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ABSTRACT 

Two separa te  but  r e l a t e d  s t u d i e s  are reported on areas p e r t i n e n t  

t o  an understanding o f  t he  behavior of  s a t u r a t e d  systems. The f irst  i s  

an experimental i nves t iga t ion  o f  sur face  and s t a t i c  pressure  e f f e c t s  on 

nuc lea te  pool b o i l i n g .  

response t o  rap id  and con t ro l l ed  depressur iza t ion .  

The second i s  an ana lys i s  of  s a t u r a t e d  system 

Pool b o i l i n g  d a t a  were c o l l e c t e d ,  a t  var ious system pressures ,  

f o r  chemically e tched 304 s t a i n l e s s  s t e e l  sur faces  i n  contac t  with d i s -  

t i l l e d  water.  Resul ts  show the  changes i n  hea t  t r a n s f e r  with varying 

r m s  su r f ace  roughness and prepara t ion  techniques.  Several  c o r r e l a t i o n  

equat ions f o r  p r e d i c t i n g  wall superheat  were examined, bu t  most were not  

s a t i s f a c t o r y .  However, the  Rohsenow equation, because of  i t s  f l e x i b i l -  

i t y ,  was appl ied  s a t i s f a c t o r i l y  t o  t h e  present  da t a  and t o  da t a  from the  

l i t e r a t u r e .  

Results of t r a n s i e n t  discharge t e s t s  are compared t o  a model 

developed f o r  ana lys i s  and with r e s u l t s  obtained by o the r  i n v e s t i g a t o r s .  

The model agrees  well with system pressures  and temperatures,  and pre-  

d i c t s  l oca l  time-dependent l i q u i d  and vapor p rope r t i e s  within t h e  ves se l .  

Other models considered d id  not  produce s a t i s f a c t o r y  agreement with the  

d a t a  of the  present  i n v e s t i g a t i o n .  An explanat ion i s  given f o r  pressure  

f l u c t u a t i o n s  t h a t  have been observed i n  discharging s a t u r a t e d  systems. 
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I .  INTRODUCTION 

The ana lys i s  of  pool b o i l i n g  hea t  t r a n s f e r  and two-phase flow 

is t h e  sub jec t  of  numerous inves t iga t ions  conducted i n  t h e  p a s t  two 

decades. 

many fundamental s t u d i e s  of t h e  var ious  processes .  However, t hese  

s t u d i e s  are complicated by t h e  fact  t h a t  a dimensional ana lys i s  of 

a l l  va r i ab le s  assoc ia ted  with b o i l i n g  y i e l d s  38 dimensionless groupings 

[l, 21. Thus, although seve ra l  design c o r r e l a t i o n s  [3-61 f o r  var ious 

aspec ts  of  t h e  phenomenon have been advanced i n  recent  years ,  no equa- 

t i o n  c o r r e l a t i n g  t h e  general  case of  b o i l i n g  is ava i l ab le .  

The increas ing  importance of nuc lea te  b o i l i n g  has prompted 

An important problem as soc ia t ed  with any pool b o i l i n g  c o r r e l a t i o n  

i s  incur red  i n  accounting f o r  t h e  change i n  hea t  f l u x  as a func t ion  

of  s t a t i c  p res su re  and su r face  e f f e c t s .  Attempts t o  p r e d i c t  t h e  

effect  of  s t a t i c  pressure  have a t t a i n e d  l i t t l e  success .  This i s  

owed i n  p a r t  t o  t h e  i n t e r a c t i o n  of pressure  effects with su r face  

effects.  These su r face  effects  are a r e s u l t  o f  1) t h e  method of 

su r face  prepara t ion ,  2) t h e  su r face - l iqu id  combination, and 3) t h e  

e f f e c t i v e  sur face  roughness. There is  no accura te  desc r ip t ion  of  

pool b o i l i n g  su r faces  which accounts f o r  su r face  va r i ab le s .  Never- 

t h e l e s s ,  su r f ace  effects must be considered. 

Another s epa ra t e  but  i n t e r - r e l a t e d  problem of cu r ren t  i n t e r e s t  

i s  t h e  t r a n s i e n t  pressure  decay of  a sa tu ra t ed  system. The ana lys i s  

1 
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of such systems has applications to nuclear reactor safety, space 

venting of cryogenic systems and space vehicle propellant loss 

caused by meteroid puncture. 

system may be initiated as a result of boiling vessel rupture or 

pump failure. 

at saturation conditions is relatively unexplored [7-131. No 

satisfactory explanation exists for pressure spikes observed during 

depressurization [9, 11-13]. Thus, a systematic investigation of 

the pressure decay of saturated systems is necessary for a more 

complete understanding of the phenomena involved. 

Rapid depressurization of a boiling 

The general area of rapidly depressurizing systems 

The present investigation is concerned with two separate but 

related areas pertinent to an understanding of the behavior of 

saturated systems. These are: 

1. Investigation of the effects of static pressure and sur- 

face condition on nucleate pool boiling; 

2. Analysis of rapid and controlled depressurization on satu- 

rated system response. 

Results of the study should be relevant to NASA programs con- 

cerned with simultaneous surface boiling and periodic venting of 

stored cryogens in space as well as a number of nonspace related 

applications. 

The first phase of the study is an attempt to clarify the effects 

of surface characteristics and static pressure on nucleate pool boiling. 

Data will be obtained from stainless steel surfaces which have been 

etched chemically. 

the literature in a study of present pool boiling design correlations. 

These data will be utilized along with data from 
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The p a r t  of t h e  inves t iga t ion  concerned with s t a t i c  pressure  effects 

was i n i t i a t e d  as a r e s u l t  o f  observing a phenomenon assoc ia ted  with 

pool b o i l i n g  from chemically etched sur faces  operated a t  success ive ly  

h igher  pressures .  

with an increase  i n  pressure .  

he re to fo re  unreported i n  t h e  l i t e r a t u r e .  

ana lys i s  are presented t o  confirm and c l a r i f y  t h i s  s i t u a t i o n .  

The d a t a  ind ica t ed  an increase  i n  wall superheat  

This i s  cont ra ry  t o  expec ta t ion  and 

Additional t e s t  d a t a  and 

The second p a r t  of t he  s tudy i s  concerned with t h e  effects of 

r ap id  and con t ro l l ed  depressur iza t ion  on an i n i t i a l l y  sa tu ra t ed  pool 

b o i l i n g  system. 

vapor temperature response and f l u i d  behavior during depressur iza t ion .  

An explanat ion w i l l  be presented f o r  t he  pressure  f luc tua t ions  ob- 

served i n  discharging sa tu ra t ed  systems. 

Parameters t o  be examined inc lude  dynamic l i qu id /  

A t es t  f a c i l i t y  has  been constructed which w i l l  allow b a s i c  

experimental  s t u d i e s  on su r face  and s t a t i c  pressure  effects and w i l l  

permit determinat ion of  t he  effects of var ious system parameters on 

depressur iza t ion .  The f a c i l i t y  has the  f l e x i b i l i t y  such t h a t  b a s i c  

b o i l i n g  s t u d i e s  can be conducted on t h e  same apparatus used f o r  d i s -  

charge t e s t s .  Resul ts  of t r a n s i e n t  discharge tests w i l l  be compared 

t o  a model developed f o r  ana lys i s  and with r e s u l t s  obtained by o the r  

i n v e s t i g a t o r s .  

a p p l i c a b i l i t y  t o  t h e  present  s tudy .  

t i g a t i o n ,  an attempt w i l l  be  made t o  re la te  t h e  r e s u l t s  of model 

s t u d i e s  such as t h e  present  t o  t h e  behavior of la rge-sca le  systems 

i n  cu r ren t  use .  

Other p r e d i c t i v e  models w i l l  be examined f o r  t h e i r  

During t h e  course of t h e  inves- 



11. LITERATURE SURVEY 

The goal of t h e  present  s tudy is t o  analyze the  behavior of a 

s a t u r a t e d  pool b o i l i n g  system under s t a t i c  and dynamic pressure  condi- 

t i o n s .  Closely connected with t h i s  goal i s  the  task  of p red ic t ing  b o i l -  

i n g  h e a t  t r a n s f e r  f luxes  with varying pressure  and su r face  condi t ions.  

Discharge may be considered a macroscopic phenomenon where sur face  con- 

d i t i o n s  are o f  secondary importance. However, su r f ace  effects a re  of 

major importance i n  nuc lea te  pool b o i l i n g  and must be analyzed i n  micro- 

scopic  d e t a i l .  Analysis of s t eady- s t a t e  b o i l i n g  c h a r a c t e r i s t i c s  is  

necessary t o  obta in  the  i n i t i a l  i npu t  va r i ab le s  f o r  the  discharge analy- 

s is .  The f irst  po r t ion  of  the  l i t e r a t u r e  review focuses a t t e n t i o n  on 

p r i o r  analyses  and experiments which concern su r face  and pressure  effects 

on nuc lea te  pool b o i l i n g  h e a t  t r a n s f e r .  The l a t t e r  por t ion  of  t he  review 

i s  devoted t o  an ana lys i s  o f  the  cur ren t  s t a t u s  of knowledge concerning 

. s a t u r a t e d  discharge.  

A.  Pool Boi l ing  Surface S tudies  

The importance o f  su r face  condi t ions was recognized e a r l y  i n  the  

s tudy o f  nuc lea te  b o i l i n g  h e a t  t r a n s f e r .  Jakob and F r i t z  [14] discovered 

t h a t ,  f o r  a given superhea t ,  t he  r a t e  of hea t  t r a n s f e r  increased  as the  

su r face  roughness increased .  The observed inc rease  i n  roughness was 

p r imar i ly  macroscopic i n  na ture  s i n c e  the  authors  d id  no t  attempt quan- 

t i t a t i v e  su r face  measurements. Other i nves t iga t ions  have e s t ab l i shed  t h e  

4 



r o l e  o f  microscopic roughness i n  b o i l i n g  hea t  t r a n s f e r  [15-191. C l a r k ,  

Strenge, and Westwater [ l 5 ] ,  i n  a microscopic study o f  su r f aces ,  i d e n t i -  

f i e d  photographically 20 separa te  nucleat ion sites during b o i l i n g  of 

e t h e r  and pentane on zinc- and aluminum-alloy sur faces .  

ac t ive  p i t s  ranged from 0.0003 t o  0.003 inch. Grain boundaries, as 

observed from e lec t ron  micrographs, were found t o  have l i t t l e  o r  no 

e f f e c t  on bo i l ing  nucleat ion.  

as ac t ive  sites were roughly 0.0005 inch i n  width. 

The s i z e  o f  the  

The smal les t  sc ra tches  which were observed 

Quant i ta t ive sur face  roughness measurements were made by Corty 

and Foust [16] with various techniques.  

t o  23 p-inches rms. 

by using 4/0, 2/0, 0 ,  1, and 3 emery pol i sh ing  paper.  Corty and Foust 

found t h a t  roughness changed the  s lope ,  as wel l  as the  pos i t i on  of  t he  

curve o f  the  hea t  t r a n s f e r  c o e f f i c i e n t .  Their i nves t iga t ion  ind ica ted  

much s t e e p e r  s lopes than have been found experimentally i n  previous 

s t u d i e s .  They a t t r i b u t e d  these d i f fe rences  t o  t h e  wide range o f  e f fec-  

t i v e  nucleat ion si tes which may occur i n  two systems which appear t o  be 

s i m i l a r .  Extensive da t a  were taken which included: hea t  t r a n s f e r  da t a ;  

shape, contact  angle,  and number o f  bubbles; sur face  condi t ions;  and 

b o i l i n g  h i s t o r y .  

of bubbles e x i s t i n g  on a sur face  a t  any given superheat depends on t h e  

physical  p rope r t i e s  o f  t he  f l u i d ,  t h e  shape and s i z e s  of  the microscopic 

sur face  c a v i t i e s ,  and t h e  contact  angle i n  the  cavi ty .  

