t0.040 

0.01 55 
0.1239 
0.0618 
0.1571 
0.0646 

0.016 
No l o s s  
No l o s s  

1 
2 
3 
4 

5 

6 Z 
7 

Prec lean  Conditions 

110°C CTS 4 h r  Mg d i spense r  185°C 24 h r  
120°C CT! 35 h r  Mg d ispenser  200°C 35 h r  
130°C CTS 124 h r  Mg d ispenser  200°C 29 h r  8 

Deoxi 0 'I 
U 
c\ 

4 
c.l 

5.24 
0.33 
0.054 

int - Ti tan idmt  

1 I l 2  I P r e c l e a n  Conditions 

120°C CT! 6 h r  T i  HT"" 650°C 12 h r  
120°C CTS 24 h r  T i  HT'"" 650°C 48  h r  

120°C CT! 24 h r  T i  HT""' 650°C 48 h r  

550 30 
30 
30 

10 
3 
3 

-10.72 
-0.7 
-0.116 

2 54 0 

3 I 3:: 1 550 

DeoxiAant- Zircon:umt 
P rec l ean  Conditions 

120°C CT! 24 h r  600°C Z r  HT":;' 48  h r  
120" C CT! 24 h r  600" C Zr  HT"" 4 8  h r  
120°C CTS 48 h r  500°C Z r  HT'p*' 72  h r  
120°C CTS 48 h r  600°C Zr  HT"* 72  h r  
120°C CTS 48 h r  600°C Zr  HTAk"' 72 h r  

.b .? 

49 
63 

4 

28 
5 

-0.1334 

-6.34 
-0.099 

-0.0575 
-0.161 

0.061 
2.92 
0.045 
0.025 
0.074 

30 
30 
30 
30 
30 

:%Liquid metal 1 to  5 NaK-78, 6 t o  8 NaK-30 
tLiquid  metal Na 
$CT = cold t rapped  

:X:XHT = hot t rapped  
All ma te r i a l ,  tubes  



n 

Tempera tu re  
of Specimen 

( " C )  

0 

a 

Velocity Weight Change 
( f t / sec)  ( g / d m 2 / m o )  

TABLE 3.4 

VANADIUM CORROSION IN COLD TRAPPED CIRCUITS 
(Reference  94)  

T e s t  
No. 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15  

16 
17 
18 
19 
20 
21 

NOTE: 

350 
3 50 
3 50 
350 
350 

394 
394 
394 
394 
394 

40 6 
406 
406 
406 
406 

460 
460 
460 
460 
460 
600 

1.845 
2.91 
5.04 
8.24 

15.89 

0.85 
1.34 
2.33 
3.81 
7.31 

1.878 
2.96 
5.13 
8.38 

16.15 

0.875 
1.37 
2.38 
3.90 
7.57 
5.5 

-0.828 
-1.635 
-2.670 
-3.280 
- 5.230 

-2.78 
-3.31 
- 5.37 
-7.51 
-9.42 

- 5.46 
-8.49 

-12.82 
- 16.45 
-21.94 

-7.71 
-11.52 
-15.89 
- 20.30 
-23.10 

-9.12 

Penet ra t ion  
Ra te  

(mil s / m o  ) 

0.53 
1.06 
1.74 
2.12 
3.38 

1.79 
2.13 
3.46 
4.84 
6.07 

3.52 
5.47 
8.27 

10.62 
14.12 

4.98 
7.58 

10.26 
13.20 
14.70 

5.8 

Durat ion of tes t  500 hr  except for T e s t  21 (350 h r )  
Cold t r a p  t e m p e r a t u r e  141°C except for Test 21 (120°C) 
Liquid metal NaK-78 except f o r  T e s t  21 (NaK-30) 
Mater ia l  all tube except Test  21 which w a s  sheet  

P 
NAA-SR-8617 

3.11 



TABLE 3.5 

VANADIUM REDUCTIONS O F  CORROSION RATE E F F E C T E D  BY 
INCORPORATION O F  DEOXIDANTS INTO THE CIRCUIT 

Test 
No. 

Duration T e m p e r a t u r e  
of T e s t  of Specimen 

( h r )  ( " C )  
Method of Oxide Control 

4 

5 

6 

NOTE: 

Measured  
0 Level  

(PPm) 

127 

21 6 
393 

2 3 50 

w 3 136 

N I  
03 
0' 

4 

600 

550 

580 
I 

550 

600 

Velocity 
( f t /  sec)  

5.5 

5.5 

25 

25 

25 

25 

120" C CT 24 h r  0.01% Mg added 

120°C CT 48 h r  HT 700" - 24 h r  

120°C CT 48 h r  HT 700" - 72 h r  

120°C CT 48 h r  HT 600" - 72 h r  

120°C CT 48 h r  HT 600" - 72 h r  

120°C CT 48 h r  HT 600" - 72 h r  

Pene t r a t ion  r a t e  a t  s a m e  t e m p e r a t u r e  and velocity under CT conditions 5.8 for  T e s t  1. 
Liquid m e t a l  NaK-30 f o r  T e s t  1, Na  for  other  t e s t s .  
M a t e r i a l  T e s t s  1 and 2, sheet ;  T e s t s  3 t o  6, tube. 

Weight Change 
( g / d m 2  / m o  

-0.072 

-0.019 

-0.047 

-0.298 

-0.036 

-0.033 

Pene t r a t ion  
Rate  

(mils / m o )  

0.046 

0.012 

0.3 

0.190 

0.023 

0.021 



n 

Velocity Weight Change 
( f t /  s e c )  ( g / d m 2 / m o )  

Tempe r a tu re  
Test o i  Specimen 

( " C )  No. 

