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INTRODUCTION 
An i n v e s t i g a t i o n  of bo i l i ng  and condensing potassium 

h e a t  t r a n s f e r  i s  being conducted f o r  t h e  Nat ional  Aero- 
n a u t i c s  and Space Adminis t ra t ion by General E l e c t r i c  Company 
under Contract  NAS 3-2528 t o  o b t a i n  two-phase h e a t  t r a n s f e r  
and f l u i d  flow data f o r  potassium under cond i t ions  of b o i l i n g  
and condensing a t  temperatures a n t i c i p a t e d  i n  t u r b o - e l e c t r i c  
Rankine cyc le  systems. 
p r e s e n t  some of t h e  r e su l t s  obtained from the  b o i l i n g  s t u d i e s  
done under t h i s  program. 

- 

The purpose of t h i s  paper  i s  t o  

Experimental  work wi th  b o i l i n g  potassium inc ludes  both  
I t  once-through" two-fluid b o i l e r  t e s t s  i n  Haynes-25 a l l o y  
f a c i l i t y  w i t h  s ing le- tube  geometries a t  potassium temperatures  
t o  1750°F, and complementary b o i l i n g  experiments wi th  a radiant-  
heated C b - 1 Z r  f a c i l i t y  a t  potassium temperatures  t o  210O0P. 
R e s u l t s  from these  experiments inc lude  measurements of hea t  
t r a n s f e r  c o e f f i c i e n t s  i n  t h e  var ious b o i l i n g  regimes from low 
vapor q u a l i t y  t o  superheated vapor cond i t ions ,  two-phase p re s su re  
drop  measurements, and some exp lo ra to ry  c r i t i c a l  hea t  f l u x  d e t e r -  
minat ions.  

EXPERIMENTAL APPARATUS AND INSTRUMENTATION 
300 KW Two-Fluid F a c i l i t y  

i s  cons t ruc t ed  of Haynes-25 a l l o y .  Liquic! sodium flows i n  t h e  
primary loop of t h e  f a c i l i t y ,  accept ing  h e a t  fron: a gas  f i r e d  
furnace  a t  maximum sodium temperatures t o  1850°F and r e j e c t i n g  
the  h e a t  a t  the  t es t  s e c t i o n  t o  b o i l i n g  potassium i n  the  second- 
a r y  loop. 
i n  v e r t i c a l  and h o r i z o n t a l  a i r -cooled  s ingle- tube  condensers. 
The potassium vapor- l iquid i n t e r f a c e  i s  maintained ir ,  a head 
t ank  f i t t e d  wi th  l e v e l  probes,  pos i t i oned  immediately downstream 
of the  h o r i z o n t a l  condenser. 
magnetic flowmeters i n  the  primary and secondary loops.  

The 300 KW two-f luid l i q u i d  meta l  t e s t  f a c i l i l t y  (F igure  1) 

P o t a s s i u m  flowing i n  the  secondary loop i s  condensed 

Flow r a t e s  a r e  measured by e l e c t r o -  
Control  
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of oxygen concent ra t ion  i n  both loops i s  accomplished by 

zirconium g e t t e r i n g  g r i d s  loca ted  i n  the  dump tanks .  I 
Figure 2 shows a disassembled v iew of t h e  b o i l i n g  t e s t  

s e c t i o n ,  inc luding  one o f  t he  h e l i c a l  i n s e r t s  employed. The 
t e s t  s e c t i o n  i s  a s h e l l  and  t u b e  h e a t  exchanger w i t h  t h e  
potassium flowing i n s i d e  the  b o i l e r  tube and heated by sodium 
flowing i n  t h e  annulus.  Rela t ive  expansion between t h e  b o i l e r  
tube and t h e  s h e l l  i s  accommodated by a bellows loca ted  before  
the hea ted  s e c t i o n  o f  t he  tube nea r  t h e  potassium i n l e t .  
h e l i x  i n s e r t  c o n s i s t s  o f  a 1/4-inch o u t s i d e  d iameter  suppor t  
t ube  around which i s  wound a ribbon t o  fo rm a h e l i c a l  flow 
pa th  when the i n s e r t  i s  placed i n  the  b o i l e r  tube. 

1 
1 
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Seven 1/16-inch diameter Inconel  sheathed chromel-alumel 
thermocouples a r e  loca t ed  i n  the i n s e r t  suppor t  tube,  e n t e r i n g  
from the  o u t l e t  end, t o  measure potassium temperature d i s t r i -  
but ion .  Thermocouple wel ls ,  each conta in ing  t h r e e  c a l i b r a t e d  
platinum-platinum 10s rhodium Haynes-25 a l l o y  sheathed thermo- 
couples ,  are loca ted  a t  tne  t e s t  s e c t i o n  i n l e t  and e x i t  o f  bo th  
the  sodium and t h e  potassium streams. Inconel  sheathed platinum- 
plat inum 10% rhodium thermocouples a r e  pos i t i oned  on the  o u t s i d e  
s h e l l  of  t h e  t e s t  s e c t i o n  i n  e leven r i n g s  of f i v e  thermocouples I 

I 
each t o  measure the  sodium a x i a l  temperature d i s t r i b u t i o n  
(F igure  3 ) .  

All t h e  thermocouples i n  the i n l e t  and e x i t  w e l l s  were 
c a l i b r a t e d  p e r i o d i c a l l y  i n  a melting p o i n t  appa ra tus  and were 
used as primary s t anda rds  f o r  the in- loop c a l i b r a t i o n  of the  
s h e l l  and i n s e r t  thermocouples. C a l i b r a t i o n  of t h e  s h e l l  thermo- 
couples  and de termina t ion  of t e s t  s e c t i o n  h e a t  l o s s e s  were done 
by maintaining the  primary loop a t  temperature w i t h  t he  secondary 
loop evacuated,  under which cond i t ions  t h e  temperature  change 

8 
t 
I 
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between the  sodium i n l e t  and e x i t  we l l s  i s  due s o l e l y  t o  h e a t  
loss. The hea t  l o s s  de te rmina t ions  were made a t  a very low 
sodiun flow rate i n  o r d e r  t o  maximize the  sodium temperature 
change a c r o s s  t h e  t e s t  sec t ion .  The s h e l l  thermocouples were 
c a l i b r a t e d  r e l a t i v e  t o  t he  primary s i d e  w e l l  thermocouples a t  
near - i so thermal  cond i t ions  a t t a i n e d  by u s e  of t h e  maximum 
sodium flow r a t e .  The i n s e r t  thermocouples were c a l i b r a t e d  
a g a i n s t  t h e  potassium e x i t  well thermocouples under b o i l i n g  
c o n d i t i o n s  a t  low flow and low vapor q u a l i t y ,  for which the  
temperature  changes along the i n s e r t  and between the  i n s e r t  
end and t h e  o u t l e t  w e l l  were n e g l i g i b l e .  

8 

The thermocouple c a l i b r a t i o n s  were performed a t  va r ious  
temperature  l e v e l s  and the  c o r r e c t i o n s  obta ined  were then a p p l i e d  
as f u n c t i o n s  of sodium and potassium temperatures  a t  the  t e s t  
s e c t i o n ,  r e s p e c t i v e l y ,  i n  t he  d a t a  r educ t ion  procedure.  The 
t e s t  s e c t i o n  h e a t  l o s s ,  which was of t h e  o r d e r  of 2 KW was a l s o  
determined as a f u n c t i o n  of sodium temperature .  The thermo- 
couple c o r r e c t i o n s  were g e n e r a l l y  l e s s  than  10°F, and no apprec i -  
a b l e  d r i f t  was d e t e c t e d  over  t h e  course of  t h e  experiments.  The 
temperature  measurements a re  be l ieved  t o  be a c c u r a t e  to w i t h i n  

I 

I ' 
I 

The r e l a t i o n s h i p  between flow r a t e  and ou tpu t  s i g n a l  from 

1 t he  e lec t romagnet ic  flowmeters i n  both loops  of the f a c i l i t y  
were obta ined  by c a l c u l a t i o n  using the  equa t ions  g iven  i n  
Reference 1. I n  o r d e r  t o  minimize errors, measured v a l u e s ,  
of t he  f i e l d  i n t e n s i t y  of t h e  magnets were used f o r  t h e  c a l -  
c u l a t i o n s .  An i n d i c a t i o n  of t h e  r e s u l t i n g  accuracy  i n  f low 
de te rmina t ion  was obta ined  through i n t e r c a l i b r a t i o n  of  the  two 
flowmeters by h e a t  ba lance  around t h e  t e s t  s e c t i o n ,  us ing  l i q u i d -  

B 
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l i q u i d  runs.  The disagreement ob ta ined  was 2$, which i s  be- 
l i e v e d  t o  be r e p r e s e n t a t i v e  of t h e  probable e r r o r  i n  the  
i n d i v i d u a l  loop flow r a t e  de terminat ions.  