The roughness ranged from 2 .2  

Varying degrees of surface roughness were obtained 

In conclusion, t h e  authors pos tu la ted  t h a t  t h e  number 

Other attempts a t  sur face  prepara t ion  have consis ted o f  mechani- 

cal pol i sh ing ,  a r t i f i c i a l  scor ing ,  and lapping. Polished sur faces  were 

used by Gaertner and Westwater [18] and G r i f f i t h  and Wallis [19]. 
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Gaertner and Westwater [18] conducted 51 experimental t e s t s  with an 

aqueous so lu t ion  o f  n icke l  s a l t s  on copper i n  an attempt t o  determine 

the  r e l a t ionsh ip  between q/A, Tw - Ts, A 

two inch diameter sur face  polished with seven grades>f emery through 

4/0, with a l l  v i s i b l e  sc ra tches  removed from t h e  sur face ,  was employed 

i n  the  t e s t s .  

sur face  roughness increased,  coinciding with an increase  i n  f i l m  coe f f i -  

c i en t  and the  rate o f  hea t  t r a n s f e r .  The a c t i v e  sites were noted t o  be 

d i s t r i b u t e d  randomly over the  su r face .  

nique was u t i l i z e d  which allowed v i sua l  counts o f  the ac t ive  sites up t o  

a maximum of 1130/in2 at a hea t  f l u x  of  317,000 Btu/hr2f t .  

far exceeded t h e  previous s i t e  count which was poss ib le  using ordinary 

and the  s i t e  dens i ty ,  n/A. 

A l a r g e r  number o f  bubble columns were observed as the 

A s p e c i a l  e l ec t rop la t ing  tech-  

This number 

means. 

Methanol, e thanol ,  and water so lu t ions  were bo i l ed  on copper i n  

the  inves t iga t ion  of G r i f f i t h  and Wallis [19]. Surfaces were prepared 

with 3/0 emery, and a l l  s t rokes  were i n  t h e  same d i r ec t ion .  

prepared a spec ia l  sur face  f o r  t h e i r  s tud ie s  by pr ick ing  37 holes--uniform 

i n  s i z e  and shape--in t h e  3/0 su r face .  

over t he  sur face .  Comparative t e s t s  were conducted on a s i m i l a r  sur face  

without t h e  holes  t o  demonstrate t h e  increase i n  heat  f l u x  f o r  increased 

roughness. 

The authors 

The holes  were uniformly spaced 

Berenson [ZO]  used lapped su r faces .  Lapping is  usua l ly  thought 

of as  producing a very smooth sur face  f i n i s h ;  however, g r i t  which is  

suspended i n  t h e  o i l  ac tua l ly  s a t u r a t e s  t h e  sur face  with c a v i t i e s .  

Mechanical po l i sh ing  of t he  copper sur face  with various grades o f  emery 

c lo th  was a l so  employed as a means o f  prepara t ion .  The b o i l i n g  hea t  
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t r a n s f e r  c o e f f i c i e n t  var ied as much as 600 percent as a r e s u l t  o f  t he  

va r i a t ions  i n  sur face  f i n i s h .  The lapped sur face  required less super- 

hea t  than the  mechanically pol ished sur faces .  Berenson thus demonstrated 

t h a t  t he  rms roughness i s  not the s i g n i f i c a n t  roughness parameter f o r  

use i n  co r re l a t ions .  Clark, Strenge,  and Westwater [15] determined v i s -  

u a l l y  t h a t ,  regard less  of the  ove ra l l  r m s  value,  t he  "rougher" sur face  

i s  the  one which has the  g rea t e s t  number o f  c a v i t i e s  i n  a s i z e  range 

appropriate  f o r  a c t i v i t y .  

Berenson explained the  increase i n  f i l m  coe f f i c i en t  and hea t  

t r a n s f e r  f o r  a lapped sur face  as  fol lows:  The lapped sur face ,  which is  

smooth i n  a macroscopic sense,  produced the  h ighes t  values of h and q/A 

i n  the  s tudy.  This was a t t r i b u t e d  t o  a la rge  number of very small cav- 

i t y  sites r a t h e r  than t o  an rms value,  which ac tua l ly  measured only t h e  

s t a t i s t i c a l  mean of sur face  var iance.  This i s  s i m i l a r  t o  t h e  conclusion 

reached by Clark, Strenge,  and Westwater [15]. 

A r t i f i c i a l  scor ing  was employed by Bonil la ,  Grady, and Avery [21] .  

Copper sur faces  were prepared with p a r a l l e l  sc ra tches  o f  known depth, 

geometry, and length.  The scra tches  were spaced a t  d i s tances  of  1 .0 ,  

0.5, 0 .25,  and 0.125 inch on four  p l a t e s .  A Brush Surface Analyzer was 

used t o  measure sur face  roughness. In  t h e  s tudy,  water was bo i l ed  from 

copper su r faces ,  and mercury was boi led  from a s i m i l a r l y  prepared low- 

carbon s t e e l  su r f ace .  The r e s u l t s  ind ica ted  t h a t  the  hea t  f l u x  was 

dependent upon t h e  spacing widths. 

obtained f o r  sc ra tches  2 t o  2 . 5  bubble diameters apa r t .  The d a t a  f o r  

water ind ica ted  t h a t  t he  inf luence o f  the  scra tches  on hea t  t r a n s f e r  f o r  

la rge  values of q/A was l e s s  pronounced than f o r  small  values .  

The higher  values of hea t  f l ux  were 

On the  
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o the r  hand, t he  da t a  f o r  mercury b o i l i n g  from low-carbon s t e e l  ind ica ted  

t h a t  the  e f f e c t  of t h e  scra tches  was more pronounced f o r  high q/A than 

f o r  low f luxes.  

increase  i n  f i l m  c o e f f i c i e n t  with the  mercury sur face .  

The authors did no t  o f f e r  an explanation f o r  t he  

They did poin t  

ou t  t h a t  the r e s u l t s  w i l l  not confirm nor deny t h e  loca t ion  of  a maximum 

h a t  2 t o  2 .5  bubble diameters f o r  t he  l i q u i d  metal .  In  conclusion, the 

authors i n d i c a t e  the  scra tches  should be spaced approximately 2 .50/(pv-pg) 

inches apa r t  f o r  maximum e f fec t iveness .  

and a t  l e a s t  0.001 inch i n  depth.  

The scra tches  should be sharp 

The e f f e c t  of  sur face  roughness on the  r a t e  of  hea t  t r a n s f e r  has 

received considerable a t t e n t i o n  i n  pas t  i nves t iga t ions .  

p repara t ion  techniques have been employed i n  attempts 

r e l a t i o n s h i p  involved. Nucleation s i t e s  a re  o f  major 

understanding of b o i l i n g  hea t  t r a n s f e r  and have received considerable  

ana lys i s .  

and given t h e  necessary c r i t e r i o n  t h a t  t he re  must be a good gas t r a p .  

Therefore,  t he  su r face  flaws must be microscopic i n  na ture .  The neces- 

Various sur face  

Westwater [2] has discussed the  necess i ty  o f  nuc lea t ion  s i t e s  

s i t y  of  s i t e s  has been demonstrated by Hsu and Graham [22] and Otterman 

[23] ,  who inves t iga ted  the  hea t ing  of  pure,  degassed water on a c lean 

mercury sur face .  No b o i l i n g  was observed o the r  than t h e  explosive f o r -  

mations r e s u l t i n g  from c a v i t a t i o n ,  thus demonstrating t h e  importance o f  

sur face  i r r e g u l a r i t i e s .  

Westwater [24] confirmed t h a t  the  phenomenon which he c a l l e d  

"bumping" occurs when l iqu ids  a r e  bo i l ed  from cavi ty- f ree  su r faces .  The 

superheat  requirements were repor ted  t o  be q u i t e  la rge  with respec t  t o  

ordinary nuc lea te  bo i l ing .  Fur ther  evidence o f  the  high superheats  
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requi red  t o  i n i t i a t e  b o i l i n g  from smooth su r faces  has  been presented  by 

Lot tes  and Viskanta [25]. The superheats  obtained were h ighe r  than 

those repor ted  f o r  b o i l i n g  from s o l i d  sur faces  b u t  n o t  as h igh  as those  

repor ted  by Gordon, e t  a l .  E261 and Mead, -- e t  a l .  [27]. -- 
A cav i ty  must f a l l  wi th in  a given s i ze  range i f  it i s  t o  be  

a c t i v e  during a b o i l i n g  process .  Hsu [28] developed a mathematical model 

from which he p red ic t ed  t h e  minimum and maximum r a d i i  requi red  f o r  

a c t i v i t y  and the  c r i t e r i o n  for inc ip ience  o f  b o i l i n g .  

was t h e  same as t h a t  used by Hsu and Graham [22] t o  p r e d i c t  t h e  wai t ing 

per iod  i n  the  e b u l l i t i o n  cyc le .  

6 ,  ou t s ide  o f  which t h e  bulk temperature remained constant  and con- 

s ide red  t h e  process  t o  be similar t o  the  case of  t r a n s i e n t  conduction. 

Two cases were inves t iga t ed .  The first,  a constant  temperature case, i s  

approximated by the  use of  a t h i c k  h e a t e r  block o f  high thermal conduc- 

t i v i t y .  The constant  hea t  f l u x  case approximates the  condi t ions encoun- 

t e r e d  with a t h i n  s t r i p  h e a t e r .  

mum and minimum r a d i i  requi red  f o r  an a c t i v e  cav i ty .  

were found t o  be funct ions o f  t h e  amount o f  subcooling, system pressure ,  

phys ica l  p r o p e r t i e s ,  and thickness  o f  t he  superheated l i q u i d  l aye r .  The 

The model employed 

Hsu assumed a l i m i t i n g  thermal l aye r ,  

Equations were developed f o r  t he  maxi- 

These parameters 

equat ions developed f o r  the  constant-temperature case were 

and the  c r i t e r i o n  f o r  the  inc ip ience  o f  b o i l i n g  was given as 
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Therefore,  i f  6 is known, the  inc ip ience  of  b o i l i n g  may be determined 

f o r  a given pressure  and subcooling. S imi l a r ly ,  f o r  the  constant  hea t  

f l u x  case,  the  inc ip ience  o f  b o i l i n g  was predic ted  by t h e  equation 

L 

+ / ( i (TS - T,) + &)(.)I 6 (11-4) 

In  each case,  the  thickness  o f  t h e  superheated l i q u i d  l aye r ,  6 ,  must be 

known o r  measured. 

Data by Clark, e t  a l .  El51 a r e  co r re l a t ed  with the  curves pre-  -- 
dieted by Eqs. (11-3) and (11-4) i n  Fig.  1. Since the  sur faces  used i n  

the  inves t iga t ion  were w e l l  po l i shed ,  t he  equations developed may be 

assumed t o  p r e d i c t  cav i ty  r a d i i  f o r  wel l  pol ished su r faces .  

cluded t h a t  t he  theory was successful  f o r  p red ic t ing  b o i l i n g  inc ip ience  

Hsu con- 

and the  s i z e  range o f  a c t i v e  c a v i t i e s .  

more experimental s t u d i e s  were needed t o  f u l l y  understand the  l i m i t i n g  

However, he pointed out  t h a t  

thermal l aye r  thickness  and i t s  behavior as determined by the  various 

parameters.  Experimentatioh is a l s o  necessary t o  determine the  c o r r e c t  

values  o f  the  constants  i n  the  equat ions.  

Using cav i ty  radius  as  one parameter, Kurihara and Myers [29] 

r e l a t e d  the  number of  c a v i t i e s  on a sur face  t o  the  average cavi ty  radius  

through the  work o f  Frenkel [30] .  A model cons i s t ing  of  a cone and a 
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groove of depth y was used t o  develop the  equat ion.  

(11-5) 

If  one se t  o f  measurements f o r  a given f lu id - su r face  roughness combina- 

t i o n  is  used, the number of nuc lea t ing  si tes f o r  any AT may be obtained 

from Eq. (11-5). The values of B(r) and E used i n  E q .  (11-5) a re  pre-  

sen ted  i n  Table 1. 