TABLE 3.6 

Penet ra t ion  
Rate  

(mils / m o )  

STAINLESS STEEL 18- 1 - 1 
CORROSION IN COLD TRAPPED CIRCUITS 

(Reference  94) 

1 

2 

3 
4 

5 

400 4 t0.0028 - 
400 8 t0 .0003 - 
400 10 -0,0032 0.0017 

600 5.5 t0.0022 - 
600 0.1 -0.0138 0.0068 

Tempera tu re  
of Specimen T e s t  

Number  ("a 

NOTE: F o r m  of m a t e r i a l  f o r  all t e s t s ,  18-8-1 SS shee t ,  except 
Tes t  5 which was tube. 
t e s t s  130" C, except T e s t  5 (100" C). 
all t e s t s ,  Na ,  except T e s t  5 (NaK-78). Duration of 
T e s t s  1 to 4, 350 h r ,  T e s t  5, 500 h r .  

Cold t r a p  t e m p e r a t u r e  f o r  all 
Liquid m e t a l  f o r  

Weight Change Penet ra t ion  
2 R a t e  Velocity 

(mi 1 /mo)  ( f t  / sec )  ( g / d m  /mo)  

TABLE 3.7 

1 511 1.02 -6.53 
2 51 1 1.67 -9.04 
3 581 1.67 -13.95 
4 581 3.21 -22.2 

URANIUM CORROSION IN COLD TRAPPED CIRCUITS 
(Reference  94) 

1.33 

1.84 

2.85 

4.33 

NOTES: 
F o r m  of material - quadrant  of 1.5 in. d i sc ,  pickled, 
Duration of test, 500 h r  
Cold t r a p  t empera tu re ,  180" C 
Liquid me ta l ,  NaK- 78 

NAA-SR-8617 
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Test  
No. 

1 

2 
3 
4 

5 
6 
7 
8 
9 

10 
11 
12 

13 
14 

15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

NOTE: 

TAB ,E 3.8 

ZIRCONIUM CORROSION IN COLD TRAPPED CIRCUITS 
(Reference  94) 

' I  I 

Mate rial Velocity 
( f t / s e c )  

Tempera ture  

Tube - pickled 
Tube - pickled 
Tube-pickled 
Tube-pickled 
Tube-pickled 
Tube - pickled 
Tube - pickled 
Tube -pickled 
Tube -pickled 
Tube-pickled 
Tube-pickled 
Tube-pickled 
Tube - pickled 
Tube-pickled 
Tube-pickled 
Tube-pickled 
Tube -pickled 
Tube 
Tube-pickled 
Tube - pickled 
Tube 
Arc melted-pickled 
Arc melted-pickled 
Carbon melted a s  received 
Carbon melted-pickled 
Arc melted a s  received 

Arc melted-pickled 
Arc melted-pickled 
Arc  melted-pickled 
Arc melted-pickled . 
Arc melted-pickled + 200 ppm N2 

Arc  melted-pickled + 100 pprn N2 
Arc  melted-pickled 
Arc  melted-pickled + 50 pprn N2 
Arc  melted-  pickled 

393 
393 
393 
393 
393 
467 
467 
467 
4 67 
467 
550 
550 
550 
550 
550 
481 
481 
48 1 
523 
523 
523 
550 
550 
600 
600 
600 
600 
6 50 
650 
650 
6 50 
6 50 
6 50 
6 50 
6 50 

1.0 
1.6 
2.8 
4.6 
8.8 
1.05 
1.7 
2.9 
4.7 
9.0 
1.08 

1.7 
3.0 
4.8 
9.3 
2.1 
3.4 
3.4 
2.2 
3.5 
3.5 
3.5 
2 
4.8 
4.8 
4.8 
4.8 
4.8 
3.5 
2.0 
4.8 
4.8 
3.5 
4.8 
2.0 

Cold T r a p  
Tempera ture  

("C) 

120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 
120 

120 
180 
180 
180 
180 
180 

180 
150 
150 
145 
145 
145 
145 
160 
160 
160 
160 
160 
160 
160 
160 

Weight Change 
(g / dm2)  

-0.012 
-0.016 
-0.013 
-0.022 
+0.006 

+0.008 
+0.015 
t0.021 
+0.013 
+O. 062 
+O. 028 
t0.042 
+0.046 
+0.039 
t0.006 
t0.0563 
t0.0527 
+0.0461 
+0.0727 
t0.0725 
+O. 059 3 
+0.0463 
+0.0500 
+O. 225 
to. 156 
+O. 163 
+O.  162 
+O. 309 

+O.  300 
+O. 294 
+o. 339 
t o .  329 
t o .  344 
+0.352 
+0.325 

Liquid me ta l  fo r  T e s t s  1 t o  21 (NaK-78), Tes t s  22 t o  35 (Na) 
Duration of Tes t s  1 t o  5, 500 h r ;  Tes t s  6 t o  15, 250 h r ;  T e s t s  16 t o  21, 2288 hr ,  
Tes t s  22 t o  27, 350 h r ;  T e s t s  28 to  35, 700 hr .  

NAA- SR-  861 7 
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n 

E 

a 

E 

TABLE 3.9 

FERRITIC STEELS CORROSION IN COLD TRAPPED SODIUM 
(Reference  94) 

T e s t  
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

NOTE: 

Type of Mate r i a l  
and P repa ra t ion  

Hitem: 1 /270 Cu s t ee l  

Hitem: 1 / 2 7 0  Cu normal ized  

Hitem: 1/27' Cu normal ized  

C - 1% Mn s t ee l  

C - 170 Mn s t ee l  normal ized  

C - 170 Mn s t ee l  normal ized  

l 7 0 C r  - 1 /270Mo 

1% C r  - 1 /2% Mo normal ized  

170 C r  - 1 / 2 %  Mo normal ized  

and stress rel ieved 

and s t r e s s  re l ieved 

and s t r e s s  re l ieved  

11 27' MO - 1/470 V 
1/270 MO - 1/470 V 

normal ized  and t e m p e r e d  

normalized,  t empered ,  
and s t r e s s  re l ieved 

11 2'7'0 MO - 1 / 4 %  V 

Weight Change 
( g /  c m 2 / m o )  Velocity 

( f t /  s e c )  