The two-phase potassium pressure  loss i n  t he  t e s t  s e c t i o n  
was determined by means of two slack-diaphragm pres su re  t r a n s -  
duce r s ,  w i t h  p re s su re  t a p s  pos i t ioned  a t  the  potassium i n l e t  
and e x i t  (F igure  1). These pressure  gages were c a l i b r a t e d  
a g a i n s t  a Wallace and Tiernan ( type  FA-145) s tandard  gage by 

f i l l i n g  t h e  potassium loop t o  var ious p r e s s u r e s  w i t h  argon 
b o t h  be fo re  and a f t e r  t he  experiments wi th  each t e s t  s ec t ion .  
The c a l i b r a t i o n s  be fo re  and a f t e r  t e s t i n g  g e n e r a l l y  agreed t o  
w i t h i n  1-ps i ;  t h u s  t h e  e r r o r  of t h e  p re s su re  measurements i s  
t a k e n  t o  be l e s s  than 1-psi .  This accuracy w a s  a t t a i n e d  by 
main ta in ing  the  diaphragm of the t r ansduce r s  a t  a cons t an t  
temperatu.re l e v e l ,  which was necessary s i n c e  the  gage c a l i b r a -  
t i o n  depends on the  diaphragm temperature. 

Measurements of potassium e x i t  p re s su re  toge the r  w i t h  e x i t  
temperature  were used as one means t o  determine the  amount of 
vapor superhea t  i n  t h e  once-through b o i l i n g  t e s t s  i n  t h e  300 KW 
F a c i l i t y ,  F igure  4 shows ‘ the  measured potassium e x i t  p re s su re  
p l o t t e d  a g a i n s t  the  measured,exit  temperature f o r  s e v e r a l  r u n s  
i n  which superheated vapor e x i t  cond i t ions  were a t t a i n e d .  Also 
p l o t t e d  a r e  d a t a  f o r  which the  c a l c u l a t e d  e x i t  vapor q u a l i t y  
was between 10% and 90%. 
w i t h i n  1-psi, w i t h  t h e  s a t u r a t i o n  curve as  determined by the  
N a v a l  Research Labora tor ies  (Reference 10).  T h i s  i s  a f u r t h e r  
i n d i c a t i o n  of t h e  accuracy of the p re s su re  measurements. 

The l a t t e r  r e s u l t s  agree  g e n e r a l l y ,  

Recording o f  t h e  l a r g e  number of instrument  readings  r e -  
qu i red  to d e f i n e  a s i n g l e  d a t a  p o i n t  i h  t h e  300 KW F a c i l i t y  i s  
accomplished through the use of a high speed d i g i t a l  recorder .  
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Complete readout  on paper  tape  of t h e  approximately 150 
in format ion  b i t s  r e q u i r e d  is obtained i n  approximately one 
minute.  T h r e e  complete readouts  were ob ta ined  f o r  each data 
p o i n t ,  i n  o r d e r  t o  provide  a n  i n d i c a t i o n  of  t h e  presence or 
absence o f  s i g n i f i c a n t  f l u c t u a t i o n s .  

z ri 

100 KW High Temperature F a c i l i t y  
The 100 KW F a c i l i t y  i s  a s i n g l e  loop  system used t o  s t u d y  

h e a t  t r a n s f e r  t o  b o i l i n g  potassium a t  f l u i d  tempera tures  up t o  
2100'F. The a l k a l i  metal containment p i p i n g  i s  cons t ruc t ed  
from columblum-l$ zirconium and i s  enc losed  i n  a high-vacuum 
environmental  chamber t o  avo id  atmospheric  contaminat ion.  
F igu re  5 i s  a schematic  r ep resen ta t ion  of  t h e  loop  and p r i n c i p a l  
i n s t rumen ta t ion .  

Liquid  potassium i s  d ischarged  from t h e  e l ec t romagne t i c  pump 
and f l o w t h r o u g h  a n  e lec t romagnet ic  flowmeter t o  a n  8 KW r a d i a n t  
p r e h e a t e r ,  which c o n t r o l s  t h e  p r e b o i l e r  i n l e t  subcool ing.  Upon 
l e a v i n g  t h e  p r e h e a t e r  t h e  potassium flows through a t h r o t t l i n g  
o r i f i c e  i n t o  t h e  p r e b o i l e r ,  and then,  i n  v e r t i c a l  up-flow, i n t o  
t h e  t e s t  s e c t i o n .  

The p r e b o i l e r  c o n s i s t s  of  a h e l i c a l l y  wound s e c t i o n  o f  p ipe  
wi th  a r a d i a n t  hea te r  element i r  t h e  co re  o f  t h e  h e l i x ,  a l l  con- 
t a i n e d  i n  a r a d i a t i o n  s h i e l d  (Figure 6 ) .  The p r e b o i l e r  h e a t e r  
element i s  f a b r i c a t e d  from co i l ed  tungs t en  wi re  and i s  opera ted  
a t  g r o s s  e l e c t r i c a l  power l e v e l s  up t o  60 KW. The f u n c t i o n  of  
t h e  p r e b o i l e r  i s  to c o n t r o l  t h e  en tha lpy  of  t h e  potassium i n  t h e  

t e s t  s e c t i o n  independent of  t e s t  s e c t i o n  h e a t  f l u x ,  t h u s  pe rmi t t i ng  
s e p a r a t i o n  of  t h e  e f f e c t s  of' q u a l i t y  and heat  f l u x  i n  t h e  tes ts .  

The t e s t  s e c t i o n ,  l o c a t e d  downstream of  t h e  p r e b o i l e r ,  i s  
a v e r t i c a l  s e c t i o n  o f  p ipe  w i t h  a 30-inch hea ted  l eng th .  The 
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r a d i a n t  h e a t e r  f o r  
27 tungs ten  rods si 
a r a d i a t i o n  s h i e l d  

the  t e s t  s e c t i o n  c o n s i s t s  of a n  array of 
rroi nding the t e s t  s e c t i o n ,  t o g e t h e r  w i t h  

(F igure  7) .  The t e s t  s e c t i o n  h e a t e r  i s  
ope ra t ed  a t  gross e l e c t r i c a l  power l e v e l s  up t o  32 KW. 

Heat i s  r e j e c t e d  from the  system i n  approximately 60 f t .  
o f  condenser p lp ing  r a d i a t i n g  t o  t h e  water-cooled w a l l s  of t h e  
environmental  chamber. Some con t ro l  of t he  h e a t  r e j e c t i o n  r a t e  
i s  accomplished wi th  a d j u s t a b l e  s h u t t e r s  which surround t h e  
condenser c o i l  (Figure 7 ) .  

The p r e b o i l e r  and t h e  t e s t  s e c t i o n  r a d i a t i o n  sh ie lds  c o n s i s t  
of  concen t r i c  tantalum s h e e t s  enclosed i n  s t a i n l e s s  s t e e l  cases .  
The temperature of each of these cases  i s  measured a t  s i x  loca-  
t i o n s  and these  temperatures  a re  used t o  determine hea t  l o s s e s  
using h e a t  loss c a l i b r a t i o n  da ta .  The h e a t  l o s s  c a l i b r a t i o n s  
a r e  performed w i t h  t h e  p r e b o i l e r  and t e s t  s e c t i o n  p ip ing  removed. 
With t h e  vacuum chamber evacuated, power i s  supp l i ed  t o  the  
h e a t e r s  and the corresponding s t eady- s t a t e  r a d i a t i o n  s h i e l d  case 
temperatures  a r e  measured'. T h i s  procedure i s  repea ted  a t  s e v e r a l  
power l e v e l s ,  and s i n c e  a l l  the  power suppl ied  i s  lost through 
t h e  s h i e l d  a d i r e c t  c o r r e l a t i o n  of  hea t  loss as a func t ion  of 
s h i e l d  case  temperature i s  obtained.  