TABLE 1 

VALUES OF B AND E I N  EQUATION (11-5) 

Term 

B ( p - I n  che s ) ( R) 

E (u-Inches) 

Water 

2330.0 

3.8 

-- 

Ace tone 

790.0 

5.7 

n-Hexane 

620.0 

7.3 

C arb on 
Tet rachlor ide  

960.0 

7.8 

Carbon 
Disu l f ide  

1280 .O 

8 . 1  

A t y p i c a l  c o r r e l a t i o n  predic ted  by Eq. (11-5) compared t o  experimental  

da t a  i s  shown i n  Fig.  2 .  The d a t a  presented include measurements with 

acetone, - n-hexane, carbon t e t r a c h l o r i d e ,  and carbon d i s u l f i d e  b o i l i n g  on 

4/0,  1/0,  and number two pol i shed  su r faces .  No ca l cu la t ions  were p re -  

sen ted  f o r  water because the  s i z e  of t he  term B ind ica t e s  a va l l ey  depth 

o f  20 micro-inches o r  more. No i n d i c a t i o n  of  t h i s  depth on the  4/0 s u r -  

face could be found. The authors  pos tu la ted  t h a t  t h e  bubbles form over 
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s e v e r a l  adjacent  s i t e s ;  consequently,  t h e  value of  B ( r )  cannot be pre-  

d i c t e d  f o r  t h i s  case. 

Several  i n v e s t i g a t o r s  have r e l a t e d  the  s i t e  dens i ty  t o  the  h e a t  

f l u x  and f i l m  c o e f f i c i e n t  through empir ical  equat ions.  Gaertner and 

Westwater [18] found t h a t  t he  hea t  f l u x  i s  propor t iona l  t o  t h e  square 

roo t  o f  the s i t e  dens i ty  and proposed t h e  following equat ion.  

Q/A = 1400 (11-6) 

This d i f f e r s  from t h e  l i n e a r  r e l a t i o n s h i p  proposed by Jakob [31]. For 

s i t e  d e n s i t i e s  g r e a t e r  than 500/ f t2 ,  t he  r e l a t i o n  

h = 49 (n /A)0*43 (11-7) 

was found t o  be wi th in  the  range found by Nishikawa [17] and Kurihara- 

and Myers [29] . 
Gaertner [32],  i n  another  i nves t iga t ion ,  found the  r e l a t i o n s h i p  

between s i t e  populat ion and hea t  f l u x  t o  be given by 

Q/A = 181 (n/A)O*66 (11-8) 

This equat ion i s  similar t o  the  equat ions given by Kurihara and Myers 

[29] and by Gaertner and Westwater [18]. The exponent o f  t h e  n/A term 

v a r i e s  i n  t h e  following manner: 0 .66,  0.55, and 0.49. The v a r i a t i o n  i s  

a t t r i b u t e d  t o  minor su r face - f in i sh  d i f f e rences .  

s t r a t e s  the d i f f i c u l t y  i n  reproducing r e s u l t s  of  o t h e r  i n v e s t i g a t o r s .  

I t  a l s o  po in t s  ou t  t he  inadequacy of  empir ical  approaches i n  su r face  

b o i l i n g  hea t  t r a n s f e r .  

The comparison demon- 
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The numerous inves t iga t ions  tha t  have been reported poin t  out the 

importance of  the bubble-generation process i n  determining t h e  t o t a l  hea t  

t r a n s f e r  r a t e .  The number o f  si tes and, t he re fo re ,  the  number o f  vapor 

columns a re  very important i n  t h i s  regard.  Rohsenow and Clark [33],  i n  

an e a r l y  paper, pointed out  t h a t  t he  l a t e n t  hea t  ac tua l ly  c a r r i e d  from 

the  sur face  by the  bubbles does not  account f o r  the increased r a t e  of 

hea t  t r a n s f e r  observed during bo i l ing .  

o f  surrounding f l u i d ,  r e s u l t i n g  i n  r e l a t i v e l y  high induced v e l o c i t i e s  

within the  quiescent  l aye r ,  was the  primary mechanism. 

i s  disagreement among the  various inves t iga to r s  on th i s .po in t .  The idea  

t h a t  a g i t a t i o n  of t he  l i q u i d  causes the  exce l len t  hea t  t r a n s f e r  was a l so  

held by Jakob [34]. Fors te r  and Grief [35] favor  a vapor- l iquid exchange 

They proposed t h a t  t he  a g i t a t i o n  

However, t he re  

ac t ion  f o r  the mechanism o f  nuc lea te  boi l ing .  

b l e s  as d isp lac ing  superheated l i q u i d  from the  sur face .  The authors 

i n t e r p r e t  t h e i r  viewpoint as a case of  bubbles a g i t a t i n g  t h e  l i qu id .  

Many o the r  i nves t iga to r s  have w r i t t e n  along similar l i n e s .  

They v i sua l i ze  vapor bub- 

Closely connected with the  idea  of bubbles furnishing the  a g i t a -  

t i o n  i s  the concept t h a t  when a bubble departs  i t  allows cooler  l i q u i d  

t o  contact  the su r face .  The cold l i q u i d  r e a d i l y  c a r r i e s  the  hea t  away 

from the  hot  sur face .  

Another hypothesis i s  t h a t  l i qu id  a t  the  base o f  t he  bubble i s  

However, Moore and Mesler [36] pos tu la ted  a vaporized i n t o  t h e  bubble. 

model which they s u b s t a n t i a l l y  demonstrated with experiments. 

microlayer evaporation theory proposes vaporizat ion i n  a t h i n  microlayer 

a t  the  base o f  the bubble. 

Their 
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The need f o r  an a n a l y t i c a l  model descr ib ing  bubble evolut ion i s  

ev ident .  Some i n v e s t i g a t o r s  [16,19] have developed mathematical models 

t o  represent  bubble formation. 

G r i f f i t h  and Wallis [19]. 

A r ep resen ta t ive  model i s  t h a t  used by 

A conica l  chvi ty  was chosen t o  represent  t he  

nuc lea t ion  s i t e  s i n c e  it may c l o s e l y  approximate an ac tua l  s i t e  and 

lends i t s e l f  t o  mathematical formulat ion.  Figure 3 i l l u s t r a t e s  t he  

phys ica l  model used by the  authors .  The rad ius  o f  curvature  of a curved 

su r face  which is  a segment o f  a sphere and t h e  l i q u i d  superheat  a t  s t a -  

t i c ,  mechanical equi l ibr ium may be r e l a t e d  through the  Gibbs equat ion as 

follows : 

AP = 2o/r (11-9) 

When t h e  bubble i s  a t  equi l ibr ium, vapor within t h e  bubble must be a t  

the  s a t u r a t i o n  temperature corresponding t o  t h e  i n t e r i o r  p re s su re ,  and 

the  l i q u i d  must be a t  the  same temperature.  Consequently, t h e  l i q u i d  

must be superheated. The Clausius-Clapeyron equat ion,  Eq. (11-10) , 

relates excess temperature i n  the  l i q u i d  t o  excess pressure  i n  the  

bubble.  

( I 1  -10) 

Subs t i t u t ion  of  the  above r e l a t i o n  f o r  AP i n  Eq. (11-9) y i e lds  t h e  f o l -  

lowing r e l a t i o n  between l i q u i d  superheat  and rad ius  of  curva ture .  

2T v =e ( I  I - 11) 
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value and has associated 
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When the  c r i t i ca l  r a d i u s ,  i . e . ,  t he  rad ius  of t h e  cav i ty ,  i s  s u b s t i t u t e d  

i n t o  Eq. (11-11), t h e  minimum temperature d i f f e rence  needed t o  i n i t i a t e  

bubble growth may be obtained.  

There have been numerous c o r r e l a t i o n  equat ions proposed by d i f -  

f e r e n t  i n v e s t i g a t o r s .  A method e s t ab l i shed  by Rohsenow [SI f o r  nuc lea te  

pool b o i l i n g  employs a bubble Reynolds number which measures the  effect  

of  increased  a g i t a t i o n  r e s u l t i n g  from the  bubbles on h e a t  t r a n s f e r .  This 

dimensionless parameter was formed by combining the  average bubble diam- 

e t e r  &, the  mass v e l o c i t y  o f  t he  bubbles p e r  u n i t  area (+,, and the  

l i q u i d  v i s c o s i t y  MR t o  ob ta in  

( I  I -12) 

- 
Then, by s i m i l a r i t y  with s ingle-phase forced-convection c o r r e l a t i o n s ,  

(I I - 13) 

(11-14) 

and P r R  is  the Prandt l  number based on t h e  f l u i d  p rope r t i e s .  

used t h e  expression developed by F r i t z  [37] 

Rohsenow 

(I 1-15) 

and the  r e l a t i o n  developed by Jakob [34] 

f o r  t h e  h e a t  t r a n s f e r  t o  the  bubble while a t tached  t o  the  su r face  t o  
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develop h i s  co r re l a t ion .  The f i n a l  form of the  co r re l a t ion  is  

‘ s  f [* Mgh gv (11-17) 

where Csf is  a c o e f f i c i e n t  which depends upon the  na ture  of  t he  hea t ing  

sur face- f lu id  combination. 

v a l i d  f b r  l i qu ids  b o i l i n g  on a clean sur face ,  and f u r t h e r  s tudy must be 

undertaken t o  determine the  e f f e c t  of l iqu id-sur face  combinations on the  

c o e f f i c i e n t ,  Csf.  

Rohsenow pointed out  t h a t  t he  c o r r e l a t i o n  i s  

Other co r re l a t ions  have been forwarded [29,38,39], bu t  most a r e  

l imi ted  i n  scope s i n c e  they do not  account f o r  t he  na ture  of  the  sur face .  

The co r re l a t ion  equations may be c lassed  as: 

1. Equations with s i t e  dens i ty  as a parameter. 

2 .  

3. Equations containing experimentally determined c o e f f i c i e n t s .  

The l a rge  number of  phys ica l  var iab les  assoc ia ted  with b o i l i n g  

Equations developed from hydrodynamic theory.  

hea t  t r a n s f e r  g rea t ly  complicates t h e  procedure f o r  descr ib ing  any sys-  

tem a n a l y t i c a l l y .  Also, dupl ica t ion  of  previous da t a  is extremely d i f -  

f i c u l t  as a r e s u l t  of  t he  l a rge  e f f e c t  assoc ia ted  with small va r i a t ions  

i n  su r face  prepara t ion .  

Another f a c t o r  which must be  accounted f o r  i n  any general  cor re-  

l a t i o n  is  pressure .  

b o i l i n g  systems was performed by C iche l l i  and Boni l la  [40] who showed 

the  displacement of  the  b o i l i n g  curve (q/A versus AT) with pressure .  

Corty and Foust [16] presented the  equation 

Early work concerned with the  e f f e c t  of  pressure  on 
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(11-18) 

f o r  t he  radius  of curvature  o f  an idea l i zed  nuc lea t ing  cavi ty .  Since 

sur face  tension decreases with increas ing  temperature and the  contact  

angle probably increases ,  Corty and Foust assumed the  right-hand term 

did not  change g rea t ly  with increas ing  temperature. However, the  s lope  

of  the  vapor pressure-temperature curve becomes g rea t e r  as the  tempera- 

t u r e  i s  increased.  

required f o r  t h e  necessary excess vapor pressure  P 

b o i l i n g  curve would be s h i f t e d  toward a lower wal l  superheat by increas-  

i ng  system pressure .  S imi la r ly ,  G r i f f i t h  and Wallis [19] developed a 

r e l a t i o n  between the  cavi ty  radius  and the  wal l  superheat .  

r e l a t ionsh ip  was predic ted  between sys  tem pressure  and wal l  superheat 

necessary t o  s u s t a i n  nucleat ion of  a given s i z e  cavi ty .  

was a l s o  obtained by Corty and Foust. 

Thus, they explained t h a t  less superheat would be  

- Pext and the  
Vp 

An inverse 

- 

This conclusion 

Bankoff [41] presents  an equation which p red ic t s  the  minimum wall  

superheat f o r  pressures  l e s s  than t h e  c r i t i c a l  p ressure .  Bankoff [42] 

a l s o  proposes t h a t  t he  increase  i n  hea t  t r a n s f e r  with pressure  f o r  a 

given w a l l  superheat i s  caused by t h e  increase  i n  the  number of  ac t ive  

s i t e s .  