5.5 
2.0 

5.5 

5.5 

2.0 

5.5 

5.5 

2.2 

5.5 

5.5 

4.0 

5.5 

I 400°C 

-0.01 302 

-0.01 27 

-0.0049 6 
-0.01 24 

-0.0093 

-0.00404 

-0.0149 

-0.0 1304 

- 0.00404 

- 0.00 558 

-0.00 59 

-0.00992 

550" C 

-0.0826 

-0.0746 

-0.08 16 

-0.1068 

-0.0988 

-0,0510 

-0.047 

- 0.047 6 

-0.051 

-0.0498 

-0.0542 

-0.0506 

Unless o therwise  s ta ted,  exper iments  w e r e  c a r r i e d  out to  
18-8-1 S S  loops, and all in sodium. A s  decarburization 
o c c u r r e d  in m o s t  c a s e s  at 550°C, convers ions  of weight 
l o s s e s  to  penetrat ion rates a re  wor th less  and a re  not 
given. Duration of all t e s t s  350 h r .  Cold t r a p  t empera tu re  
all tests 120°C. 

NAA-SR- 861 7 
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Tes t  
No. 

1 

2 

3 

5 

6 
7 

8 

9 

10 

11 

12 

13 

14 

15 

TABLE 3.10 

2-1/470 C r  - 1/270 Mo S T E E L  CORROSION IN COLD TRAPPED CIRCUITS 
(Reference  94)  

Mater ia l  Prepara t ion  

As received 

As received 

Annealed 

No rmali zed and t empe r ed  

Annealed and s t r e s s -  re l ieved 

Annealed and s t ress - re l ieved  

Normalized, tempered ,  and 

Normalized, tempered ,  and 

Annealed and spot welds 

Normalized, tempered,  and 

Annealed, spot welds,  and 

st r e s  s -  relieved 

s t  r e s  s- relieved 

spot welds 

s t r e s s -  re l ieved 

Annealed, spot welds,  and 

Normalized,  t emper  e d, spot 
welds,  and s t ress - re l ieved  

Normalized, tempered,  spot 
welds. and s t ress - re l ieved  

s t r e s s -  re l ieved 

Velocity 
( f t /  sec)  

5.5 

5.5 

4.8 

4.8 

4.8 

2.2 

4.8 

2.2 

3.5 

3.5 

2.2 

4.8 

4.8 

2.2 

Weight Change 
( g / dm2 / rno) 

-0.00532 

-0.03974 

-0.0358 

-0.0358 

-0.0282 

- 0.0290 

-0.0239 

-0.0 17 2 
-0.027 6 

-0.0231 

-0.0304 

-0.0342 

-0.0307 

-0.0169 

Metallographic Examination 

No de  c a rbu r i zation 

Slight evidence of decarburizat ion,  

Each end of the specimen showed an  

the edge gra ins  being mainly ferr i t ic .  

a r e a  0.012 in. deep of diminished 
pear l i te  intensity 

Each end of the specimen showed an  
a r e a  0.012 in. deep of diminished 
pear l i te  content. 

NOTE: Tes t s  c a r r i e d  out in 18-8-1 SS r ig s  and in sodium. Penetrat ion r a t e s  a r e  not quoted because of the 
possibil i ty of occur rence  of decarburization. Duration of Tes t  1 and 2, 350 h r ;  Tes t s  3 to  15 
700 h r .  Tempera ture  of specimens - Test  1, 4OO0C, other  t e s t s  550°C. 
t r a p -  T e s t s  1 and 2, 12O"C, other  t e s t s  150°C. 

Tempera ture  of cold 



n 

Test 
No. 

TABLE 3.11 

NICKEL CORROSION IN NaK-78,  COLD TRAPPED AT 120°C 
(Reference 94) 

t 

Velocity 
( f t /  sec) 

Temperature 
of Specimen 

( " C )  
464 
4 64 
464 
499 
499 
499 
54 2 
542 
54 2 
590 
590 
590 

1 

2 
3 
4 
5 
6 
7 
8 

9 
10 
11 

12 

NOTE: 

1.57 
2.52 
4.28 
1.57 
2.52 
4.28 
0.92 
1.48 
2.52 

0.92 
1.48 
2.52 

Du ra t  ion Temperature  
("C)  

Test of Test  No. ( h r )  

Weight Change 
(g /dm2/mo)  

Weight Change 
(g / dm2/ mo 1 

t0.0028 
- 0.0 576 
-0.01 585 
t0.00865 
t0.'0072 
t0.0153 
-0.104 
t0.0048 
t0.0176 
to. 027 2 
t0.0208 
t0.0176 

2 

Penetration Rate 
(mils /mo)  

6.7 
16.7 
33 
83  

167 

- 
0.00258 
0.0007 1 

- 
- 
- 

0.00465 
- 
- 
- 
- 
- 

3 

Duration of tes t  - Test  1 to 6, 500 h r ;  Tes ts  7 t o  12, 450 hr .  

6.7 
16.7 
33 
83  

167 

TABLE 3.12 

TITANIUM CORROSION IN SODIUM, 
COLD TRAPPED AT 120°C 

(Reference 94) 

1 1 440 I 400 I t0.0012 

500 -12.0 
- 15.0 
- 16.4 
-11.7 

-9.1 

6 50 -47.0 
-42.8 
-40.0 
-54.4 
-40.8 

NOTE: N a  velocity; 5.5 f t / sec .  