The p r i n c i p a l  measurements and corresponding in s t rumen ta t ion  
a r e  a s  fo l lows :  

a )  
C a l i b r a t i o n  of t h e  flowmeter i s  by the  c a l o r i m e t r i c  method using 
an energy balance a c r o s s  t h e  t e s t  s e c t i o n  w i t h  a l l  l i q u i d  flow. 
The  range of e r r o r  of t h e  flow r a t e  measurements i s  es t imated  
t o  be w i t h i n  + lo$, depending on the  accuracy of t h e  potassium 
l i q u i d  s p e g i f i c  h e a t  data used , (Reference  lo), which w a s  assumed 

The f l o w  r a t e  i s  measured wi th  a n  e lec t romagnet ic  flowmeter. 

- 

- 6 -  



f o r  t h i s  flow r a t e  e r r o r  e s t ima t ion  t o  be w i t h i n  + 5%. - 

b )  
polyphase wattmeters.  The e s t i n a t e d  range of e r r o r  of the  
e l e c t r i c a l  power measurements i s  + 1%. 

Power t o  the  p r e b o i l e r  and t e s t  s e c t i o n  i s  measured w i t h  

- 

c )  
and t e s t  s e c t i o n  o u t l e t  are measured wi th  W-3$Re vs .  W-25$Re bare-  
w i r e  thermocouples loca t ed  i n  w e l l s  (F igu re  5) .  

F lu id  temperatures a t  the p r e b o i l e r  i n l e t ,  p r e b o i l e r  o u t l e t  

c )  
thermocouples. Figure 8 shows t y p i c a l  thermocouple junc t ions  
on t h e  t e s t  s e c t i o n  w a l l .  The junc t ion  i s  made by r e s i s t a n c e  
welding the 0.005-inch thermocouple wires  t o  the  p ipe  w a l l .  A 
cont inuing  problem i n  t h e  100 Kr! F a c i l i t y  has  been repea ted  
f a i lu re s  of t he  w a l l  thermocouples. One mode of f a i l u r e  has  
been due t o  the  W-38Re l e g  of t he  thermocouple l i f t i n g  o f f  the  
p ipe  su r face .  It was found t h a t  a small t ab  of 0.002-inch t h i c k  
tantalum f o i l  tacked over  the  junc t ion  reduces the frequency of 
t h i s  type of f a i l u r e .  
cond i t ions  imposed on t h e  tes t  s e c t i o n ,  w a l l  thermocouple f a i l u r e s  

Pipe wall temperatures a r e  measured w i t h  W-3sRe v s .  W-25$Re 

However, due t o  t h e  severe  ope ra t ing  

remains one of the ch ief  causes of loop I f  downtime". 

e )  System p res su res  a r e  monitored w i t h  two slack-diaphragm 
type p res su re  t ransducers  loca ted  upstream and downstream of 
t h e  i n l e t  t h r o t t l i n g  o r i f i c e .  
t ank  i s  an  a d d i t i o n a l  i n d i c a t i o n  of system p res su re ,  s i n c e  the 
loop i s  normally operated w i t h  t he  dump t a n k  v a l v e  open. 

The argon p res su re  i n  t he  dump 

Tes t  s e c t i o n  thermocouples a r e  c a l i b r a t e d  in-loop as fol lows.  
With t he  t e s t  s e c t i o n  mass v e l o c i t y  held cons tan t  a t  a r e l a t i v e l y  
low value,  t he  p r e b o i l e r  power i s  increased  t o  a l e v e l  such t h a t  
t he  vapor q u a l i t y  of the  potassium e n t e r i n g  the  t es t  s e c t i o n  i s  
a b o u t  10%. 
drop the  temperature of t he  two-phase f l u i d  i n  the t e s t  s e c t i o n  

Neglecting the  small  temperature changes due t o  p re s su re  
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i s  assumed t o  be uniform. Af te r  t h e  system has reached a 
s t eady- s t a t e  condi t ion ,  t h e  t e s t  s e c t i o n  hea t  loss i s  d e t e r -  
mined using t h e  rad ia t ion-case  temperatures.  The t e s t  s e c t i o n  
power i s  then  increased  u n t i l  the e l e c t r i c a l  power inpu t  ba lances  
t h e  hea t  l o s ses .  Under these  very n e a r l y  isothermal ,  a d i a b a t i c  
cond i t ions ,  t he  temperatures of a l l  t e s t  s e c t i o n  thermocouples 
c l o s e l y  approximate each o ther .  Using one of t h e  t e s t  s e c t i o n  
o u t l e t  w e l l  thermocouples as t h e  s tandard,  a thermocouple correc-  
t i o n  i s  obtained f o r  each of t h e  t e s t  s e c t i o n  thermocouples by 
comparison w i t h  t h i s  s tandard  thermocouple . 

Since an  a p p l i c a b l e  n a t i o n a l  s tandard  EMF-temperature t a b l e  
h a s  n o t  been adopted, samples from t h e  same spool  of W-3$Re vs .  
W-25$Re thermocouple wire used i n  t h e  100 KW F a c i l i t y  a r e  c a l i -  
brated i n  a vacuum furnace.  I n i t i a l  c a l i b r a t i o n s  of t h i s  kind 
i n d i c a t e d  a d r i f t  of about  20°F. 
couples  were ''soaked" f o r  a few hours  a t  2300°F, r e p e a t a b i l i t y  
t o  w i t h i n  + 3 O F  was obtained.  
loop c a l i b r a t i o n s ,  newly i n s t a l l e d  thermocouples a r e  he ld  a t  
2100'F f o r  a t  l e a s t  f i v e  hours be fo re  t a k i n g  t h e  f i r s t  c a l i b r a t i o n  
reading.  Two a d d i t i o n a l  c a l i b r a t i o n  readings a r e  then taken a t  
one hour i n t e r v a l s  t o  v e r i f y  absence of d r i f t .  

However, a f t e r  t h e  thermo- 

A s  p a r t  of the procedure f o r  i n -  - 

DATA MEASUREMENT AND REDUCTION 

It i s  u s e f u l  a t  t h i s  po in t  t o  d e f i n e  the  var ious  regimes of 
forced  convection b o i l i n g  encountered i n  the "once-through" b o i l -  
ing  tes ts  i n  t h e  300 KW F a c i l i t y  and i n  the  t e s t s  i n  t h e  100 KW 
F a c i l i t y ,  as the  experimental  techniques depend t o  some e x t e n t  
on t h e  b o i l i n g  regime being inves t iga t ed .  

The "nucleate"  b o i l i n g  regime e x i s t s  i n  t he  lower range of 
vapor q u a l i t i e s  extending t o  some upper q u a l i t y  l e v e l  which 
i s  dependent on the  hea t  f l u x  f o r  a given flow geometry, flow 
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ra te  and s a t u r a t i o n  temperature,  This  regime i s  c h a r a c t e r i z e d  
by r e l a t i v e l y  h igh  h e a t  t r a n s f e r  performance ( h e a t  t r a n s f e r  
C o e f f i c i e n t s  of t h e  o rde r  of 10,000 Btu/hr-ft*-'F) and s t eady  
o r  on ly  s l i g h t l y  f l u c t u a t i n g  wal l  temperatures.  It i s  be l i eved  
t h a t  i n  the  nucleate '  b o i l i n g  regime t h e  heated w a l l  i s  e n t i r e l y  
wet ted by l i q u i d ,  poss ib ly  by a continuous l i q u i d  f i l m  f o r  
forced  convection b u l k  b o i l i n g .  A s  h e a t  f l u x  o r  vapor q u a l i t y  
i s  r a i s e d ,  t he  nuc lea t e  b o i l i n g  regime i s  e v e n t u a l l y  terminated 
by o n s e t  of t h e  " c r i t i c a l  h e a t  f l u x "  cond i t ion ,  as  cha rac t e r i zed  
by beginning of s u b s t a n t i a l  w a l l  temperature f l u c t u a t i o n s  and, 
r e d u c t i o n  of h e a t  t r a n s f e r  performance. This  marks t h e  beginning 
of t h e  t r a n s i t i o n "  b o i l i n g  regime, f o r  which the  w a l l  temperature 
f l u c t u a t e s  markedly and t h e  e f f e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  
i s  s i g n i f i c a n t l y  l e s s  t han  f o r  t he  nuc lea t e  b o i l i n g  regime ( h e a t  

It i s  thought  t h a t  i n  t h e  t r a n s i t i o n  b o i l i n g  regime t h e  wall i s  
o n l y  i n t e r m i t t e n t l y  wet ted by l i q u i d .  F u r t h e r  i n c r e a s e s  i n  h e a t  
f l u x  and vapor q u a l i t y  r e s u l t  i n  i nc reased  f l u c t u a t i o n s  of t h e  
wal l  temperature  u n t i l  f i n a l l y  s t a b l e  "f i lm" b o i l i n g  occurs ,  as 
c h a r a c t e r i z e d  by r e l a t i v e l y  steady, b u t  l a r g e  wa l l - to - f lu id  
temperature  d i f f e r e n c e s  and correspondingly poorer  h e a t  t r a n s f e r  
performance, with h e a t  t r a n s f e r  c o e f f i c i e n t s  comparable t o  those  
f o r  d r y  vapor flow. I n  the  f i lm  b o i l i n g  regime t h e  hea ted  w a l l  
i s  be l i eved  t o  be completely dry wi th  t h e  l i q u i d  being c a r r i e d  
a long  as d r o p l e t s  i n  the  stream and with t h e  heated vJall i n  con- 
t a c t  w i t h  l o c a l l y  superheated vapor. 