Other i nves t iga to r s  [43-451 pos tu l a t e  t h a t  t he  wall superheat f o r  

a given hea t  f l u x  is  pr imar i ly  a funct ion of system pressure .  

and Finalborgo [43] found t h a t  f o r  a given l iqu id-sur face  combination, 

increased wal l  superheat is  required when the  system pressure  i s  reduced 

a t  constant  hea t  f l ux .  Kreith and Summerfield [44 ] ,  i n  an experimental 

s tudy,  found t h a t  t he  wall  superheat at constant hea t  f l u x  v a r i e s  as the 

Cryder 
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r ec ip roca l  of the  absolute  pressure  t o  the  three-fourths  power. Raben 

-- e t  a l .  [45] conducted an inves t iha t ion  of nucleate  bo i l ing  a t  pressures  

below the  atmospheric pressure.  They concluded t h a t  the mechanisms o f  

heat  t r a n s f e r  become less effective with reduced pressure because o f  

1. Decreased number of  ac t ive  si tes.  

2 .  Reduced cont r ibu t ion  o f  convective t r a n s f e r .  

3.  Reduced vapor dens i ty .  

The reduced ef fec t iveness  of  hea t  t r a n s f e r  d i c t a t e s  an increase  i n  wal l  

superheat with reduced pressure t o  maintain a constant hea t  f l ux .  

C r i t i c a l  hea t  f l u x  da ta  f o r  benzene, diphenyl, and benzene-diphenyl 

mixtures b o i l i n g  under pressures  from 13.5 t o  488.5 p s i a  were obtained by 

Huber and Hoehne 1461. Lienhard and Schrock [47] co r re l a t ed  t h e  peak and 

minimum hea t  f luxes with pressure f o r  a v a r i e t y  of  f l u i d s .  

t h a t  va r i a t ions  i n  pressure and geometry have a s i g n i f i c a n t  e f f e c t  on 

the  peak and minimum f lux .  

Watanabe [48] concluded t h a t  the  effects of  geometry and pressure  on t h e  

peak and minimum nuclea te  b o i l i n g  hea t  f luxes a r e  separable .  

They showed 

A l a t e r  i nves t iga t ion  by Lienhard and 

More r ecen t ly ,  Lienhard and Schrock [4] proposed a general ized 

co r re l a t ion  f o r  t he  displacement of t he  nucleate  b o i l i n g  hea t  f l u x  curve 

with pressure .  The b a s i s  o f  t h e i r  co r re l a t ion  i s  t h e  hypothesis t h a t  

t he  superheat f o r  any configurat ion and hea t  f l u x  is  d i r e c t l y  propor- 

t i o n a l  t o  the van der  Waal maximum superheat .  

hypothesis i s  by comparison with experimental da ta .  

J u s t i f i c a t i o n  f o r  t h e  

Clear ly ,  p ressure  is  a parameter which must be considered i n  

nucleate  bo i l ing  although a general  co r re l a t ion  must account f o r  t he  

e f f e c t  o f  sur face  var iab les  as wel l .  Numerous inves t iga t ions  [49-551 
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have shown the  effects of  sur face  ma te r i a l ,  method of  prepara t ion ,  s u r -  

face roughness, and c leanl iness  on pool bo i l i ng .  Berenson [20] poin ts  

ou t  t h a t  no method is  ava i lab le  f o r  proper descr ip t ion  of pool b o i l i n g  

sur faces .  Some inves t iga to r s  spec i fy  preparat ion technique [20,29] and 

others  use rms sur face  roughness as determined with a ppofilometer [16,52]. 

Surface va r i a t ions  account f o r  the  wide discrepancies  i n  b o i l i n g  experi-  

ments obtained under seemingly similar condi t ions.  

Thus, add i t iona l  knowledge is  needed t o  complete and i n t e g r a t e  

what is  known about t he  b a s i c  b o i l i n g  process.  

needed concerning the  e f f e c t  of pressure  on hea t  t r a n s f e r  from prepared 

surfaces .  Tests conducted on chemically etched s t a i n l e s s  steel  sur faces  

a t  various pressures  w i l l  be presented and analyzed i n  Chapters I V  and V. 

Spec i f i ca l ly ,  s tud ie s  a r e  

B .  Satura ted  Discharge 

Two-phase vapor- l iquid flow can develop from single-phase flow 

by : 

1. Addition of  hea t  from ex te rna l  sources .  

2 .  Decrease i n  system pressure .  

3 .  Combination of hea t  addi t ion  and pressure drops. 

Regardless of the  method by which two-phase flow develops, a p rec i se  

knowledge of i ts  behavior i s  necessary t o  adequately p red ic t  system 

response. Analysis o f  any system i s  made more complicated with the 

occurrence o f  two-phase flow. 

The f i n a l  objqct ive o f  a two-phase flow ana lys is  is the  determi- 

nat ion of heat  t r a n s f e r  and pressure  drop c h a r a c t e r i s t i c s  of  a given 

flow. The ana lys i s  i s ,  i n  general ,  t h a t  of  a coupled thermal-hydrodynamic 
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problem, with hea t  addi t ion  inf luencing the  flow p a t t e r n  and phase d i s -  

t r i b u t i o n  and with t h e  hydrodynamics (pressure drop) a f fec t ing  the  hea t  

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

changes i n  flow v e l o c i t i e s ,  p ressures ,  temperatures,  and thermal and 

d i f fus ion  f luxes t r a n s f e r r i n g  across  the various flow i n t e r f a c e s .  

These i n t e r a c t i o n s  fundamentally affect t h e  

Despite the  complexities,  many s impl i f ied  s tudies - -of  both ana- 

l y t i c a l  and experimental origins--have met with some measure o f  success 

i n  dea l ing  with t h e  general  problem. 

have decreased the  u t i l i t y  of  many o f  t he  inves t iga t ions .  

s i n g l e  ana lys i s  o f  two-phase flow i s  l imi ted  t o  a small a rea  of  t he  

ove ra l l  spectrum of  flow condi t ions.  

However, s implifying assumptions 

To da te ,  any 

A considerable amount of published mater ia l  i s  ava i lab le  f o r  two- 

phase f low.  

which encompasses the  many aspects  o f  two-phase flow. The reader  is  

ins t ead  r e fe r r ed  t o  t h e  comprehensive reviews of  Tong [56] and Kepple 

and Tung [57] f o r  t h i s  purpose. This i nves t iga t ion  w i l l  be concerned 

mainly with discharging analyses as opposed t o  t h e  general  case of flow 

i n  a p ipe .  

I t  i s  beyond t h e  cur ren t  scope of work t o  conduct a survey 

Numerous inves t iga to r s  have s tudied  the  discharging of  a s ing le -  

phase f l u i d  from tanks and vesse l s .  

b r i e f l y  before  the  more general  and d i f f i c u l t  problem of two-phase d i s -  

charge i s  considered. 

These e f f o r t s  w i l l  be discussed 

The quasi-s teady ana lys i s  of  rapid discharge from a vesse l  i s  a 

c l a s s i c a l  problem i n  thermodynmics . 
which may not  be t r e a t e d  by the  s t r i c t  c l a s s i c a l  thermodynamic approach. 

Giffen [58] analyzed the r a t e  of pressure decrease o f  a vesse l  discharging 

However, many discrepancies  a r i s e  
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t o  t he  atmosphere through a r ap id ly  opened p o r t .  

technique, Giffen found t h a t  the  i n t e r n a l  pressure  change did not  

Using a numerical 

decrease i n  a continuous fashion,  as  pred ic ted  by the  c l a s s i c a l  methods, 

bu t  var ied  i n  a step-wise fashion. He concluded t h a t  t he  speed o f  sound 

within t h e  gas i s  the  con t ro l l i ng  parameter. When the  o r i f i c e  o r  p o r t  

diameter i s  small  with respect  t o  the  ves se l ,  t he  r a t e  o f  pressure v a r i -  

a t ion  within t h e  vesse l  i s  neg l ig ib l e  compared t o  the  r a t e  a t  which d i s -  

turbances a r e  propagated throughout the vesse l .  Thus, t h e  pressure can 

be assumed t o  be constant  throughout the  ves se l ,  and the  ve loc i ty  of 

the approach t o  the  discharge po r t  can be neglected.  

Numerous o ther  authors [59-621 considered the  problem of non- 

s teady discharge o f  a gas ,  basing t h e i r  ca lcu la t ions  on the  method o f  

cha rac t e r i s  t i c s .  Progelhof E621 found t h a t  the  mass-versus-time r e l a -  

t i onsh ip  f o r  sonic  discharge through a nozzle can be approximated by 

appl ica t ion  of the velocity-of-approach cor rec t ion  f a c t o r  t o  t h e  quasi-  

s teady r e s u l t .  However, f o r  son ic  discharge through a nozzle ,  accuracy 

depends on the  estimated average discharge c o e f f i c i e n t  f o r  t h e  process.  

For a subsonic discharge,  Progelhof found t h a t  t he  pressure  i n  t h e  ves- 

s e l  may f a l l  below t h e  pressure o f  the  surroundings. This is  a f u r t h e r  

discrepancy not pred ic ted  by the  c l a s s i c a l  quasi-steady approach. 

Giffen [ 5 8 ]  gives some general  conclusions concerning t h e  nature  

o f  the  discharge process : 

1. The ex ten t  o f  pressure  va r i a t ion  i n  a v e s s e l  i s  determined 
by a) the r a t e  of  change o f  pressure near  t he  p o r t ,  and 
b) the  time required f o r  changes a t  t he  p o r t  t o  be propa- 
gated throughout t he  vesse l .  
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2 .  

3. 

4. 

Unless the  p o r t  opens w i t h  a speed g rea t e r  than the  
son ic  ve loc i ty ,  a rea  va r i a t ions  o f  the  po r t  w i l l  be 
accompanied by instantaneous va r i a t ions  i n  t h e  r a t e  
of  discharge.  

Resistance to t h e  pressure waves by the  surrounding 
medium is  most important when a pipe is  connected t o  
t h e  discharge p o r t .  

A pressure depression w i l l  usua l ly  occur when a vesse l  
i s  discharged rap id ly  t o  the  atmosphere. 

The previous analyses consider only a single-phase flow, which i s  

somewhat simpler than the  case o f  one-component, two-phase flow. 

phase (vapor-liquid) discharge is complicated by t h e  f lash ing  of l i q u i d  

t o  vapor as a r e s u l t  of  a pressure decrease.  However, c e r t a i n  aspects  

of t he  single-phase problem may be ca r r i ed  over i n t o  the  inves t iga t ion  

of two-phase discharge.  For  ins tances ,  i t  i s  l i k e l y  tha t  the  son ic  

ve loc i ty  explanation of  discharge r a t e  var ia t ions ,  offered by Giffen E581 , 

may be used t o  he lp  explain the  pressure spikes  [9,11-131 not iced  f o r  a 

two-phase pressure  decay. 

Two- 

Recently, a number of i nves t iga to r s  have been concerned with the  

problem of  two-phase flow through various aper tures  [63-661 and with the  

mechanisms and i n t e r f a c e  r e l a t i o n s  [67-701 involved with b o i l i n g  and two- 

phase flow. Also, emphasis was placed on the p red ic t ion  of t he  c r i t i c a l  

flow r a t e  i n  two-phase f low.  The models of  Fauske [8],  Levy [71], and 

Moody [72] a re  perhaps the  b e s t  known of these analyses.  

The problem of two-phase discharge i s  cu r ren t ly  being i n v e s t i -  

gated by a number of  l abora to r i e s  [9,12,13,73-781. Pol la rd  [12,81] , i n  

a previous inves t iga t ion ,  s tud ied  t h e  h i s t o r y  of l i qu id  superheat i n  a 

pool b o i l i n g  system subjected t o  a sudden pressure  r e l ease .  A 304 
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s t a i n l e s s  s t e e l  h e a t e r  sur face  i n  contact  with d i s t i l l e d ,  degassed water 

was monitored during system pressure  decay through a one-inch o r i f i c e  t o  

the  atmosphere. The da ta  ind ica ted  t h a t  t he  l i q u i d  superheat reached a 

maximum during the i n i t i a l  t r a n s i e n t  pressure phase and became negat ive 

during the  f i n a l  phase with a r e l e a s e  time of approximately 1 2  seconds. 