N AA- SR - 8 6 1 7 
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n 

Alloy 
(wt %) 

Average Weight Gain 
tmg/  cm2)  

Hours  

75 I 163 I 303 I 500 I 1000 I 1500 I 2500 

Q 

P 
E 

Z r  
Z r  t 1.5 A1 
Z r  t 1.5 Al t 1.5 Sn 
Z r  t 1.5 A1 t 3 Sn 
Z r  t 1.5 A1 t 1.5 Mo 
Z r  t 1.5 A1 t 1.5 Sn t 1.5 Mo 
Z r  t 3 A1 
Z r  t 3 A1 t 1.5 Sn 
Z r  -k 3 A1 t 3 Sn 
Z r  t 3 A1 t 1.5 Sn t 1.5 Mo 
Z r t 2 A l  

0.14 
0.16 
0.14 
0.15 
0.22 
0.18 
0.18 
0.17 
0.17 
0.23 
0.17 

0.23 
0.26 
0.24 
0.21 
0.35 
0.33 
0.25 
0.25 
0.22 
0.31 
0.26 

1500 
2500 
3500 
4500 

1000 
2000 
3000 

1500 
2500 
3500 
4500 

0.33 
0.37 
0.36 
0.27 
0.44 
0.40 
0.31 
0.29 
0.27 
0.36 
0.39 

No apparent  a t tack 
0.0014 in. i n t e rg ranu la r  co r ros ion  
Evidence of gene ra l  co r ros ion  
0.0015 in. pitting 

0.0026 in. gene ra l  co r ros ion  
0.0025 in. i n t e rg ranu la r  co r ros ion  
0.0010 in. gene ra l  co r ros ion  

0.0007 in. i n t e rg ranu la r  co r ros ion  
0.0020 in. gene ra l  co r ros ion  
0.0019 in. i n t e rg ranu la r  co r ros ion  
0.0020 in. pitting 

0.30 
- 
- 

0.27 
0.46 

- 
- 

0.30 
0.26 
0.35 

- 

Hastelloy N 

t Columbium 

TABLE 3.14 

1200°F  NaK-78 CORROSION DATA 
(Reference  104) 

1500 
2500 No apparent  a t tack 
3500 No apparent  a t tack 
4500 0.0014 in. i n t e rg ranu la r  co r ros ion  

1000 

Slight evidence of gene ra l  .corrosion 

No evidence of in t e rg ranu la r  a t tack o r  gene ra l  
co r ros ion  

0.55 
- 
- 

0.49 
0.73 

- 
- 

0.45 
0.45 
0.56 

- 

0.50 
- 
- 

0.38 
0.61 

- 
- 

0.39 
0.35 
0.43 

0.56 
- 
- 

0.41 
0.59 

- 
- 

0.39 
0.35 
0.52 

Du rat ion Type and Rate  of Attack I ( h r )  Spec imen  
.e. 

304 SS-" 

316 SS:' 

.lr 

347 SS-- 



TABLE 3.15 

1400°F  NaK-78 CORROSION DATA 

Sp e c ime n 

304 SS:' 

316 SS"' 

.I, 

347 ss'" 

Hastel loy N 

Haynes 25 

Molybdenum 

Inconel X 

Hastel loy C 

Duration 
( h r )  

1500 

2500 
3 500 
4500 

1000 
2000 
3000 

1500 
2500 
3500 
4500 

1500 
2500 
3500 
4500 

1000 
2000 
3000 

1000 
2000 
3000 

1000 
2000 
3000 

1000 
2000 

(Reference  104) 

Type and Rate of Attack 

No apparent  a t tack,  sl ight evidence of deca rbur i za -  

0.0014 in. pitting 
0.0013 in. i n t e rg ranu la r  co r ros ion  
0.0023 in. decarbur iza t ion  

t ion 

Slight evidence of gene ra l  co r ros ion  
0.0004 in. decarbur iza t ion  
0.0008 in. decarbur iza t ion  

0.0006 in. i n t e rg ranu la r  co r ros ion  
0.0004 in. pitting 
Genera l  co r ros ion  to  a depth of 0.0006 in. 
0.002 5 in. decarbur iza t ion  

Slight evidence of i n t e rg ranu la r  attack 
Genera l  co r ros ion  to  a depth of 0.0005 in. 
No apparent  a t tack 
Very  slight sur face  a t tack  

0.0002 in. pitting 
Very  slight evidence of gene ra l  co r ros ion  
0,001 1 in. decarbur iza t ion  

No apparent  a t tack 
No apparent  a t tack 
Slight pitting, no depth 

No apparent  a t tack 
V e r y  slight gene ra l  co r ros ion  
Very  slight pitting, no depth 

0.0010 in. pitting 
0.0017 in. decarbur iza t ion  

0 

%Stainless Steel 

NAA-SR-8617 
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TABLE 3.16 

REFRACTORY MATERIAL CORROSION RESULTS WITH POTASSIUM 
(Reference  106) 

Sample Location 

Pur i f ica t ion  Loop 

Boi le r  Discharge  

Nozzle Outlet 

Conditions 

Liquid velocity 10 f t /  s e c  
11 h r  a t  1000 to  1150 " F  

Liquid velocity 1 f t / s e c  
4.5 h r  a t  1200 to  1 7 0 0 ° F  
Vapor velocity 20 f t / s e c  
5 h r  a t  1700 to  1780°F  

Liquid velocity 32 f t / s e c  
4.5 h r  a t  1200 to 1700°F  
Vapor velocity 1800 f t / s e c  
5 h r  a t  1700 to  1780°F  

Specimen 
Mate rial 

Cb 
Cb + 1% Z r  

T a  
Mo 

Cb 
Cb t 1 %  Z r  (weld) 

T a  
Mo 

Mo 

Cb 

Weight 
Loss 

( m g / c m 2 )  

2.1 
1.7 
1.9 
0.6 

24.4 
23.0 
69.2 

3.0 

9.0 

141 

because  of the t remendous  amount of e ros ion  that  occur red .  

s i u m  was  a l s o  used again resul t ing in misleading resu l t s .  

sented h e r e  to  give a n  indication of what will  happen in a n  unpurified sys tem.  