11 

t r a n s f e r  c o e f f i c i e n t s  o f  t h e  order  of 1,000 Btu/hr-f t -  2 0  F o r  l e s s ) .  

300 KW Two-Fluid Bo i l ing  Tes ts  
F igure  9 shows the  measurements made f o r  a t y p i c a l  once- 

through b o i l i n g  run t o  e x i t  superhea t  cond i t ions  i n  t h e  300 Kw 
F a c i l i t y  using a h e l i x  i n s e r t  i n  t h e  t e s t  s e c t i o n .  Four d i s t i n c t  
h e a t  t r a n s f e r  regimes may be i n f e r r e d ,  namely: sub-cooled l i q u i d  

- 9 -  
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heating, nuc lea t e  b o i l i n g ,  t r a n s i t i o n  b o i l i n g ,  and vapor super- 
hea t ing .  

The data f o r  t h i s  t y p i c a l  run, as shown i n  F igure  9,  do n o t  
provide a basis f o r  d i s t i n g u i s h i n g  t h e  f i l m  b o i l i n g  regime from 
t h e  t r a n s i t i o n  b o i l i n g  regime. It is  p o s s i b l e  t n a t  due t o  the 
c o n t r o l l e d  temperature c h a r a c t e r i s t i c s  of the two-fluid b o i l e r ,  
the  corresponding upper l i m i t  of the wal l - to- f lu id  temperature 
d i f f e r e n c e  i s  n o t  h i g h  enough t o  cause complete dry ing  of t h e  
hea ted  w a l l  p r i o r  t o  reaching dry  vapor flow condi t ions ,  as i s  
r equ i r ed  f o r  onse t  of t h e  f i l m  b o i l i n g  regime. 

The d i s c o n t i n u i t y  of s lope i n  the sodium temperature p r o f i l e  
i n d i c a t e d  by the s h e l l  temperature measurements shown i n  F igure  9 
I s  assumed t o  be the  c r i t i c a l  heat f l u x  p o i n t  and t h e  beginning 
of t r a n s i t i o n  b o i l i n g .  The p o s i t i o n  a t  which the  potassium t e m -  
p e r a t u r e  begins  t o  rise near the tube  e x i t  is assumed t o  mark the 
beginning of the  superheated vapor region.  The amount of heat 
t r a n s f e r r e d  i n  t h e  superhea t  r eg ion  i s  c a l c u l a t e d  from the measured 
potassium temperature r ise t o  t h e  e x i t .  The p o i n t  of b o i l i n g  
i n c e p t i o n  and the amount of  hea t  t r a n s f e r r e d  i n  the subcooled 
l i q u i d  reg ion  are s i m i l a r l y  determined from t h e  i n s e r t  thermo- 
couples .  For runs  i n  which no i n s e r t  was used superheated vapor 
e x i t  cond i t ions  were no t  a t t a i n e d  and, consequently,  on ly  the 
subcooled heating reg ion  and n u c l e a t e  and t r a n s i t i o n  b o i l i n g  
r eg ions  were present .  For  these runs  without  i n s e r t ,  t h e  potassium 
temperature  a t  b o i l i n g  incep t ion  was obta ined  using t h e  i n l e t  
pressure gage i n  conjunct ion w i t h  s a t u r a t i o n  temperature-pressure 
p r o p e r t i e s ,  and the  subcooled h e a t i n g  l e n g t h  was determined by 
s ingle-phase heat t r a n s f e r  c a l c u l a t i o n s .  

The average heat f l u x  i n  t h e  nuc lea t e  b o i l i n g  reg ion  i s  

- 10 - 



I .  

c a l c u l a t e d  from the  a x i a l  s h e l l  temperature g r a d i e n t  i n  t h i s  

reg ion ,  which i s  assumed t o  be equal  t o  t h e  sodium ax ia l  b u l k  

temperature  g rad ien t .  From the  average h e a t  f l u x  and the  
l e n g t h  of the  nuc lea t e  b o i l i n g  region, t h e  amount of hea t  
t r a n s f e r r e d  i n  the  reg ion  i s  ca l cu la t ed .  The hea t  t r a n s f e r r e d  
i n  t h e  t r a n s i t i o n  b o i l i n g  region i s  determined as the  d i f f e r e n c e  
between t h e  t o t a l  hea t  i npu t  and t ha t  t r a n s f e r r e d  i n  the  o t h e r  
reg ions .  The average hea t  f l u x  i n  the  t r a n s i t i o n  reg ion  i s  
then c a l c u l a t e d  from the  est imated l eng th  of  t he  region.  

I 

8 
I 

The l o c a l  vapor q u a l i t y  and l o c a l  sodium temperature a t  
v a r i o u s  p o i n t s  a long the  tube,  inc luding  the  c r i t i c a l  hea t  f l u x  
p o i n t ,  a r e  c a l c u l a t e d  by hea t  balance,  employing t h e  va lues  of 
h e a t  f l u x  and l eng th  determined f o r  t h e  var ious  reg ions .  The 
l o c a l  potassium temperature,  obtained from the  i n s e r t  thermo- 
couples,  and t h e  c a l c u l a t e d  l o c a l  sodium temperatures  a r e  
u t i l i z e d  t o  c a l c u l a t e  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t s  f o r  
each of t h e  var ious  reg ions .  From these  c o e f f i c i e n t s  a potassium 
h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  each reg ion  i s  obta ined  by sub-  
t r a c t i o n  of the  thermal r e s i s t a n c e s  of t h e  sodium and b o i l e r  tube 
w a l l  from the r e s p e c t i v e  o v e r a l l  thermal r e s i s t a n c e s .  

8 
8 

I 

I 

8 

The average nuc lea te  b o i l i n g  hea t  t r a n s f e r  c o e f f i c i e n t s  
c a l c u l a t e d  i n  t h e  above manner a r e  l a r g e  compared t o  t h e  tube- 
w a l l  and sodium c o e f f i c i e n t s  and t h e r e f o r e  r e p r e s e n t  a small 
f r a c t i o n  of t he  o v e r a l l  thermal r e s i s t a n c e  i n  the  nuc lea t e  b o i l i n g  
region.  
300 KW F a c i l i t y ;  b u t  correspondingly the  o v e r a l l  h e a t  t r a n s f e r  
c o e f f i c i e n t  i n  the  nuc lea te  b o i l i n g  reg ion ,  which inc ludes  t h e  
average nuc lea t e  b o i l i n g  hea t  t r a n s f e r  c o e f f i c i e n t  and t h e  
e f f e c t i v e  c o e f f i c i e n t s  f o r  the  tube w a l l  and t h e  sodium, b o t h  
of which a r e  known w i t h  reasonable accuracy, can be employed t o  
c a l c u l a t e  w i t h  good accuracy values o f  t h e  hea t  f l u x  i n  t ha t  
region.  I n  p a r t i c u l a r ,  t h e  c r i t i c a l  h e a t  f l u x  i s  c a l c u l a t e d  as 
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the  product  of  t h e  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  i n  t h e  
n u c l e a t e  b o i l i n g  reg ion  and the  measured sodium-to-potassium 
temperature  d i f f e r e n c e  a t  the  c r i t i c a l  h e a t  f l u x  po in t .  