The phenomenon found by Pol lard has not received extensive publ ica t ion  

i n  the  l i t e r a t u r e  bu t  i s  q u i t e  probable i n  cryogenic systems. 

Pol la rd  a l s o  found a %pike t1  i n  t h e  pressure-versus-time t r a c e  

The sp ike  was s i m i l a r  t o  those observed by during the  i n i t i a l  phase. 

Howell and Bell  [ll],  Ordin, Weiss and Christenson [13], and Moody [9].  

Ordin -- e t  a1.[13] presented r e s u l t s  of an experimental i nves t iga t ion  con- 

cerning temperature s t r a t i f i c a t i o n  and pressure r i s e  o f  l i q u i d  hydrogen 

contained i n  an a i r c r a f t - t y p e  tank exposed t o  atmospheric turbulence 

condi t ions during f l i g h t .  Pressures and temperatures were monitored a t  

various pos i t ions  i n  the  tank during p res su r i za t ion  and vent ing condi- 

t i o n s .  They found--as did Pol la rd- - tha t  immediately a f t e r  vent ing,  the  

l i qu ids  a re  superheated and very l i t t l e  b o i l i n g  takes place during the  

i n i t i a l  drop i n  pressure .  

i n  pressure  with gas outflow from t h e  tank. The authors found t h a t  the  

decay i n  tank pressure  i s  a funct ion o f  l i q u i d  temperature, vapor t e m -  

pe ra tu re ,  vaporizat ion r a t e ,  u l l age ,  and l i n e  and valve s ize .  

This i n i t i a l  per iod i s  marked by a sharp drop 

Nuclear r e a c t o r  containment and emergency cooling systems a r e  

designed t o  cope with the  t r a n s i e n t  and maximum pressure  buildups a r i s i n g  

from loss of  coolant accidents  [SZ]. 

pipe and vesse l  breaks i n  high pressure  water systems involves metastable 

and two-phase flow phenomena ( including what i s  c a l l e d  t h e  maximum, 

The expulsion of the  coolant from 
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c r i t i c a l ,  o r  choking, two-phase flow r a t e )  . Adequate p r e d i c t i v e  models 

have not  been developed f o r  t he  discharge o f  s a t u r a t e d  water through 

s h o r t  length ape r tu re s .  Current experimental s t u d i e s  are at tempting t o  

cha rac t e r i ze  the  important parameters.  

scale LOFT (Loss o f  F lu id  Tes t )  program [76-801 being conducted by 

P h i l l i p s  Petroleum Company a t  t h e  National Reactor Tes t ing  S t a t i o n  i n  

Idaho Fa l l s ,  Idaho. 

One such s tudy i s  t h e  l a rge  

Current ob jec t ives  o f  t he  LOFT program, similar t o  t h i s  i n v e s t i -  

ga t ion ,  include t h e  generat ion of  d a t a  f o r  v e r i f i c a t i o n  o f  a n a l y t i c a l  

models and s c a l i n g  considerat ionsused t o  p r e d i c t  and ex t r apo la t e  t h e  

LOFT behavior  [76 ,83] .  Detai led information w i l l  be  provided f o r :  

1. 

2 .  

3. 

4 .  

5 .  

The o v e r a l l  thermal behavior o f  t he  coolant i n  t h e  
subcooled region (where acous t ic  effects predominate) , 
through t h e  two-phase sa tu ra t ed  reg ion ,  and i n  t h e  
post-blowdown convection region.  

The t r a n s i e n t  and semi-s teady-state  hydraul ic  loading 
appl ied  t o  var ious system components and s t r u c t u r e s .  

The importance o f  system conf igura t ion  and i n i t i a l  
condi t ions;  i . e . ,  break s ize  and loca t ion ,  ho t  and 
cold l e g  temperature d i f f e rences ,  i n i t i a l  flow, and 
break dura t ion .  

The downstream shock pressure  generat ion.  

The amount and loca t ion  of water remaining i n  t h e  
system a f t e r  t h e  break.  

Future p lans  inc lude  s imulat ion of core hea t  input  t o  determine i t s  

inf luence  on blowdown behavior .  

phases.  Phase I includes tests us ing  an unscaled empty v e s s e l ;  Phase I1 

inc ludes  t e s t s  using a qua r t e r - sca l e  model of  t he  LOFT vesse l  with a 

s imulated r e a c t o r  core and i n t e r n a l  components; and Phase I11 includes 

The blowdown program cons i s t s  of t h r e e  
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t e s t s  us ing  a qua r t e r - sca l e  model of the i n t e g r a l  LOFT r e a c t o r  and 

coolant system. 

The LOFT Phase I blowdown f a c i l i t y  is  shown i n  Fig. 4. The ves- 

s e l  i s  a t tached  t o  an I-beam frame through t h r u s t  load c e l l s  and weight- 

l o s s  c e l l s  and can be  u t i l i z e d  f o r  top o r  bottom blowdowns. I n i t i a l  

t e s t s  [76] were performed a t  subcooled conditions with t e s t  p ressures  

ranging from 600 t o  1600 p s i  and a t  room temperature t o  i n v e s t i g a t e  the  

behavior  of the subcooled f l u i d  i n  the  semiscale ves se l  when subjec ted  

t o  r ap id  decompression. 

vesse l  t o  obta in  d a t a  which should be similar t o  t h e  subcooled po r t ion  

of decompression during LOFT blowdowns. 

The second s e r i e s  o f  tests [77] i n  t h e  LOFT program a r e  concerned 

Several  tests were performed us ing  a l i q u i d - f u l l  

with bottom blowdown t e s t s  a t  e leva ted  pressure  and temperature condi-- 

t i o n s .  

and 540 degrees Fahrenheit with corresponding pressures  o f  600, 1270, 

1700, and 2300 p s i .  The enthalpy s to red  i n  t h e  vesse ls  was va r i ed  t o  

i n v e s t i g a t e  enthalpy e f f e c t s  on blowdown phenomena. I t  was found t h a t  

t he  dura t ions  of t h e  subcooled po r t ions  of t h e  decompression were essen- 

t i a l l y  i d e n t i c a l  t o  the  dura t ion  of a comparable subcooled test  a t  ambi- 

en t  temperature. 

the acous t i c  r e l a x a t i o n  o f  t h e  'system was pr imar i ly  dependent upon t h e  

d is turbance  propagation time i n  t h e  e x i t  nozzle.  

observed t o  decrease with an inc rease  i n  t h e  s t o r e d  enthalpy o f  the 

f l u i d  . 

Tests were conducted a t  f l u i d  temperatures of 400, 445, 495, 

Tnis implied t h a t  over t h e  temperature range considered 

The blowdown t i m e  was 

The f a c i l i t y  shown i n  Fig. 4 was a l s o  u t i l i z e d  f o r  top blowdown 

t e s t s  [78,79].  P a r t i a l  p ipe  breaks were simulated by using a sharp-edged 
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FIG. 4 LOFT P ASE I BLOWDOWN FACILITY [76] 
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o r i f i c e  i n  the top blowdown nozzle t o  determine the e f f e c t  o f  break s i z e  

on such phenomena as subcooled decompression, blowdown time, and f l u i d  

remaining i n  t h e  v e s s e l .  

the  top blowdown, and l i q u i d  entrainment was reduced. 

f l u i d  phases was promoted by a reduction i n  break s i z e ,  and t h e  increased  

blowdown time allowed more time f o r  t he  f l u i d  t o  reach thermodynamic 

equilibrium. 

s i o n ,  as shown i n  Fig. 5. Smaller break s i z e s  increased  the  subcooled 

decompression and could r e s u l t  i n  o s c i l l a t o r y  pressure  forces  coincident 

t o  t h e  n a t u r a l  frequency of a r e a c t o r  core.  

Separa t ion  of t he  f l u i d  phase was enhanced by 

Separa t ion  of t he  

The break s ize  markedly a f f ec t ed  the  subcooled decompres- 

Top blowdown tests a t  e l eva ted  temperature and pressure  condi- 

t i ons  were conducted with break s i z e s  corresponding t o  2 ,  6 ,  10,  30,  60,  

and 100 percent  o f  t h e  f u l l  pipe a r e a  [79] .  I t  was found t h a t  t he  

r e s i d u a l  water i n  the ves se l  depended not  only on break s i z e  b u t  a l s o  on 

t h e  loca t ion  o f  the blowdown nozzle.  Also, i t  was found t h a t  t h e  steam 

e x i t i n g  from the top nozzle was o f  a h igher  q u a l i t y  than t h a t  of compa- 

r a b l e  bottom blowdown tests. The conclusion was reached t h a t  t h e  e leva-  

t i o n  d i f f e rence  between t h e  nozzles accounted f o r  t h e  d i f f e rence  i n  

q u a l i t y .  In the  top blowdown conf igura t ion ,  t he  enthalpy s t o r e d  i n  t h e  

f l u i d  was d i s s ipa t ed  by expanding o r  f l a s h i n g  t h e  f l u i d  t o  high q u a l i t y  

steam which escaped through the  blowdown nozzle.  

t h e  expanding f l u i d  i n  t h e  ves se l  maintained a f l u i d  p re s su re  which 

forced a f l u i d  mixture out  t he  bottom nozzle.  

down with small simulated breaks ind ica t ed  t h a t  an appreciable amount of 

r e s i d u a l  water  might remain i n  t h e  ves se l .  

In  t h e  bottom blowdown, 

Results of t he  top blow- 
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Coolant blowdown s t u d i e s  similar t o  t h e  LOFT program are be ing  

conducted a t  the Pacific Northwest Laboratory by Battelle Memorial 

I n s t i t u t e  as p a r t  o f  t h e i r  containment systems experiments [74,75]. The 

experimental  phase o f  t h e  program is  j u s t  beginning. The tes t  ves se l  i s  

designed t o  permit both top  and bottom blowdown series.  

the  vessel s imula t ing  a top  o r  s team-out le t  break i s  shown i n  Fig. 6 .  

The blowdown series w i l l  s t a r t  as simple no-core blowdowns o f  t he  con- 

t a ined  l i q u i d  through var ious s i z e s  o f  o r i f i c e s  under d i f f e r e n t  i n i t i a l  

condi t ions .  Subsequently, a simple o r i f i c e  p l a t e  w i l l  be  i n s t a l l e d  

wi th in  t h e  ves se l  t o  provide a con t ro l l ab le  flow re s i s t ance .  

flow rates, and o t h e r  measured d a t a  w i l l  be compared t o  the  values  

obtained from mathematical models. These r e s u l t s  w i l l  determine the  

need f o r  inc lus ion  o f  f u r t h e r  d e t a i l s  i n  the  model. 

A schematic of 

Pressures ,  

Results and t e s t  condi t ions of t h r e e  i n i t i a l  blowdown tests i n  

t h e  CSE s e r i e s  are presented i n  Table 2 [75] .  

conducted with a blowdown nozzle nea r  the  bottom of  the  c y l i n d r i c a l  ves- 

s e l .  Rough comparisons o f  t h e  i n i t i a l  d a t a  have been made with the  

blowdown p red ic t ion  model of  Johnson [84], bu t  f u r t h e r  information on 

t h e  na tu re  of  t he  flow and the  flow condi t ions a t  the  nozzle w i l l  be 

requi red  t o  reso lve  t h e  quest ions r a i s e d  by t h e  da ta .  