Unpurified potas-  

The r e su l t s  a r e  p r e -  

97 Semmel presented  r e su l t s  on Haynes 2 5  alloy and fo rmed  the con- 

c lusion that  Haynes 25 (L-605)  is highly r e s i s t an t  to  t r ansg ranu la r  and in t e r -  

g ranu la r  a t tack to  as  high as  1850°F potass ium fo r  1000 hr .  He hypothesized 
tha t  ca rbon  and n i t rogen  in  L-605 could cause loca l  carbur iza t ion  and nitriding 

of the alloy, thus changing i t s  mechanical  proper t ies .  However,  h i s  t e s t s  w e r e  

not conducted to  prove th i s  s ta tement .  

w e r e  tes ted ,  but the r e su l t s  w e r e  not p re sen ted  in  S e m m e l ' s  presentat ion.  

Loops made  of Type 315 SSandCb + 10/oZr 

3.1.3.5 Rubidium 

T h e r e  ex i s t s  a sca rc i ty  of information on the compatibil i ty of rubidium 

with va r ious  m a t e r i a l s .  The r e a d e r  is r e f e r r e d  to  Refe rences  2 ,  88, and 107 
96 f o r  a s u m m a r y  of s ta t ic  compatibil i ty t e s t s  with va r ious  , m a t e r i a l s .  

concluded a f t e r  per forming  some  s t a t i c  capsule  t e s t s  using Type 316 SS, InconelX, 

KE-7  ( W C  t 670 Co) ,  bery l l ium,  and DiMax M-19 s i l icon s t ee l  m a t e r i a l s  at  t em-  

p e r a t u r e s  between 900 and 1 4 0 0 ° F  fo r  500 h r  that  these  m a t e r i a l s ,  with the ex- 

ception of beryl l ium, would be suitable fo r  liquid me ta l  loop m a t e r i a l s .  

Simons 

NAA- SR- 86 1 7  
3 . 2  1 



1 1  Whitman and Stockton per formed s ta t ic  and the rma l  convection 

boiling loop t e s t s  with Inconel a t  t e m p e r a t u r e s  ranging f r o m  160 to  1520°F  and 

concluded tha t  Inconel i s  quite sui table  f o r  u se  in a boiling rubidium sys tem.  

3.1.3.6 Lithium 

The ma jo r i ty  of th i s  subsect ion is classif ied.  The r e a d e r  i s  r e f e r r e d  

to  NAA-SR-8637 Vol I, Addendum I for  the c lass i f ied  d iscuss ion  of References  

108, 61, 105, 109, 110, 111, and 112. 

NAA-SR-86 17 V o l  I, Addendum I p r e s e n t s  calculated r e su l t s  of co r ros ion  

t e s t s  of seven  r e f r a c t o r y m e t a l s  in s t a t i c  l i t h iuma t  elevated temperatures . ’  l2  Hoff- 

m a n  did a n  extensive study on the co r ros ion  of m a t e r i a l s  by l i th ium,  113 
His 

conclusions a r e  p re sen ted  in  F igu re  3.3 which a r e  valid fo r  s y s t e m s  with the  

following conditions: the sur face- to-volume ra t io  is approximate ly  13: 1; and in 

dynamic s y s t e m s  the flow r a t e  i s  l e s s  than 10 f t / m i n  and the  pipe is approxi -  

mate ly  0.7 in. ID with a t empera tu re  gradient approximately 2130°F. 
*. . * .  

NAA-SR-8617 
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3.2 HANDLING O F  LIQUID METALS 

The following sect ions will contain br ie f ,  gene ra l  information on 

liquid m e t a l s  regard ing  the s torage ,  f i r e  prevention, and personnel  safety. 

These  sect ions do not necessa r i ly  consti tute the pol ic ies  of any one company o r  

organizat ion,  and should be used only as  a guide. The information is  presented  

in o r d e r  to  a l e r t  the r e a d e r  t o  the h a z a r d s  assoc ia ted  with liquid me ta l s .  

3.2.1 Storage 1 , 9 ,  114, 115, 116 

Liquid m e t a l s  should be s tored  in a d r y ,  unsprinklered,  f i r e  res i s tan t ,  

The conta iners  should be r a i sed  above the ground to prevent  

Metal  s t o r m  c o v e r s  extending down the s ides  of the con- 
ventilated building. 

contact with water .  
t a ine r  should be used,  in addition to d r i p  pans in o r d e r  to  prevent  liquid meta l  

f r o m  coming into contact with a concre te  f loor ,  causing de t r imenta l  effects ( for  

example,  burning sodium r e a c t s  with concre te ,  re leas ing  heat which spa l l s  the 

concre te  and s c a t t e r s  burning sodium ove r  a wide area). Usually iner t  g a s  is 

used  as  a cove r  g a s  in the container .  Pe t ro l eum e the r  and hexane w a s  used  by  

McCoy and Hoffman fo r  s tor ing rubidium, but a few disadvantages exis ted;  

the low f lash  points of the l iquids presented  a haza rd  when handling rubidium, 

and the rubidium had to  be purified in o r d e r  to  remove  the impur i t ies  assoc ia ted  

with these  l iquids.  

blanketing l i thium, while in  addition ni t rogen m a y  be used with sodium o r  NaK. 

3.2.2 F i r e  and Pe r sonne l  Safety 

9 

116 

indicates  that  only hel ium o r  a rgon  is  suitable fo r  

9, 114, 115,117, 118 

P r o p e r  planning, maintenance,  and personnel  education will  prevent  

m o s t  f i r e s .  To extinguish a f i r e  special  agents  m u s t  be used;  d r y  ca lc ium c a r -  

bonate applied with shovels  and Met-L-X p r e s s u r i z e d  ext inguishers  a r e  used  a t  

Atomics International on sodium, NaK, potass ium,  rubidium, and l i thium f i r e s .  