The e r ro r  i n  t h e  c r i t i c a l  heat  f l u x  l e v e l s  c a l c u l a t e d  i n  
the  above manner i s  not  expected t o  be l a r g e .  The potassium 
nuc lea t e  b o i l i n g  hea t  t r a n s f e r  c o e f f i c i e n t  should be l a r g e s t  
j u s t  upstream of the  c r i t i c a l  hea t  f l u x  p o i n t  s i n c e  both  heat 
f l u x  and vapor q u a l i t y  inc rease  towards the  c r i t i c a l  p o i n t ,  and 
t h e r e  i s  evidence from t h e  100 KW F a c i l i t y  data ( t r e a t e d  sub- 
sequent ly)  t h a t  t he  nuc lea t e  b o i l i n g  h e a t  t r a n s f e r  c o e f f i c i e n t  
i n c r e a s e s  w i t h  b o t h  of these  q u a n t i t i e s .  I f ,  f o r  example, the  
potassium hea t  t r a n s f e r  c o e f f i c i e n t  were taken t o  be i n f i n i t e  
i n  t he  c a l c u l a t i o n s ,  the  corresponding c r i t i c a l  hea t  f l u x  l e v e l  
would be increased  by l e s s  than 20% over  t h a t  determined by  the  
above procedure . 

The e r r o r  i n  the  l o c a l  vapor q u a l i t y ,  i nc lud ing  t h e  
q u a l i t y  a t  incep t ion  of c r i t i c a l  h e a t  f l u x  cond i t ions ,  i s  
e s t ima ted  t o  be about 5$ f r o m  a cons ide ra t ion  of flow and h e a t  
ba lance  e r r o r s .  A s  mentioned above, t h e  e r r o r  i n  t h e  nuc lea t e  
b o i l i n g  c o e f f i c i e n t  i s  l a rge  s ince  i t  i s  a small p a r t  of t h e  
o v e r a l l  r e s i s t a n c e .  Since the  t r a n s i t i o n  b o i l i n g  h e a t  t r a n s f e r  
c o e f f i c i e n t s  a r e  smal le r  than the nuc lea t e  b o i l i n g  c o e f f i c i e n t s ,  
they  r e p r e s e n t  a g r e a t e r  sha re  o f  t he  o v e r a l l  thermal r e s i s t a n c e  
and t h u s  can be determined w i t h  g r e a t e r  accuracy. The major 
sources  of e r r o r  i n  t h e  de te rmina t ion  o f  t he  t r a n s i t i o n  b o i l i n g  
hea t  t r a n s f e r  c o e f f i c i e n t  are the u n c e r t a i n t y  of t he  t r a n s i t i o n  
b o i l i n g  length ,  because of t h e  l i m i t e d  number of i n s e r t  and s h e l l  
thermocouples, and t h e  e r r o r  i n  t h e  c a l c u l a t i o n  o f  t h e  h e a t  
t r a n s f e r r e d  i n  t h i s  region.  An e s t i m a t e  of t h e  e r r o r  i n  t he  
t r a n s i t i o n  b o i l i n g  h e a t  t r a n s f e r  c o e f f i c i e n t s  i s  + - 25%. 
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hold  t h e  s a t u r a t i o n  temperature,  t e s t  s e c t i o n  mass v e l o c i t y  
and t e s t  s e c t i o n  n e a t  f l u x  near ly  cons t an t  while  t h e  t e s t  
s e c t i o n  vapor q u a l i t y  i s  var ied  by changing t h e  p r e b o i l e r  
power. 

The t e s t  procedure used i n  the  100 KW F a c i l i t y  i s  to 

Heat t r a n s f e r  c o e f f i c i e n t s  a r e  c a l c u l a t e d  from measure- 
ments made a t  a s t a t i o n  i n s i d e  t h e  heated zone about  2-inches 
upstream of t h e  t e s t  s e c t i o n  e x i t .  The hea t  f l u x ,  which i s  
assumed uniform over  the  heated length ,  i s  c a l c u l a t e d  from 
the  measured e l e c t r i c a l  power input ,  and i s  co r rec t ed  f o r  
hea t  l o s s e s .  The i n s i d e  w a l l  temperature i s  c a l c u l a t e d  using 
t h e  measured o u t s i d e  w a l l  temperature and t h e  c a l c u l a t e d  
temperature  drop a c r o s s  the  pipe w a l l .  The l o c a l  f lu id .  temper- 
a t u r e  i s  measured by t h e  t h r e e  we l l  thermocouples a t  t h e  t e s t  
s e c t i o n  e x i t .  

The e r r o r  i n  t h e  nuc lea t e  b o i l i n g  h e a t  t r a n s f e r  c o e f f i c i e n t s  
i s  e s t ima ted  to be w i t h i n  about + - 45$, due p r i m a r i l y  to t he  
small wa l l - to - f lu id  temperature d i f f e r e n c e s ,  which a r e  t y p i c a l l y  
l e s s  t han  about 10°F. 
hea t  t r a n s f e r  c o e f f i c i e n t s  the  e r r o r  i s  es t imated  to be w i t h i n  

For the  f i l m  b o i l i n g  and superheated vapor 

about  -t- - 10%. 

Onset of  c r i t i c a l  hea t  f l u x  cond i t ions  i s  d e t e c t e d  by 
observing the  behavior  of t h e  t e s t  s e c t i o n  wal l  temperatures  as 
they a r e  recorded on a n  8-channel o s c i l l o g r a p h  r eco rde r .  The 
behavior  of the  t e s t  s e c t i o n  wall temperature a t  t h e  onse t  o f  
t h e  c r i t i c a l  h e a t  f l u x  condi t ion was found to be of two gene ra l  
types ,  as fol lows.  At r e l a t i v e l y  high h e a t  f l u x e s ,  when the  
c r i t i c a l  heat f l u x  condi t ion  was reached (by s lowly i n c r e a s i n g  
test s e c t i o n  i n l e t  vapor q u a l i t y )  the  w a l l  temperature  a t  t h e  
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t e s t  s e c t i o n  e x i t  would suddenly begin  t o  r i s e  on a r a p i d  
t r a n s i e n t  (m 50°F/sec.) sharp ly  d i s t i n g u i s h a b l e  from the  small 
wall temperature f l u c t u a t i o n s  (e  5'17) t y p i c a l  of nuc lea t e  
b o i l i n g  condi t ions .  
been taken,  the  w a l l  temperature would have continued t o  r i s e  
u n t i l  s tab le  f i l m  b o i l i n g  was es t ab l i shed-o r  some l i m i t  t o  t h e  
p rocess  occurred such as a t e s t  s e c t i o n  f a i l u r e  or r educ t ion  
of h e a t  f l u x  due t o  inc reased  h e a t  l o s s e s  caused by t h e  
cor respondingly  h ighe r  r a d i a n t  h e a t e r  temperatures .  Such runs  
were te rmina ted  by e i t h e r  automatic o r  manual r educ t ion  of t h e  
t e s t  s e c t i o n  power a f t e r  t he  wal l  temperature  t r a n s i e n t  had 
begun, i n  o rde r  t o  p r o t e c t  the t e s t  s e c t i o n  from damage. 

Presumably, i f  no c o r r e c t i v e  a c t i o n  had 

A t  r e l a t i v e l y  low hea t  f l uxes  and correspondinglJ  h igher  
e x i t  vapor q u a l i t i e s ,  o n s e t  of t h e  c r i t i c a l  heat f l u x  cond i t ion  
i s  n o t  so  d e f i n i t e .  Under condi t ions  of  low h e a t  flux,when the  
vapor q u a l i t y  i s  r a i s e d  beyond a c e r t a i n  c r i t i c a l  value,  which i s  
dependent on the  h e a t  f l u x  l e v e l ,  t h e r e  r e s u l t s  a corresponding 
i n c r e a s e  i s  amplitude of w a l l  temperature f l u c t u a t i o n s  above 
t h a t  c h a r a c t e r i s t i c  of t he  nuc lea te  b o i l i n g  regime, as i l l u s t r a t e d  
i n  F i g u r e  10. F u r t h e r  i nc reases  i n  vapor q u a l i t y  r e s u l t  i n  
corresponding i n c r e a s e s  i n  the  ampli tude of  t h e  w a l l  temperature 
f l u c t u a t i o n s  and the  time-average wa l l - to - f lu id  temperature 
d i f f e r e n c e  u n t i l ,  a t  s u f f i c i e n t l y  high vapor q u a l i t i e s ,  s t a b l e  
f i l m  b o i l i n g  occurs .  