A l l  o f  these  tests were 

Moody [9,85] developed a t h e o r e t i c a l  blowdown model t o  p r e d i c t  

two-phase blowdown f o r  var ious steam-water re ference  systems. 

s a t u r a t e d  system blowdown model used i n  developing the  ana lys i s  is  shown 

i n  Fig.  7. The model cons is ted  of  an a d i a b a t i c ,  constant  volume system 

which contained an equi l ibr ium mixture of  l i q u i d  and vapor. Mass and 

energy escape through a s i n g l e  p ipe  a t  rates W and hEW, r e spec t ive ly ,  

The 
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FIG. 7 SATURATED S E T  DOWN MODEL OF MOODY [851 
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TABLE 2 

SUMMARY OF HIGH TEMPERATURE BLOWDOWN RUNS FOR THE CSE REACTOR [75] 

I I I 

Des c r i p  t i on I Run B-7 1 Run B-8 /Subcooled 
Sa tura ted  Sa tura ted  

Pressure (ps ia )  

Temperature ( F) 

Orifice Area (ft2) 

I n i t i a l  Mass o f  Water (lb,) 

Time t o  Water Exhaustion (sec) 

Time t o  End o f  Run (sec) 

I n i t i a l  Volume o f  Water ( f t3> 

I n i t i a l  Volume o f  Steam-Nitrogen ( f t 3 )  

665.0 

490.0 

0.0643 

7300.0 

27.0 

39 .O 

147.5 

5 .o 

665.0 

495.0 

0.253 

7100.0 

8.0 

19.0 

145.0 

7.5 

1565.0 

400.0 

0.0643 

6600.0 

12.0 

27.0 

122.0 

30.0 

where hE i s  t h e  s t agna t ion  enthalpy of t he  f l u i d  i n  t h e  immediate p ipe  

neighborhood. Moody obtained t h e  following f o r  system mass, energy, and 

pressure  rates : 

- G  dM* 
d t*  
- =  

- -  dU* - . b G  
ui d t *  - 

and 

(I I -20) 

(11-21) 
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The value o f  G is  determined as a funct ion of  s tagnat ion  pressure ,  

enthalpy,  and the  quan t i ty  R/D. 

giving GM i n  the  form: 

Moody presents  a s e r i e s  of  graphs 

(11-22) 

The theory requi res  an est imat ion o f  FL/D t o  p r e d i c t  the  blowdown r a t e s .  

The value o f  hE depends on Po and on the  l iquid-vapor ac t ion  i n  

the  system. Moody considers t h ree  c h a r a c t e r i s t i c  types o f  blowdowns : 

1. Satura ted  l i qu id  blowdown, charac te r ized  by 

( I  I - 23) 

2 .  Homogenized mixture b lowdown, charac te r ized  by 

3 .  Satura ted  vapor blowdown, charac te r ized  by 

hE = hv(Po) ( I  1-25) 

In t eg ra t ion  of  Eqs. (11-19), (11-20), and (11-21) y i e l d s  Po,  M*, 

and U* i n  terms of  t*. Sample r e s u l t s  are shown i n  Figs .  8 and 9 f o r  an 

i n i t i a l l y  sa tu ra t ed  system a t  1000 ps i a .  The th ree  c h a r a c t e r i s t i c  blow- 

downs a r e  shown f o r  FL/D values from 0 t o  100. 

and 9 can be used t o  es t imate  system pressure ,  mass, and energy a t  v a r i -  

ous times during blowdown. 

The r e s u l t s  i n  Figs. 8 

Liquid blowdown corresponds t o  mass los s  from a low po in t  on the  

system i f  vapor entrainment i s  minor. 

mass loss  from the  system when vapor i s  formed f a s t e r  than it can 

Mixture blowdown appl ies  t o  r ap id  
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s e p a r a t e  from the  l i q u i d .  

t he  phys ica l  system, which i s  slow enough f o r  vapor sepa ra t ion  without  

l i q u i d  entrainment.  

Vapor blowdown occurs from a high po in t  on 

The model r e s u l t s  were compared with blowdown t e s t  da t a  from a 

f u l l - s c a l e ,  1 /112  segment o f  t h e  Bodega Bay atomic power p l a n t  [86] and 

a f u l l - s c a l e ,  1/48 segment o f  t h e  Humboldt Bay p l a n t  [87]. A l i s t  o f  

condi t ions f o r  t hese  tests i s  given i n  Table 3 .  The vesse l  i n i t i a l l y  

contained s a t u r a t e d  steam-water a t  1250 p s i a .  

shown i n  Figs .  10 and 11. 

must be est imated f o r  a meaningful comparison with the  theory.  

es t imat ion  can be made by e i t h e r  o f  two methods: 

single-phase geometric l o s s  c o e f f i c i e n t s  p lus  the  ac tua l  F L / D  components 

assoc ia ted  with the  system t e s t e d ,  o r  ca l cu la t ion  of an equiva len t  R i D  

from measured i r r e v e r s i b l e  pressure  drop at a known cold-water flow r a t e .  

Moody chose the  l a t t e r  method f o r  h i s  comparison. 

The t e s t  results a r e  

A s  po in ted  out  e a r l i e r ,  t he  value o f  F L / D  

This 

summation of s tandard 

The theory with %/D = 1.0 is  compared with Bodega Test 2 1  i n  

Fig. 1 0 .  

i n  one second appears i n  a l l  s a t u r a t e d  blowdown tests. 

not  explained,  by t h e  model, i s  similar t o  t h a t  no t iced  by o the r  inves- 

t i g a t o r s  [S-71. Moody explains  the  c h a r a c t e r i s t i c  as a combination o f  

two effects :  

not  r e s t r i c t e d  by t h e  two-phase mechanism and t h e  delay t i m e  f o r  vapor 

bubbles t o  form and expand i n  t h e  l i qu id .  

A sharp i n i t i a l  d ip  i n  t es t  pressure  which e s s e n t i a l l y  recovers 

This phenomenon, 

i n i t i a l  discharge o f  s l i g h t l y  subcooled l i q u i d  which i s  

Also evident  i n  the t e s t  d a t a  of Figs .  10 and 11 is a "knee" o r  

sudden increase  i n  t h e  r a t e  o f  pressure  drop. 

theory,  as shown i n  Figs .  8 and 9 ,  when s a t u r a t e d  water blowdown is  

This i s  p red ic t ed  by the  
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followed by s a t u r a t e d  vapor blowdown. The much l a r g e r  blowdown area 

o f  Test 16 (Fig. 11) near ly  caused the  disappearance of t h e  knee. A 

l a rge  nozzle  might cause such r ap id  vapor formation t h a t  a near ly  homo- 

geneous mixture would f i l l  t h e  ves se l  and the  knee would disappear  

comp 1 e t e 1 y . 
Moody discussed the  reason f o r  t h e  es t imat ion  of  FL/D = 6 ,  used 

f o r  comparison with Bodega Test 16. He observed t h a t  Bodega T e s t  17 

(not shown) was near ly  i d e n t i c a l  t o  Bodega T e s t  2 1  except t h a t  an o r i -  

f i ce  was used in s t ead  of  a nozzle .  Blowdown a r e a  was the  same i n  each 

case,  and the  pressure-time c h a r a c t e r i s t i c s  were near ly  i d e n t i c a l .  I t  

was concluded t h a t  exchanging an o r i f i c e  f o r  a nozzle  caused n e g l i g i b l e  

e f f ec t s  on flow rates f o r  these  blowdown t e s t s ,  with upstream i r r e v e r s i -  

b i l i t i e s  being unaffected.  

t h e  important va r i ab le .  

Fur ther ,  it was concluded t h a t  it i s  un l ike ly  t h a t  a h igh  con- 

I t  i s  c l e a r  t h a t  blowdown area i s  ev ident ly  

cen t r a t ion  o f  vapor would occupy t h e  ves se l  lower region during blowdown 

while l i q u i d  was s t i l l  present .  Therefore,  steam/water ac t ion  i n  t h e  

vesse l  f o r  a l l  Bodega and Hwnboldt t e s t s  should l i e  somewhere between 

a homogeneous mixture f i l l i n g  t h e  vesse l  and completely separated phases 

with water occupying t h e  ves se l  lower region u n t i l  f u l l y  expel led.  

The problem o f  two-phase discharge i s  rece iv ing  extensive s tudy,  

The corresponding a n a l y t i c a l  as evidenced by the  preceding d iscuss ion .  

and experimental  s t u d i e s  have been reviewed. 

f a c t o r i l y  explains  c e r t a i n  aspec ts  of  t h e  o v e r a l l  problem. 

seve ra l  d i f f i c u l t i e s  remain. 

The inves t iga t ion  s a t i s -  

However, 

I t  appears t h a t  a s a t i s f a c t o r y  p red ic t ive  
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model has not  been developed f o r  system response during pressure  decay. 

The model developed by Moody [9,85] i s  r e s t r i c t i v e  i n  t h a t  f r i c t i o n  l o s s  

f a c t o r s  must be est imated before  a comparison can be made. 

Moody's model does seem t o  be the  most promising ana lys i s  forwarded a t  

t h i s  time, and it w i l l  be compared t o  t h e  d a t a  from the  f a c i l i t y  repor ted  

he re in  and from t h e  writer 's  model, as shown i n  Chapters V I  and V I I .  

However, 



111. SYSTEM DESCRIPTION 

An overall view of the pool boiling heat transfer and depressuri- 

zation facility is given in Fig. 12. An attempt was made in the design 

of the basic components to provide maximum flexibility, consistent with 

present requirements for future investigations. 

of the apparatus are: 

A. Boiler 

B. 

C. Fluid Purification Loop 

D. Power Supply and Control 

E. Test Strip Support Block 

F. Instrumentation 

The main components 

Orifice and Quick Release Valve 

A.  Boiler 

Incorporated in the boiler design are provisions f o r  conducting 

both phases of the study. 

working pressure of 300 pounds per square inch to permit elevated 

pressure work. 

The boiler was designed for an ultimate 

A schematic diagram of the boiler is shown in Fig. 13. 

The boiler is constructed of one-half-inch thick, type 316, stainless 

steel plate and is 12 inches long, 12 inches deep and 8 inches wide. 

All joints of the boiler were welded with a heliarc welder on the 

exterior to prevent the formation of voids on the interior surface, 

45 
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thereby reducing t h e  t e s t  f l u i d  contamination and pump down time. 

Openings are provided on t h r e e  s i d e s  of t h e  b o i l e r  f o r  v i s u a l  observa- 

t i o n  and a u x i l i a r y  equipment. View por t s  a r e  an o p t i c a l l y  clear pyrex 

g l a s s ,  1.25 inches th i ck ,  capable of  withstanding pressures  t o  150 

p s i a  and temperatures of 450 degrees Fahrenheit .  

t he  b o i l e r  showing t h e  t e s t  s t r i p  i s  given i n  Fig.  14. 

connections and instrumentat ion leading from the  b o i l e r  a r e  shown i n  

Figs .  12  through 14. 

A s i d e  view of 

The var ious 

The b o i l e r  was coupled t o  a vacuum system designed t o  main- 

t a i n  a pressure  of  10-4 mm Hg. i n  a dry,  t i g h t  enclosure of 2.5 cubic 

f e e t .  

thereby preventing damage t o  t h e  vacuum pump when the  b o i l e r  was 

under high pressure .  

A packless  valve i s o l a t e d  t h e  vacuum system from the  b o i l e r ,  

The vacuum tank cons i s t s  of  a s t a i n l e s s  s t e e l  

c y l i n d r i c a l  s h e l l  capped with 0.5 inch p l a t e s .  A 9 KW hea te r  extended 

i n t o  t h e  tank from the  bottom f o r  use as  a prehea ter  and t o  f a c i l i t a t e  

the  degassing process .  

B.  O r i f i c e  and Quick Release Valve 

The r a t e  of  discharge from t h e  b o i l e r  was cont ro l led  with 

var ious s i z e s  o f  o r i f i c e s  i n s t a l l e d  i n  the  o u t l e t  l i n e .  A v a r i e t y  

of sharp edge o r i f i c e s  were inves t iga ted ,  ranging i n  diameter from 

0.25 t o  1 inch. 

b a l l  valve was i n s t a l l e d  above t h e  o r i f i c e  t o  produce a rap id  depres- 

s u r i z a t i o n .  The b a l l  valve,  made of  type 316 s t a i n l e s s  s t e e l ,  g ives  

an obs t ruc t ion- f ree  flow with r ap id  opening speeds.  