Graphi te  was  used  init ially a s  a f i r e  extinguishing agent,  but it proved to  be too 

m e s s y  to  handle.  Under no c i r cums tances  should o rd ina ry  extinguishing agents  

(wa te r ,  COz, carbon t e t r ach lo r ide ,  e tc .  ) be applied. 

that  liquid m e t a l s  do not burn  l ike mos t  m a t e r i a l s ;  f o r  example,  sodium seldom 

burns  with an open f lame,  instead t h e r e  a r e  many br ight ,  yellow, glowing spots  

covering the su r face  of the liquid m e t a l  exposed to  a i r .  

at  t e m p e r a t u r e s  g r e a t e r  than 257 'F,  and due to  the l a rge  heat generat ion,  will 
r e a c h  v e r y  quickly a t e m p e r a t u r e  of 1500°F.  

burning c h a r a c t e r i s t i c s  of o the r  liquid me ta l s .  

Another word of caution is  

Sodium will ignite in a i r  

No information i s  available on the 

NAA- SR-86 17  
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n Pol ic ies  at Atomics International regarding min imum personnel  safety 

equipment have been establ ished by Eggen 14, l 7  and m a y  be summar ized  in the 

following way ( s m a l l  liquid me ta l  se tups  a r e  usual ly  completely enclosed to 

absolutely prevent  personnel  f r o m  coming into contact with the liquid meta l ,  so 

that the following precaut ions m a y  be el iminated) .  

t i e s  n e a r  o r  on the component t e s t  t owers  sha l l  wea r  ha rd  hats ,  gloves,  and 

lea ther -so led  shoes,  with safe ty  g l a s s e s  (cup type)  being optional, and shal l  

r a i s e  and lower  a l l  tools  and loose equipment by hand l ine.  
around liquid me ta l  sys t ems  shal l  wea r  f i reproof  covera l l s  and l ea the r  shoes,  

with ha rd  hats  having p las t ic  f a c e  shields  and p las t ic  gloves being optional. All 

personnel  involved in t r a n s f e r r i n g  o r  handling exposed liquid me ta l  below 250" F 

shal l  wea r  f lameproof  covera l l s ,  l ea the r  shoes,  plast ic  gloves,  and ha rd  ha ts  

with p las t ic  f ace  shields .  When the liquid me ta l  i s  a t  a t empera tu re  g r e a t e r  

than 250"F,  a l l  personnel  shal l  wea r  welding he lmets  with canvas o r  l ea the r  
snood, f lameproof  cove ia l l s ,  a sbes tos  o r  chrome l ea the r  gloves,  chrome 
l ea the r  leggings,  and l ea the r  shoes o r  rubber  boots  inside t r o u s e r  l egs .  

e r a l ,  all liquid me ta l  spi l ls  sha l l  be picked up and disposed of in  d r y  ca lc ium 
carbonate  fi l led buckets  o r  pans and wiped c lean  with flameproof r a g s .  

tha t  h a s  been  exposed to  liquid m e t a l  should be  removed and the body should be  
flooded with water  immediately.  

the eyes .  

u s e  of safety showers) .  

should be  brought to the attention of the f irst  aid s ta t ion immedia te ly .  

Pe r sonne l  engaged in act ivi-  

Pe r sonne l  p re sen t  

In gen-  

Clothing 

Low p r e s s u r e  water  should be  used  for flushing 

(Pe r sonne l  working with liquid m e t a l s  should know the location and 

No m a t t e r  how minor  a liquid me ta l  bu rn  s e e m s ,  it 

NAA- SR -8 6 17 
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n 4.0 HYDRAULICS 

4.1 TWO- PHASE PRESSURE DROP 

The following presenta t ion  will  mainly cons is t  of a method presented  

by Baroczy  and Sanders '  l 9  f o r  calculating the local  two-phase fr ic t ion p r e s s u r e  

d rop  in a two-phase,  one- o r  two-component fluid-flow sys tem.  The total  f r i c -  

t ion p r e s s u r e  change during condensing o r  boiling is  obtained by numer ica l ly  

integrat ing the loca l  two-phase p r e s s u r e  d rop  gradient  ove r  the range of conden- 

sat ion o r  boiling. A method f o r  calculating the momentum p r e s s u r e  change du r -  

ing boiling o r  condensing in a horizontal  pipe which was  init iated by Mar t ine l l i  

and Nelson'" will a l s o  be  presented .  

4.1.1 Fr ic t ion  L o s s e s  

The work of Baroczy and Sanders  is actual ly  an extension of work by 

previous  au thors  120, 1 2 1 ,  122 and u s e s  an  additional p a r a m e t e r  ( loca l  g a s  Reynolds 

number )  with the Lockhart-Mart inel l i  two-phase flow modulus (X)  to  c o r r e l a t e  

two-phase p r e s s u r e  drop  data.  

the two-phase fr ic t ion p r e s s u r e  change: 

The following relat ionships  a r e  used  to  calculate  

. . . (4.1) 

. . . (4.2) 

F i g u r e s  4.1 and 4.2 contain c u r v e s  which give exper imenta l  va lues  fo r  

G 2  a s  a function of the two-phase flow modulus;  however,  the local  flow r e g i m e s  

f o r  the liquid and the g a s  (vapor )  flowing alone mus t  be de te rmined  before  one 

knows which cu rve  to  use .  

l a r g e r  o r  s m a l l e r  than 2000, the flows a re  turbulent  o r  l a m i n a r  (v iscous) ,  r e -  
spectively.  
ulus fo r  viscous l iquid-viscous gas ,  v i scous  l iquid-turbulent gas ,  turbulent  

l iquid-turbulent gas ,  and turbulent l iquid-viscous gas ,  respect ively,  and the 

following equations a r e  used to  obtain values  f o r  the two-phase flow modulus:  

g 

Thus,  if the liquid and g a s  Reynold numbers  a re  

Therefore ,  Xvv, Xvt, X t t ,  andX indicate the two-phase flow mod-  t v  

NAA- SR- 86 1 7  
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Reference  124 (using mercu ry -n i t rogen)  f o r  U s e  for Two-Phase ,  