A s  i l l u s t r a t e d  i n  F igure  10, t h e  ampli tude of t h e  w a l l  
temperature f l u c t u a t i o n  inc reases  cont inuous ly  from nuc lea t e  
b o i l i n g  through t r a n s i t i o n  b o i l i n g  t o  f i l m  b o i l i n g  as t h e  v a p o r  
q u a l i t y  i s  r a i s e d .  
t o  the  c r i t i c a l  h e a t  f l u x  condi t ion  cannot be d e f i n i t e l y  d e t e r -  

Thus,  the " c r i t i c a l  q u a l i t y "  corresponding 
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mined. The c r i t e r i o n  which has been a r b i t r a r i l y  s e l e c t e d  as 
a working d e f i n i t i o n  f o r  runs  i n  which t h i s  type of behavior  
occur s  i s  t h a t  for a g iven  heat  f l % x  t h e  c r i t i c a l  q u a l i t y "  i s  
t h a t  q u a l i t y  f o r  which the  time-average f l u c t u a t i n g  wall-to- 
f l u i d  temperature  d i f f e r e n c e  becomes approximately e q u a l  t o  
twice t h e  corresponding s t eady- s t a t e  n u c l e a t e  b o i l i n g  tempera- 
t u r e  d i f f e r e n c e .  For  d a t a  tak ing  purposes,  t he  time-average 
f l u c t u a t i n g  w a l l  temperature a t  t h e  c r i t i c a l  h e a t  f l u x  cond i t ion  
i s  e s t ima ted  d i r e c t l y  from the  o s c i l l o g r a p h  r e c o r d e r  c h a r t s  
made f o r  each of  t h e  t e s t  runs,  and a cons t an t  value of 
10,000 Btu/hr-ft*-OF i s  taken a s  a r e p r e s e n t a t i v e  average of 
t h e  s t e a d y - s t a t e  nuc lea t e  b o i l i n g  heat t r a n s f e r  c o e f f i c i e n t  
over t h e  range of v a r i a b l e s  covered by t h e s e  t e s t s .  

11  

For runs  i n  which an  es t imate  of t h e  e f f e c t i v e  h e a t  
t r a n s f e r  c o e f f i c i e n t  i n  t h e  t r a n s i t i o n  b o i l i n g  regime i s  made, 
t h e  procedure used i s  t o  c a l c u l a t e  a time-average w a l l  temperature 
from d i g i t a l  r eco rde r  d a t a ,  taken a t  3-pr intouts /second f o r  about  
1-minute, and t o  then  use  t h i s  i n  conjunct ion  wi th  the  measured 
f l u i d  temperature and t e s t  s e c t i o n  h e a t  f l u x  t o  c a l c u l a t e  a 
corresponding time-average heat  t r a n s f e r  c o e f f i c i e n t .  

EXPERIMENTAL RESULTS 
Pressure  Drop Data From 300 KW F a c i l i t y  

mined from slack-diaphragm abso lu te  p re s su re  t r ansduce r s  p o s i t i o n e d  
a t  each end of t he  b o i l e r  tube. Only the  p re s su re  l o s s e s  i n  t e s t  
s e c t i o n s  with i n s e r t s  were analyzed, s i n c e  t h e  p r e s s u r e  l o s s e s  
wi thout  i n s e r t s  were o f  t he  same o r d e r  of magnitude as t h e  accuracy 
of  t h e  gages,  about  1 p s i .  The f r i c t i o n a l  component o f  t h e  b o i l i n g  
p res su re  loss was c a l c u l a t e d  by s u b t r a c t i o n  of t h e  momentum p r e s s u r e  
loss. The i n t e g r a t e d  two-phase f r i c t i o n a l  p r e s s u r e  drop r n u l t i p l i e r  

The b o i l i n g  p res su re  lo s ses  i n  t h e  t e s t  s e c t i o n  were d e t e r -  
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was computed as the  r a t i o  of the two-phase f r i c t i o n a l  com- 
ponent d iv ided  by the  pressure  drop f o r  a l l - l i q u i d  flowing 
a t  t h e  same t o t a l  flow r a t e .  Using the  square r o o t  of t h e  
l i q u i d  t o  vapor d e n s i t y  r a t i o  a s  an  e s t ima te  of  t h e  s l i p  
r a t i o  (Reference 2), t he  ca l cu la t ed  momentum component was 
g e n e r a l l y  less than  20s of the t o t a l  two-phase p re s su re  lo s s .  

The f r i c t i o n  f a c t o r s  requi red  f o r  the computation of t he  
l i q u i d  potassium p res su re  drop, necessary f o r  t h e  de te rmina t ion  
o f  t h e  two-phase m u l t i p l i e r s ,  were obta ined  by water p re s su re  
drop  t e s t s  performed on the  b o i l e r  t ubes  wi th  i n s e r t s .  Typical  
two-phase potassium' f r i c t i o n a l  p re s su re  drop m u l t i p l i e r s ,  
c a l c u l a t e d  from experimental  data r epor t ed  i n  Reference 5 and 6, 
a r e  presented  i n  Figure 11. Shown f o r  comparison on Figure 11 
a r e  p r e d i c t i o n s  by the  "Mar t ine l l i "  and "Homogeneous" models . 
These two-phase f r i c t i o n a l  pressure  drop models a r e  der ived  and 
d i scussed  i n  r e l a t i o n  t o  a p p l i c a t i o n  t o  potassium flows i n  
Reference 4. 

The agreement between theory and experiment shown i n  
.F igu re  11 i s  t y p i c a l  of a l l  the p re s su re  drop r e s u l t s  obtained 
wi th  t h e  300 KW F a c i l i t y .  The experimental  va lues  f o r  t h e  
potassium two-phase f r i c t i o n a l  p re s su re  drop m u l t i p l i e r s  
g e n e r a l l y  f a l l  between the  p r e d i c t i o n s  of t he  two models. 

Nucleate Bo i l ing  Data 

h e a t  t r a n s f e r  c o e f f i c i e n t s  measured w i t h  a tube without  i n s e r t  
i n  t h e  100 KW F a c i l i t y .  A t  constant  s a t u r a t i o n  temperature,  
mass v e l o c i t y  and hea t  flux, the hea t  t r a n s f e r  c o e f f i c i e n t  i s  
a p p a r e n t l y  almost independent of  vapor q u a l i t y  over  the  range 
shown. The data i n d i c a t e  a t rend of increased  h e a t  t r a n s f e r  

F igure  1 2  i s  a p l o t  of a t y p i c a l  s e t  of nuc lea t e  b o i l i n g  
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I .  
c o e f f i c i e n t  w i th  increased  heat f l u x .  These data are r epor t ed  
t o g e t h e r  w i t h  o t h e r  nuc lea te  b o i l i n g  data from the  100 KW I F a c i l i t y  i n  Reference 7. 

Measured Temperature Behavior a t  Pos t -CPi t ica l  Heat Flux Conditions 
Figure 13 i s  a segment of a t y p i c a l  o s c i l l o g r a p h  r eco rde r  

c h a r t  obtained dur ing  a c r i t i c a l  h e a t  f l u x  de te rmina t ion  a t  a 
h e a t  f l u F  of 211,000 B t u / h r - f t 2  i n  t h e  100 KW F a c i l i t y .  P r i o r  
t o  t h e  p r e b o i l e r  power increase  ( t e s t  s e c t i o n  i n l e t  q u a l i t y  
i n c r e a s e ) ,  the  pressure  downstream of t h e  o r i f i c e ,  the  f l o w  r a t e  
and t h e  f l u i d  temperature a t  the t e s t  s e c t i o n  o u t l e t  were s t eady  
and t h e  t e s t  s e c t i o n  w a l l  temperature had small random o s c i l l a t i o n s ,  
c h a r a c t e r i s t i c  of nuc lea t e  b o i l i n g ,  Following the  power inc rease ,  
t h e  w a l l  temperature began a n  abrupt ,  rap id  t r a n s i e n t  which 
a c t u a t e d  the  automatic  power reduct ion  system. This  run i s  
t y p i c a l  of t h e  type of w a l l  temperature behavior  observed when 
the  c r i t i c a l  h e a t  f l u x  condi t ion  i s  exceeded a t  h e a t  fJuxes above 
about 150,000 B t u / h r - f t  , i n  tubes without i n s e r t s .  