A 3 inch, p ipe  s i z e ,  McCannoseal quick-opening 
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C. Fluid P u r i f i c a t i o n  Loop 

The water p u r i f i c a t i o n  f a c i l i t y  suppl ies  and maintains d i s -  

Degassed, d i s t i l l e d  water t i l l e d ,  deionized water f o r  t he  b o i l e r .  

was used i n  an attempt t o  minimize the  e f f e c t s  of dissolved gas on 

the  test  r e s u l t s  and t o  maintain constant  f l u i d  condi t ions.  Once 

the  s torage  tank was f i l l e d ,  t he  water was continuously t r e a t e d  by 

c i r c u l a t i o n  through an Elgin J u n i o r  120 de ionizer .  

mi t ted  i n t o  the  b o i l e r  by applying a small d i f f e r e n t i a l  p ressure  

between the  supply t a n k  and the  b o i l e r  ves se l .  

Water was ad- 

D. Power Supply and Control 

A low vol tage ,  high amperage a l t e r n a t i n g  cur ren t  was used t o  

hea t  t h e  t e s t  specimen. The cu r ren t  was suppl ied t o  t h e  test  s t r i p  

by a s a t u r a b l e  r e a c t o r  through a stepdown transformer.  The r e a c t o r  

and t ransformer a r e  capable of de l ive r ing  a l t e r n a t i n g  cur ren t  power 

over a wide range with smooth adjustment t o  t h e  t e s t  specimen. 

con t ro l l i ng  the  d i r e c t  cur ren t  vo l tage  t o  the  sa tu rab le  r eac to r ,  

secondary outputs  t o  t h e  tes t  s t r i p  ranging from 0 t o  2 .5  v o l t s  

and 0 t o  900 amperes, r e spec t ive ly ,  were poss ib le .  

By 

E .  Test  S t r i p  Support Block 

The t e s t  s t r i p  support  f a c i l i t y  i s  an important aspec t  of t he  

b o i l e r .  

phenol ic  which was machined t o  accommodate conductor e lec t rodes  and 

I t  c o n s i s t s  of  a high temperature r e s i s t a n t  block of g l a s s -  
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thermocouple o u t l e t s .  When i n s t a l l e d ,  t he  support  block and t e s t  

s t r i p  a r e  located i n  the  cen te r  of the  b o i l e r  base.  

taken t o  insure  t h a t  t he  copper conductor e lec t rodes  d id  not  contac t  

Extra ca re  was 

any p a r t  o f  t h e  b o i l e r  sur face .  The t e s t  s t r i p  served as a h e a t e r  - 

r e s i s t a n c e  element. A known cu r ren t  was appl ied t o  the  element 

which, i n  t u r n ,  d i s s ipa t ed  energy i n t o  t h e  surrounding f l u i d .  The 

t e s t  apparatus was designed t o  allow heat  flow pr imar i ly  t o  t h e  

f l u i d .  

F .  Instrumentation 

The main parameters of  i n t e r e s t  t o  t h e  present  study include 

system pressure  and temperature and hea t  f l u x .  Instrumentation can 

the re fo re  be divided i n t o  t h e  following ca t egor i e s :  p ressure ,  tem- 

pe ra tu re  and e l e c t r i c a l .  Also; most of  t he  instrumentat ion was used 

f o r  both the  s t eady- s t a t e  i nves t iga t ion  and for t he  t r a n s i e n t  d i s -  

charge study . 
Pressure is an important va r i ab le  and accurate  measurement 

was necessary i n  both p a r t s  of  t he  inves t iga t ion .  

t he  b o i l e r  s t a t i c  pressure  was taken from a Bourdon tube gage in -  

s t a l l e d  i n  the  cont ro l  panel.  The gage has a range of  0-100 p s i g ,  

with an accuracy o f  +0 .1  percent  o f  f u l l  s c a l e  de f l ec t ion  o r  +0.5 

ps ig .  

p r o t e c t  t he  gage during depressur iza t ion .  A 1/8-inch 0. D .  s t a i n l e s s  

s t e e l  tube from t h e  valve t o  the  gage was co i l ed  severa l  times t o  

serve  as a hea t  exchanger. 

temperature damage. 

An ind ica t ion  of 

- - 

A valve was placed i n  the  l i n e  between t h e  b o i l e r  and gage t o  

This pro tec ted  the  gage from excessive 

Swagelok s t a i n l e s s  s t e e l  tube f i t t i n g s  were used 
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f o r  a l l  connections. 

System pressure  was continuously recorded during a t r a n s i e n t  

by a recorder  and pressure  t ransducer  system. The t ransducer ,  a 

BLH general  purpose pressure  c e l l ,  0 t o  100 ps ig ,  was located i n  

the  bottom of  the  b o i l e r ,  as shown i n  Fig.  14. The connection was 

made through a 3 inch by 0.25 inch s t a i n l e s s  s t e e l  p ipe .  

t he  pressure  t ransducer  where i t s  cav i ty  was f i l l e d  with l i q u i d ,  

recorded f luc tua t ions  i n  pressure  were minimized. 

was a l s o  placed i n  t h e  vapor space a t  the  top  of  the  b o i l e r  during 

c e r t a i n  t e s t s  i n  order  t o  determine the  magnitude of  f luc tua t ions  

occurr ing during a t r a n s i e n t .  

By loca t ing  

The t ransducer  

Honeywell, 28 gage i ron-constantan Megopak u n i t s  were used 
- 

t o  continuously monitor vapor and l i q u i d  temperatures,  before ,  during, 

and a f t e r  a discharge.  One Megopak u n i t  was loca ted  one-half-inch 

above the  cen te r  o f  t he  t e s t  block and measured the  l i q u i d  s a t u r a t i o n  

temperature.  

t h e  b o i l i n g  pool. 

a Honeywell Model 1108 Visicorder  were used t o  monitor the  l i q u i d  

and vapor temperatures.  

The o t h e r  was i n  the  cen te r  of t h e  vapor space above 

A Leeds and Northrup type K-3 potentiometer and 

Three thermocouples were employed on the  t e s t  s t r i p  i t s e l f ,  

as shown i n  Fig.  14. The 30 gage iron-constantan thermocouples were 

spot  welded t o  t h e  back of the  tes t  s t r i p  p r i o r  t o  i n s t a l l i n g  the  

s t r i p  on the  support  block. 

a t t ach  t h e  thermocouples t o  t h e  t es t  s t r i p .  

A condenser type welder was used t o  

Recorded e l e c t r i c a l  da t a  during a t e s t  were obtained from 

p rec i s ion  meters connected through panel mounted jacks .  Voltage 
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across  the  t e s t  s t r i p  was measured by a Bal lan t ine  Model 300 G 

Vacuum Tube Voltmeter with a s i x  pos i t i on  switch which gave a t o t a l  

range o f  1 mv t o  1000 v rms. 

was +3  percent  of f u l l  s c a l e  de f l ec t ion .  Current through the  tes t  

s t r i p  was measured with a Weston Model 370 ammeter with ranges 0-5 

and 0-10 amperes, with r a t e d  accuracy o f  0.25 percent  of  f u l l  s c a l e  

de f l ec t ion .  

with a r a t i o  of  160 t o  1 amperes was employed t o  reduce the  cur ren t  

t o  a value readable  on the  meter. 

The r a t ed  accuracy of the  vol tmeter  

- 

A general  E l e c t r i c  model 9JP1 cur ren t  transformer 

A BLH p rec i s ion  load c e l l  was i n s t a l l e d  t o  give a continuous 

reading of  system weight during a t e s t .  

necessary t o  insure  co r rec t  operat ion of the  load c e l l .  A s p e c i a l  

frame and support  p l a t e  were provided f o r  suspending the  ves se l  i n  

tens ion  beneath t h e  c e l l .  A l l  couplings t o  t h e  b o i l e r  were made 

f l e x i b l e ,  and l a t e r a l  r e s t r a i n t s  were provided t o  r e s t r i c t  t h e  

vesse l  t o  v e r t i c a l  movement only. Leveling screws beneath the  b o i l e r  

and v e r t i c a l  s t i f f e n e r s  i n  the  support  frame were included t o  suppress 

v ib ra t ions  and motion r e s u l t i n g  from t h e  ac t ion  of the  quick opening 

valve and f l u i d  s losh ing  during a discharge.  The load c e l l  i t s e l f  

i s  a p rec i s ion  instrument and i s  genera l ly  wel l  s u i t e d  f o r  dynamic 

measurements. However, the  t h r u s t  of t h e  discharge w i l l  be measured 

unless  proper precaut ions a r e  taken. 

v e r s e r  was constructed,  as shown i n  F i g .  1 2 .  The r eve r se r  cons is ted  

of a 3 inch t e e  with a s o l i d  t r i a n g u l a r  i n s e r t  (shown by the  dot ted  

l i n e s  i n  Fig.  12) t o  change the  flow from v e r t i c a l  t o  ho r i zon ta l ,  thus  

Special  precaut ions were 

For t h i s  reason, a t h r u s t  r e -  
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negat ing the  downward t h r u s t  fo rce  on the  load cel l .  

were conducted using the  load c e l l .  However, e r r a t i c  behavior was 

A few tests 

encountered, and a l l  a t tempts  t o  co r rec t  t h i s  were t o  no a v a i l .  

Subsequent t e s t s  were conducted without t he  load c e l l  i n  t he  system. 

Continuous recordings of  system pressure  and weight were 

obtained on Honeywell and Mosley two-channel s t r i p  cha r t  recorders .  

A f u l l  recording of each va r i ab le  was obtained. Also, an amplified 

t r a c e  of  pressure  was obtained during the  i n i t i a l  per iod o f  t h e  d i s -  

charge. The purpose of the  amplif ied recording was t o  make poss ib l e  

the  de t ec t ion  o f  any pulsa t ions  i n  pressure  during the  i n i t i a l  

phases of depressur iza t ion .  



IV. SURFACE BOILING INVESTIGATIONS 

The data presented in the present chapter were collected in an 

attempt to define the effects of surface condition and pressure on nu- 

cleate pool boiling. 

boiling from chemically etched 304 stainless-steel surfaces. The initial 

data at atmospheric pressure were collected as an aid in the study of 

existing correlation equations. 

various elevated pressures t o  illustrate the changes in wall superheat 

as a function of pressure. 

All of the data are for degassed, distilled water 

Data were subsequently collected at 

A. Atmospheric Pressure Data 

A description of the specimen preparation and test procedure is 

A summary of the specimen and test conditions is given in Appendix A. 

presented in Table 4. 

The dilemma of any investigator studying pool boiling from pre- 

pared surfaces is the proper description of the surface. 

gators specify preparation technique [a01 , and others use rms surface 

roughness as determined with a Profilometer [16,52]. The rms roughness 

does not adequately describe the surface if it is interpreted as an 

indication of microscopic roughness directly related to nucleation sites 

The rms roughness does indicate macroscopically similar surfaces where 

the surface preparation is the same. 

considering rms values. 

Some investi- 

Caution must be exercised when 

Chemically etched surfaces might indicate simi- 

55 
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lar  rms values  f o r  d i f f e r e n t  e tch ing  times. These sur faces ,  as can be 

seen from the  da ta ,  may not  give the  same pool bo i l ing  r e s u l t s .  

rms values  f o r  a f ixed  etching time can be used with some c e r t a i n t y  t o  

p r e d i c t  pool b o i l i n g  performance from a su r face .  

t r u e  i f  o the r  su r face  prepara t ion  techniques such as po l i sh ing  or grind-  

ing a r e  used. 

S imi la r  

The same is  genera l ly  

I t  is not ,  however, r e a l i s t i c  t o  compare sur faces  with similar 

rms values which a r e  prepared d i f f e r e n t l y .  

b o i l i n g  da ta  can be made using t h e  two su r face  descr ip tors - -prepara t ion  

technique and rms roughness. Both methods a r e  employed i n  t h i s  study. 

Thus, the  da t a  presented i n  Figs .  15-17 must be considered i n  terms of 

sur face  prepara t ion  as well  as rms sur face  roughness. 