One- o r  Two-Component F r i c t ion  P r e s s u r e  Change 
(Reference  1 19) 
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1 

I 

. . ( 4 . 3 )  

. . . (4.4) 

. . . (4.5) 

0.5 =(2llr?.%!?) Rel 0.4 
xtv cg wgPQ pg . . . (4.6) 

No data  a r e  presented  f o r  the turbulent  l iquid-viscous gas  flow reg ime because  

of i t s  scarc i ty .  Since th i s  type of flow, whenever i t  does  exis t ,  will  ex is t  ove r  

a sho r t  length at  the en t rance  region of a boi le r  o r  a t  the exit  region of a con- 

d e n s e r ,  the turbulent  l iquid-turbulent g a s  flow reg ime  is usual ly  a s s u m e d  to  

ex is t  ove r  th i s  region. 

viscous g a s  flow reg ime  a re  known, the p r e s s u r e  d rop  gradient  m a y  be ex t rapo-  

la ted  through t h i s  region. 
Mar t ine l l i  p a r a m e t e r  implici t ly  t akes  into account the different flow pa t t e rns  

(except  slug o r  s t ra t i f ied  flow) so that  a n  investigation need not be made  in o r d e r  

to de t e rmine  the kind of flow pat tern.  

However, s ince the end points of the turbulent  l iquid- 

It should a l so  be pointed out that  the Lockhar t -  

In o r d e r  t o  calculate  the local  p r e s s u r e  d rop  gradient  in  Equation 4.2 

f o r  g a s  (vapor)  flowing alone through a pipe, the following equation should be 

used  (assuming specif ic  weight and densi ty  a r e  equal):  

. . . (4.7) 

NAA-SR-8617 
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n 

Thus by using Equations 4.2 to 4.7 and F i g u r e s  4.1 and 4 . 2 ,  the two-phase fr ic t ion 

p r e s s u r e  change, (pe - 
Equation 4.1. 

can  be obtained by numer ica l ly  integrat ing 

4.1.2 Momentum Changes 

When vapor  is genera ted  o r  condensed during forced  circulat ion,  the 

momentum of the fluid s t r e a m  changes resul t ing in a p r e s s u r e  d rop  o r  gain in  

addition to the p r e s s u r e  d rop  that  is occurr ing  due to  f r ic t ion.  

d rop  (denoted by a negative value fo r  h p M )  caused  by the i n c r e a s e  in momentum 

of the fluid s t r e a m  during boiling can  be expressed"' a s  follows (assuming all 

l iquid ex i s t s  at the inlet):  

The p r e s s u r e  

Using Equations 4.14 and 4.15 f r o m  the next section, one obtains (assuming that  

the liquid inlet  and exit  dens i t ies  a r e  not equal;  however,  they a r e  usually as-  

sumed to  be equal)  the following equations in t e r m s  of known p a r a m e t e r s :  

. . . (4.9) 

The p r e s s u r e  gain (denoted by a posit ive value fo r  hp,) caused  by 

the d e c r e a s e  in momentum of the fluid s t r e a m  during condensing can be expres sed ,  

s i m i l a r l y  to  Equation 4.8, as  follows (assuming all liquid ex i s t s  a t  the exit):  

. . . (4.10) 

Using aga in  Equations 4.14 and 4.15, one obtains  (assuming liquid inlet  and exit  
dens i t ies  are  not equal) the following equation in t e r m s  of known p a r a m e t e r s :  
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. . . (4.11) 

Discussion on the loca l  liquid and gas  f rac t ions  is given in the next section. 

In the  above momentum discuss ion  the liquid and vapor  w e r e  assumed 
L 

t o  be flowing completely separa ted  (giving approximately bpM" x ). This  r e su l t s  

in obtaining a somewhat l ower  p r e s s u r e  gain during condensing and a lower  p r e s -  
Sure l o s s  during boiling than is  actual ly  occurr ing .  

pa t t e rn  that  could be a s sumed  is  that the liquid and vapor  a r e  completely mixed 

(giving approximately Ap a x ) ,  i. e . ,  fog flow ex i s t s  ( V  = V i ) .  The r e a l  p r e s -  

s u r e  gain o r  d r o p  will  actual ly  be between the two e x t r e m e s  mentioned (found by 

comparing the mul t ip l ie r  cu rves  of Reference  11 1 to  the two e x t r e m e  l imi t s ) .  

However,  s ince experimental ly  obtained liquid f rac t ion  data  a r e  used  in d e t e r -  
mining the momentum p r e s s u r e  change, the value s obtained from Equation 4.9 

and 4.11 actual ly  l ie  between the two e x t r e m e s  mentioned above and should be 

used  with confidence. 

The o ther  e x t r e m e  flow 

M g 

The overa l l  o r  total  two-phase p r e s s u r e  change, (pe - pi)T,  through 

a horizontal  bo i le r  o r  condenser  is  obtained by using the following equation: 

By using Equation 4.1 and 4.9 o r  4.11 the total  two-phase p r e s s u r e  change ove r  

a given length can be obtained. One word  of caution might be mentioned at th i s  

point. 

the  following equation should be used: 

When attempting to  find the overa l l  two-phase p r e s s u r e  change gradient ,  
119 

. . . (4.13) APTPI? ApM 
Az 

An e r r o r  o c c u r s  i f  one a t tempts  to  obtain the ove ra l l  p r e s s u r e  change gradient  at 

z = 0 by adding the  two-phase fr ic t ion p r e s s u r e  change gradient  t o  the momentum 

p r e s s u r e  change gradient ,  because at z = 0 the overa l l  p r e s s u r e  change i s  due 

en t i re ly  to  two phase  friction. Therefore ,  the overa l l  p r e s s u r e  change gradient  
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m u s t  be due only to  the two-phase fr ic t ion change gradient.  

p r e s s u r e  change is  zero  at  T = 0 and the momentum change gradient  is  not ze ro  

at z = 0, Equation 4.13 mus t  be used  fo r  calculating the overa l l  p r e s s u r e  change 

gradient ,  Usually the heat flux i s  constant and the condensing o r  boiling r a t e  i s  

a s s u m e d  l inea r  in  o r d e r  to  e a s e  the calculating work needed to  obtain point by 

point p r e s s u r e  changes and gradients .  