I 
1 
I 
I 
I 
I 
4 2 

Figure 14 shows segments o f  a continuous o s c i l l o g r a p h  
r e c o r d e r  c h a r t  obtained dur ing  a run  i n  t h e  100 KW F a c i l i t y  

2 d u r i n g  which the hea t  f l u x  was low, about 5O,OOO B t u / h r - f t  , 
The time of day during t h e  r u n  when each segment was taken i s  
m r k e d  on the  recording 'In hours, T h i s  r u n  i l l u s t r a t e s  the  
g e n e r a l  behavior  of  t h e  t e s t  s ec t ion  w a l l  temperature a s  condi- 
t i o n s  a r e  changed s e q u e n t i a l l y  from t h e  nuc lea t e  b o i l i n g  regime 
i n t o  t r a n s i t i o n  b o i l i n g ,  stable f i l m  b o i l i n g  and f i n a l l y  i n t o  
superheated vapor condi t ions .  I n  segment-1, be fo re  t h e  p r e b o i l e r  
power inc rease ,  the  t e s t  s ec t ion  i s  appa ren t ly  i n  nuc lea t e  b o i l i n g  
a l t h o u g h  t h e r e  i s  a n  occas iona l  small excurs ion  i n  the  wall tem- 
p e r a t u r e  i n d i c a t i n g  t h a t  the  c r i t i c a l  h e a t  f l u x  cond i t ion  was 
imminent. Immediately following the  p r e b o i l e r  power inc rease  
(segment-1) , t he  amplitude o f  the w a l l  temperature o s c i l l a t i o n s  
momentarily reached va lues  up t o  about  50°F and then became more 

I 
I 
I 
I 
1 
1 
I 
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s teady .  I n  segment-2, a f t e r  t h e  next  p r e b o i l e r  power inc rease ,  
t h e  amplitude of t he  wall temperature o s c i l l a t i o n s  increased  
markedly t o  values  of about 75OF w i t h  a peak value of almost 
150°F, i n d i c a t i n g  t h a t  t he  t e s t  s e c t i o n  o u t l e t  reg ion  was i n  
t r a n s i t t o n  b o i l i n g .  Following a f u r t h e r  p r e b o i l e r  power 
i n c r e a s e ,  i n  segment-3, t h e  w a l l  temperature s t a r t e d  t o  r i s e  
s t e a d i l y  and f i n a l l y  reached a maximum and l eve led  of f  i n  s t a b l e  
f i l m  b o i l i n g .  I n  segment-&, t h e  p r e b o i l e r  power was aga in  i n -  
c reased ,  r e s u l t i n g  i n  s l i g h t l y  superheated vapor a t  the  t e s t  
s e c t i o n  o u t l e t ,  as ind ica t ed  by t h e  r i s e  i n  measured b u l k  f l u i d  
temperature .  F u r t h e r  i n c r e a s e s  i n  power (segment-5) r e s u l t e d  
i n  a measured o u t l e t  vapor superheat of a b o u t  200°F. 
and -7, t he  p r e b o i l e r  power w a s  reduced i n  s t e p s  t o  r e p e a t  i n  
r e v e r s e  the  sequence of events  observed when going up L i  pre-  
b o i l e r  power. The w a l l  temperature behavior  during the  power 
r educ t ions  is  very  similar t o  t h a t  observed when inc reas ing  
power. Heat t r a n s f e r  c o e f f i c i e n t s  c a l c u l a t e d  from the  measured 
w a l l  temperatures ,  using the  procedures descr ibed  e a r l i e r ,  a r e  
noted under segments-2, -3 and -4 on Figure 14 a t  the  t imes f o r  
which they  were ca l cu la t ed ,  f o r  t he  t r a n s i t i o n ,  f i l m  b o i l i n g  and 
superheated vapor regimes, Pespect ively.  

I n  segments-6 

Figure 15 compa-res t h e  w a l l  temperature behavior  f o r  a 
tube without  i n s e r t  w i t h  t h a t  obtained f o r  a tube w i t h  a h e l i c a l  
i n s e r t .  The upper r eco rde r  cha r t  i n  Figure 15 shows the char- 
a c t e r i s t i c  s h a r p  temperature r i s e  a t  onse t  of c r i t i c a l  h e a t  f l u x  
condi t ions ,  f o r  t h e  t u b e  without i n s e r t .  The lower r eco rde r  
c h a r t  segments i n  F i g u r e  15 were taken  wi th  a tube conta in ing  
a h e l i c a l  i n s e r t  (P/D = 6 ) .  For t h i s  r u n  t h e  w a l l  temperature 
began t o  o s c i l l a t e  s l i g h t l y  a t  a q u a l i t y  approximately e q u a l  t o  
the c r i t i c a l  q u a l i t y  i n  the  r u n  w i t h  no i n s e r t ;  b u t  t he re  was 
no sharp temperature excursion,  even though the  hea t  f l u x  l e v e l s  
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were t h e  same. Fur the r  i nc reases  i n  q u a l i t y ,  approaching loo$, 
r e s u l t e d  i n  i n c r e a s e s  i n  amplitude and mean l e v e l  of the  wall 
temperature f l u c t u a t i o n s ,  c h a r a c t e r i s t i c  of t h e  t r a n s i t i o n  
b o i l l n g  regime, b u t  d i d  no t  r e s u l t  i n  onse t  of s t a b l e  f i l m  
b o i l i n g  condi t ions .  This suggests t ha t  a h e l i c a l  s w i r l -  
gene ra to r  i n s e r t  prolongs the  t r a n s i t i o n  b o i l i n g  regime t o  
h ighe r  q u a l i t y  l e v e l s  than would be obtained! i n  a tube w i t h o u t  
i n s e r t  f o r  t he  same hea t  f l u x .  

Cri t ical  Heat Flux Data and Corre la t ion  

i n  c i r c u l a r  t ubes  w i t h  and w i t h o u t  h e l i c a l  i n s e r t s ,  obtained i n  
t h e  100 KW and 300 KW F a c i l i t i e s ,  a r e  presented  i n  Figure 16. 
These data were r epor t ed  i n  References 5, 6, 7, 8 and t abu la t ed  
i n  References 8 and 9.  The data a r e  c o r r e l a t e d  by the  fol lowing 
empi r i ca l  equation* : 

C r i t i c a l  hea t  f l u x  d a t a  f o r  potassium i n  v e r t i c a l  up-flow 

1 
6 10 B t u  (1 + aR)t  

q: = ' X  

The parameter aR i n  equat ion  (1) i s  t h e  radial a c c e l e r a t i o n  of 
t h e  f l u i d  a t  the  tube wall, i n  g r s ,  developed by t h e  h e l i c a l  
i n s e r t ,  and i s  c a l c u l a t e d  us ing  t h e  fol lowing equat ion:  

Equation ( 2 )  i s  der ived  and discussed i n  some d e t a i l  i n  Reference 
8. The exponent on the  q u a n t i t y  (1 + aR) i n  equat ion  (1) was 
suggested by r e s u l t s  f o r  pool  b o i l i n g ,  f o r  which t h e  c r i t i c a l  
heat f l u x  i s  p ropor t iona l  t o  the f o u r t h  roo t  of t h e  a c c e l e r a t i o n  

"Symbols a r e  def ined  i n  the  Nomenclature l i s t e d  a t  t h e  end 
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normal t o  the  heated s u r f a c e  (References 12, 13, 14) .  

The form of equat ion  (1) with r e s p e c t  t o  t h e  c r i t i c a l  
q u a l i t y  xc i s  a rb i t ra ry ,and  the two cons t an t s  i n  t he  denominator 
were determined e m p i r i c a l l y  by b e s t  f i t  t o  t he  data given i n  
F i g u r e  16. The t r end  of  decreasing c r i t i c a l  h e a t  f l u x  w i t h  

i n c r e a s i n g  vapor q u a l i t y  shown by the  d a t a  i n  Figure 16 and 
given by equat ion  (1) i s  in .agreement  w i t h  t h e  t r end  shown 
f o r  water under stable condi t ions  (c.f.,  Reference 15 and 16) .  

Equation (1) c o r r e l a t e s  the  experimental  d a t a  w i t h i n  an  
Deviations o f  t he  i n d i v i d u a l  d a t a  average d e v i a t i o n  of 3l$. 

p o i n t s  from equat ion  (1) were examined w i t h  r e s p e c t  t o  t h e  
s i g n i f i c a n c e  of o t h e r  parameters, such as mass v e l o c i t y  and 
s a t u r a t i o n  temperature.  No t rends  were ev iden t ,  i n d i c a t i n g  
t h a t  the  dependence of t h e  c r i t i c a l  h e a t  f l u x  on these  parameters  
is less than the  data s c a t t e r  over  t h e  range of t e s t  cond i t ions  
covered. 