Since the momentum 
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NOMENCLATURE 

2 A = C r o s s  sectional a r e a  of pipe, f t  

C = Constant in f r ic t ion  fac tor  equation = 16 ( l a m i n a r  flow); = 0.046 
( turbulent  flow), d imens ionless  

D = Hydraulic d i ame te r  of pipe, f t  

f = Fanning f r ic t ion  fac tor  = 16/Re ( l a m i n a r  flow); = - 0 046 
R e o a 2  ( turbulent  flow), d imens ionless  

@ = Function of X uti l ized i n  calculating two-phase f r ic t ion  p r e s s u r e  drop  

b g  = - -1 'Az)TPF , dimens ionless  

2 g = Gravitational acce lera t ion  = 4.18 x lo8 f t / h r  

G = M a s s  velocity ( G  = pV)lb 2 / h r - f t  m 
5 y = Specific weight, lb f / f t  

p = P r e s s u r e ,  psf 

Ap = P r e s s u r e  change (Ap = p - pi), psf e 

(AplAz)  = P r e s s u r e  change gradient  in separa ted  flow, p s f / f t  

R = Frac t ion  of pipe flow c r o s s  sect ion occupied by g a s  ( R  
g g 

= 1 - RP), 
dimens ionless  

R = Frac t ion  of pipe flow c r o s s  sect ion occupied by liquid, d imens ionless  

Re  = Reynolds number  based on s ingle-phase flow (Re = E), 
CL 

P 

dimens ionless  

V = Velocity, f t / h r  

W = M a s s  flow ra te ,  l b m / h r  

X = Two-phase flow modulus,  d imens ionless  

x = Quality (x = z), dimens ionless  

z = Length along boi le r  o r  condenser ,  ft 

3 p Density, lb  / f t  

j.i = Absolute viscosi ty ,  l b  
m 

/h r - f t  m 

NAA-SR- 861 7 
4.8 

R 



SUBSCRIPTS 

e = Exit 

F = F r i c t i o n  

g = Gas 

i = Inlet 

I = Liquid 

M = Momentum 

‘ t  = Turbulent  

T = Total  

T P  = Two-phase 

t t  = Turbulent  l iquid-turbulent g a s  

t v  = Turbulent  l iquid-viscous gas  

v = Viscous 

vt = Viscous l iquid-turbulent gas  

vv = Viscous l iquid-viscous g a s  

n 
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4 .2  LIQUID HOLDUP 

Liquid holdup is  v e r y  important  in  SNAP s y s t e m s  because  of the weight 

r equ i r emen t s  s e t  for th  in  space  sys tems.  
pred ic t  the amount of l iquid contained in  a boi le r  o r  a condenser .  

changes in two-phase fluids flowing through ducts  are a l s o  affected by the amount 

of liquid contained in  a boi le r  o r  a condenser .  The re fo re  the t e r m ,  loca l  l iquid 

f rac t ion ,  has  been devised and is  defined as the f rac t ion  of fluid flow area occu-  

pied by the liquid a t  a given c r o s s  section. 

ing c r o s s  sect ional  a r e a  which i s  unoccupied by liquid. 

It h a s  become n e c e s s a r y  to  be able  to  

P r e s s u r e  

The loca l  gas  f rac t ion  is the r ema in -  

by c o r r e -  B a r o c z y l Z 3  extended the work of o ther  au tho r s  120,90,  1 2 2  

lating loca l  liquid f rac t ion  data  with the Mar t ine l l i  two-phase flow modulus 

p a r a m e t e r  plus a n  additional p a r a m e t e r ,  ( p  / p  ) ' " / ( p  / p  ). The additional 

var iab le  was  needed, because  when the l iquid mercu ry -n i t rogen  data  w e r e  

compared  to  the Lockhar t -Mar t ine l l i  cor re la t ion ,121  the liquid f rac t ion  data  

r ep resen ted  only 10% of the  Lockhart-Mart inel l i  values.  1 2 3  The re fo re ,  by 
co r re l a t ing  the data  of o the r  w o r k e r s  ' 21 , 249 ' 259  126 f o r  va r ious  l iquids  and 

g a s e s ,  a genera l ized  co r re l a t ion  of data  was  developed and is r ep resen ted  by 

F i g u r e  4.3. 

invest igated by Baroczy;  the problem becomes  m o r e  complex when o the r  flow 

r e g i m e s  a r e  investigated,  s ince a f ami ly  of Reynolds number  c u r v e s  r e s u l t s  

f o r  each  two-phase flow modulus value. 

Mar t ine l l i  and Nelson' 2o indicated that  the momentum p r e s s u r e  change is  only 

sl ightly affected by the d i f fe ren t  f low reg imes .  The re fo re ,  it s e e m s  advisable  
to  use  F igu re  4.3 f o r  all flow reg imes  fo r  the  t i m e  being. 

i g  . Q g  124 

The turbulent  l iquid-turbulent g a s  flow reg ime  was  the only one 

However, work  by Baroczyb9 and 

A n  end r e su l t  of the loca l  liquid f rac t ion  c u r v e s  is the abil i ty to  be 

ab le  to  de t e rmine  the s l ip  r a t io  ( V  /VI) in two-phase flow, 

l iquid and g a s  veloci t ies  a r e  defined a s  follows: 
The respec t ive  

g 

W 

. . . (4.14) 
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Therefore ,  the s l ip  ra t io  becomes ,  

s ince,  

R = l - R l  . 
g 

. . (4.16) 

. . . (4.17) 
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