T r a n s i t i o n  B o i l i n g  Data and Cor re l a t ion  

obta ined  f o r  a v a r i e t y  of t e s t  s e c t i o n  geometr ies .  These data 
were r epor t ed  i n  References 5, 6,  7, 8 and t abu la t ed  i n  
References 8 and 9 .  The d a t a  a r e  p l o t t e d  i n  Figure 17 i n  terms 
of t h e  fol lowing empi r i ca l  equat ion:  

T r a n s i t i o n  b o i l i n g  h e a t  t r a n s f e r  c o e f f i c i e n t s  have been 

Equation (3) was der ived  using t h e  f o l l o w i n g  reasoning:  
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1) The r e s u l t s  from potassium d r o p l e t  vapor i za t ion  
experiments by Geoscience (Reference 11) show t h a t  t he  vapor- 
i z a t i o n  l i f e t i m e s  of s i n g l e  d r o p l e t s  i nc rease  r a p i d l y  w i t h  

i n c r e a s i n g  temperature d i f f e r e n c e  between t n e  hea ted  s u r f a c e  
and t h e  d r o p l e t  be fo re  the  onset  of complete f i l m  b o i l i n g .  
Tbls suggested t h a t  t h e  wal l - to- f lu id  temperature d i f f e r e n c e  
A t  i s  a n  important  parameter a f f e c t i n g  t h e  h e a t  t r a n s f e r  
c o e f f i c i e n t  i n  t r a n s i t i o n  b o i l i n g .  

2) The l o c a l  vapor q u a l i t y  x i s  considered an  important  
variable, because the  amount o f  l i q u i d  which can be i n  con tac t  
w i th  the  heat t r a n s f e r  sur face  dec reases  w i t h  i n c r e a s i n g  
q u a l i t y .  

3 )  The t r a n s i t i o n  b o i l i n g  hea t  t r a n s f e r  c o e f f i c i e n t  hTB 

should reduce t o  t h e  vapor phase h e a t  t r a n s f e r  c o e f f i c i e n t  hv 

a t  loo$ q u a l i t y .  

4 )  The radial a c c e l e r a t i o n  genera ted  by a h e l i c a l  i n s e r t  
aR, g iven  by equat ion  ( 2 ) ,  s h o u l d  i nc rease  t h e  t r a n s i t i o n  b o i l i n g  
h e a t  t r a n s f e r  c o e f f i c i e n b ,  because t h e  c e n t r i f u g a l  f o r c e  genera ted  
t ends  t o  inc rease  t h e  f r a c t i o n  of l i q u i d  i n  con tac t  w i t h  t he  h e a t  
t r a n s f e r  su r f ace .  

The Colburn equa t ion  (Reference 18) was used to c a l c u l a t e  
t h e  vapor phase h e a t  t r a n s f e r  c o e f f i c i e n t  hv i n  equat ion  (3) for 
t h e  tubes  without  i n se r t .  For t h e  data taken i n  tubes  w i t h  

h e l i c a l  i n s e r t s  h, i s  ca l cu la t ed  from the fol lowing empi r i ca l  
equat ion ,  which i s  developed i n  Reference 8 using Greene 's  data 
f o r  l i q u i d  water i n  h e l i c a l  flow (Reference 1 9 ) :  

u s  0.563 
(N ) 

Prv 
De 'H P v )  = 0.359 ( hv De 

kv % 
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A l l  exponents and cons tan ts  
e m p i r i c a l l y  determined t o  ob ta in  

(5)  

i n  equat ion  ( 3 )  were 
b e s t  f i t  of t h e  300 KW 

F a c i l i t y  t r a n s i t i o n  b o i l i n g  data. Equation (3) c o r r e l a t e s  
t h e  d a t a  from both t h e  300 KW F a c i l i t y  and the  100 KW 
F a c i l i t y ,  shown i n  Figure 17; with an  average d e v i a t i o n  of  
24%. 

SUMMARY AND CONCLUDING REMARKS 
B o i l i n g  potassium hea t  t r a n s f e r  data have been obtained 

over  a range of mass v e l o c i t i e s ,  hea t  f l u x e s  and q u a l i t i e s  
a t  temperatures  up t o  2100°F i n  s ing le- tube  t e s t  s e c t i o n s .  
r e s u l t s  provide a reasonable  b a s i s  f o r  thermal des ign  of  once- 
through potassium b o i l e r s .  The experimental  equipment and 
measurement techniques developed i n  the course of t h e  work 
r e p r e s e n t  a n  advance i n  the  technology a s s o c i a t e d  w i t h  high- 
temperature  b o i l i n g  of  potassium. 

These 

R e s u l t s  obtained i n  t h e  two-fluid 300 KW F a c i l i t y  provide 
data on l o c a l  h e a t  t r a n s f e r  performance i n  t h e  t r a n s i t i o n  b o i l i n g  
and superheated vapor regimes a t  temperatures  up t o  1750°F. The 
r e s u l t s  from the  radiant-heated 100 KW F a c i l i t y  extend the range 
of t es t  temperatures  up t o  2100°F f o r  measurements of l o c a l  h e a t  

- 22 - 



t r a n s f e r  c o e f f i c i e n t s .  

The exp lo ra to ry  measurements of c r i t i c a l  hea t  flax 
condLhions and wall temperature behavior  i n  t he  t r a n s i t i o n  
and f i l m  b o i l i n g  and superheated vapor  regimes, made i n  the 
100 KW F a c i l i t y ,  are u s e f u l  f o r  a p p l i c a t i o n  t o  des ign  and 
g i v e  information on the  n a t u r e  o f  the  forced  convection b o i l i n g  
process  f o r  potassium a t  high-temperature and h igh  vapor  q u a l i t i e s .  
It i s  i n t e r e s t i n g  t h a t  t h e  measured wall temperature _-- behavior a t  
onseC of c r i t i c a l  heat f l u x  condi t ions  and i n  the  t r a n s i t i o n  
and f i l m  b o i l i n g  regimes f o r  forced-convection b o i l i n g  potassium 
(Figures 13, 14, 15) i s  similar t o  the wall temperature charac- 
t e r ; l s t i c s  repor ted  f o r  water i n  fo'pced convection b u l k  b o i l i n g  
flow (References 15 and 17).  T h i s  s i m i l a r i t y  sugges ts  t h a t  t he  
underlying phys ica l  mechanisms may be n e a r l y  the same f o r  t h e  
two f l u i d s .  

__ -- 
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NOMENCLATURE 
laR. 

De 
Di 
g0 

GK 

hTB 

h V  

kV 

NPr 
P/D 

q " 
q; 

Tsat 
va 
vH 

h 

X 

X 
C 

P 

P 

PL 
P V  

A p ~ ~ ~  
ap 
A t  
AT 

ATSH 

0 

Radia l  a c c e l e r a t i o n  developed by i n s e r t ,  g Is 
Diameter of i n s e r t  centerbody, f e e t  
Equivalent  diameter of  b o i l e r  tube wi th  i n s e r t ,  f e e t  
I n s i d e  diameter  of b o i l e r  tube,  f e e t  
Acce lera t ion  due t o  g r a v i t y ,  32.17 f t / s e c  
Potassium mass ve loc i ty ,  l b / (  f t  - sec)  
Heat t r a n s f e r  c o e f f i c i e n t ,  Btu/hr-ft2-OF 
Heat t r a n  f e r  c o e f f i c i e n t  i n  t r a n s i t i o n  reg ion ,  
B t u/hr- f t 3-oF 
Heat t r a n s f e r  c o e f f i c i e n t  f o r  t h e  vapor, Btu/(hr-ft2-'F) 
Thermal conduct iv i ty  of the  vapor, B t u / (  hr-ft-OF) 
P r a n d t l  Number, dimensionless 
T w i s t  r a t i o  or pitch-to-diameter r a t i o ,  tube diameters  
f o r  360° revolu t ion  of i n s e r t  

2 Local h e a t  f l u x ,  B tu / (h r - f t  ) 
C r i t i c a l  h e a t  f l ux ,  B t u / (  hr-f t2) 
S a t u r a t i o n  temperature, OF 

Axial v e l o c i t y ,  fee t / sec  
H e l i c a l  v e l o c i t y ,  f e e t / s e c  
Local q u a l i t y ,  dimensionless 
Local q u a l i t y  a t  p o i n t  of c r i t i c a l  h e a t  f l u x ,  
dimensionless  
V i scos i ty ,  lb / (  hr-f t )  
Density,  lb/f  t3 

2 
2 

Liquid d e n s i t y ,  lb/f t 3 
Vapor d e n s i t y ,  l b / f t  3 

I n t e g r a t e d  two-phase f r i c t i o n a l  p re s su re  drop 
m u l t i p l i e r ,  dimensionless 

h 

Wall-to-f l u i d  temperature d i f f e r e n c e ,  uF 
Temperature d i f f e r e n c e ,  F 
B u l k  superheat  of vapor, OF 

0 
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