A b e t t e r  comparison of 

The Rohsenow equation 

i s  used t o  c o r r e l a t e  t h e  d a t a  and determine values of Csf and the  exponent 

r. The c o e f f i c i e n t  Csf accounts f o r  the  su r face - l iqu id  combination. The 

exponent of  the  hea t  f l u x  term is t h e  r ec ip roca l  of the  s lope  of the  l e a s t -  

squares f i t  c o r r e l a t i o n  curve. 

some degree f o r  su r face  contamination. Rohsenow [88] suggested r ecen t ly  

a value o f  1 . 0  f o r  t he  Prandt l  exponent f o r  bo i l i ng  water.  Previously a 

value o f  0 .8  t o  2.0 was chosen a r b i t r a r i l y .  The use of  t he  equation f o r  

The Prandt l  number exponent s accounts t o  

bo i l ing  water by engineers t o  p r e d i c t  pool bo i l i ng  hea t  t r a n s f e r  r a t e s  i s  

l imi ted  by a s c a r c i t y  of Csf values .  

s tudy t h a t  t he re  i s  a value f o r  t h e  heat  f l u x  exponent r concomitant with 

In  addi t ion  i t  is  observed from t h i s  
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su r face  prepara t ion  technique. This statement i s  made on the  b a s i s  of 

t he  disagreement between the  s lopes  of t he  Rohsenow c o r r e l a t i o n  equation 

using r = 0.33 and t h e  leas t - squares  f i t s  o f  t h e  da ta .  

may a l s o  be a func t ion  of l iqu id-sur face  combination. 

not discussed i n  the  l i t e r a t u r e .  

The exponent r 

These po in t s  a r e  

Some explanat ion of  the  determination of the  exponent r i n  t h i s  

s tudy i s  i n  order  s ince  the  value o f  t he  exponent i s  the  r ec ip roca l  of 

t he  leas t - squares  curve f i t  s lope .  Data were co l l ec t ed  f o r  s eve ra l  

etched specimens. Some specimens were prepared i n  p a i r s ,  being subjected 

t o  the  same immersion time; hence, da ta  f o r  each p a i r  of sur faces  a r e  

ind ica ted  on t h e  same graph. The pa i red  sur faces  a r e  r e fe r r ed  t o  as 

companion specimens. 

da t a  o f  t he  companion specimens. 

There e x i s t s  two p o s s i b i l i t i e s  f o r  f i t t i n g  the  
- 

Each specimen can be f i t t e d  separa te ly ,  

o r  t h e  da t a  f o r  t he  p a i r s  can be f i t t e d  using a l e a s t  squares curve € i t .  

Both techniques were used. However, only the  leas t - squares  curve f i t s  

f o r  t h e  p a i r s  a r e  shown i n  Figs .  15-17 by t h e  dark s o l i d  l i n e s .  Natu- 

r a l l y ,  where only one specimen i s  t e s t ed  the re  i s  no pa i r ing  according 

t o  e tching time. There then e x i s t  many ways t o  t r e a t  the  Rohsenow 

c o r r e l a t i o n  and the  da ta .  The t h r e e  ways used i n  t h i s  s tudy can be sum- 

marized as fol lows:  

1. Values of  Csf were ca lcu la ted  from t h e  da t a  f o r  each spec i -  

men and p a i r  of  specimens using r = 0 . 3 3  (Rohsenow's recommenda- 

t i o n )  ; 

2 .  Csf and t h e  value of  t h e  exponent r were ca l cu la t ed  f o r  each 

specimen and each p a i r  of  specimens; 

3 .  Csf values  were obtained f o r  each specimen and p a i r  of spec i -  
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mens using an exponent r ca l cu la t ed  by averaging the  s lopes  

of  t he  leas t - squares  f i t s  f o r  each specimen o r  each pa i r  of  

specimens. 

I t  should be noted t h a t  these  Csf values  a r e  averages f o r  t he  da ta .  

Tables 5 and 6 give the  r e s u l t s  o f  ca lcu la t ions  made with the  

Rohsenow equation and the  da t a  shown i n  Figs .  15-17. 

p re sen ta t ion  of F igs .  15-17 i s  according t o  immersion t i m e  i n  t he  hydro- 

c h l o r i c  ac id  bath.  

t a b l e .  

s ince  the  d a t a  a r e  f o r  separa te  sur faces .  

t he  experimental set-up as given i n  Appendix B y i e lds  an es t imate  of  - t 

13.2%. 

The order  of  

The da ta  s c a t t e r  i s  not over - + 15% which i s  accep- 

This i s  extremely good when companion specimen da ta  a r e  compared 

An ex te rna l  e r r o r  ana lys i s  of 

The t a b l e s  g ive  the  values  of Csf and r f o r  each specimen and f o r  

t h e  pa i r ed  specimens, The f igu res  show the  Rohsenow c o r r e l a t i o n  with r 

values  taken from Table 6.  

l eas t - squares  curve f i t  and t h e  adjusted Rohsenow c o r r e l a t i o n  with an 

appropr ia te  value of  r 2  taken from Table 6.  

of t he  l e a s t  squares f i t s  f o r  a l l  of  the  pa i red  specimens. 

The dark s o l i d  l i n e  represents  bo th  the 

Figure 17-B i s  a composite 

An inspec t ion  of t he  f i g u r e s  with r e spec t  t o  r values  shows t h a t ,  

f o r  t h e  most p a r t ,  t h e  Rohsenow equation with r = 0 .33  is  no t  i n  good 

agreement with the  leas t - squares  curve f i t s .  The Rohsenow c o r r e l a t i o n  

with ad jus ted  values of '2 and r 3  from Table 6 does show b e t t e r  agree- 

ment with t h e  l e a s t  squares f i t s  as should be the  case.  The average 

value o f  r3 equal t o  0.14 from Table 6 appears t o  be s a t i s f a c t o r y  f o r  

a l l  t h e  da ta .  

prepared i n  t h e  present  manner r a t h e r  than the  value of 0 .33  given by 

Rohs enow. 

This value i s  recommended f o r  chemically etched surfaces  
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TABLE 5 

C O E F F I C I E N T  Csf AND EXPONENT r O F  ROHSENOW EQUATION 

FOR I N D I V I D U A L  ETCHED DATA 
~~ 

Specimen 

80 
77 
78 
76 
79 
84 
83 
82 

XXlS 

16 
25 
30 
32 
42 
28 
30 
42 

0.0147 
0.0108 
0.0134 
0.0121 
0.0151 
0.0128 
0.0149 
0.0136 

rl 

0.33 
0.33 
0.33 
0.33 
0 .33  
0.33 
0.33 
0.33 

c.5 f2 

0.0122 
0.0085 
0 .0099 
0.0096 
0.0123 
0.0093 
0.0110 
0.0107 

i-2 

0.19 
0.14 
0.10 
0.15 
0.19 
0.09 
0.12 
0.16 

C s f 3  

0.0113 
0.0084 
0.0103 
0.0090 
0.0114 
0.0098 
0.0112 
0.0103 

r 3  

0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 
0.13 

TABLE 6 

C O E F F I C I E N T  C,f AND EXPONENT r OF ROHSENOW EQUATION 

FOR ETCHED DATA GROUPED ACCORDING TO IMMERSION TIME 

NOTE: 1. The exponent rl equals  0.33 (presented i n  the  l i t e r a tu re ) .  
2. The exponent r2 is  ca l cu la t ed  from t h e  r ec ip roca l  o f  t h e  

slope of t h e  ind iv idua l  least square curve f i t  f o r  t he  
rms i n  quest ion.  

3.  The exponent r 3  i s  ca l cu la t ed  from t h e  r ec ip roca l  o f  t he  
average o f  t h e  s lopes  o f  t h e  l eas t  square curve f i ts  of  
the  d a t a  f o r  a p a r t i c u l a r  prepara t ion  technique. 
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If  a l l  t h e  d a t a  i n  Figs .  15-17 are considered, it can be seen 

t h a t  t h e r e  i s  an increase and subsequent decrease i n  h e a t  t r a n s f e r  

with increas ing  immersion time and rms. 

17-B which p resen t s  a composite o f  t he  d a t a  i n  terms o f  leas t - squares  

curve f i ts  of  t h e  var ious groups. 

d i r e c t l y  co r re l a t ed ,  which agrees  with t h e  work o f  Berenson 1201. The 

da ta  show a t r end  similar t o  t h a t  obtained from mechanically pol i shed  

su r faces  [55] where hea t  t r a n s f e r  is  not  a func t ion  of  macroscopic r m s  

su r f ace  roughness. 

improves nuc lea t ion  from microscopic si tes and then des t roys  t h e  use- 

fu lness  o f  t h e  s i tes .  Consider two types 

of  c a v i t i e s  subjec ted  t o  etching--conical c rev ices  and r e -en t r an t  

This t r end  is  shown i n  Fig.  

I t  can be seen t h a t  r m s  i s  not  

The da ta  a l s o  i n d i c a t e  t h a t  t h e  etching process  

The process  may be  c y c l i c .  

c a v i t i e s .  

The r e -en t r an t  c a v i t i e s  would be changed t o  l a r g e  p i t s .  

would i n d i c a t e  an increase  i n  roughness, and y e t  nuc lea t ion  would be  

reduced. As t h e  e tch ing  process  continues,  small c rev ices  o r  c a v i t i e s  

might be produced a t  t he  bottom o f  the  o ld  erosions which i n  t u r n  should 

increase  nuc lea t ion .  The process  could poss ib ly  continue through 

seve ra l  cycles  u n t i l  t he  specimen i s  corroded beyond a s ta te  o f  usefu lness .  

The c rev ices  would be  deepened and widened with e tch ing  t ime.  

Both condi t ions 

Some f i n a l  cons idera t ion  should be given t o  the  manipulation o f  

t h e  Rohsenow cor re l a t ion .  

a l t e r e d  somewhat f o r  s t a i n l e s s  s t ee l  specimens etched with hydrochlor ic  

ac id  when more da t a  are ava i l ab le .  

values  o f  Csf f o r  each e tch ing  time. 

r ep resen ta t ive  value of r than  0 . 3 3  f o r  t h e  d a t a  co l lec ted .  

The va lue  of 0.14 €or t h e  exponent may be  

This change i n  r would change t h e  

I t  i s  f e l t  t h a t  0.14 i s  a more 

The values  
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of  Csf and corresponding r values  i n  Tables 5 and 6 f o r  t h e  var ious 

specimens, e i t h e r  s i n g u l a r l y  o r  pa i r ed ,  represent  c o e f f i c i e n t s  and 

exponents app l i cab le  t o  s i t u a t i o n s  where su r faces  are similar t o  

those  i n  Table 4. 

only t o  s ta inless  s t ee l  and water f o r  t h e  su r face  prepara t ion  tech-  

nique and etching times ind ica t ed .  I t  i s  c l e a r  t h a t  t h e r e  e x i s t s  

a value of r f o r  each prepara t ion  technique and poss ib ly  f o r  each 

su r face - l iqu id  combination. 

b i l i t y  t h a t  a similar ana lys i s  might be appl ied  t o  pool b o i l i n g  d a t a  

from t h e  l i t e r a t u r e  f o r  o the r  su r face - l iqu id  combinations and su r face  

prepara t ion  techniques.  

The values  of Csf and r i n  Tables 5 and 6 apply 

The foregoing a l s o  po in t s  out  t h e  poss i -  

This i s  t h e  case, as w i l l  be seen i n  Chapter V 

B.  Elevated Pressure Data 

Data c o l l e c t e d  f o r  pool b o i l i n g  of water from chemically etched 

su r faces  a t  fou r  pressures  are presented  t o  i l l u s t r a t e  t he  changes i n  

wall superheat  as a func t ion  of  p re s su re .  

Deter iora t ion  of  t h e  epoxy used t o  bond the  t e s t  specimen t o  

t h e  g l a s s  compound block l imi t ed  use fu l  d a t a  runs pe r  specimen t o  

approximately fou r .  

presented.  

A t o t a l  of 24 t e s t  runs on seven specimens are 

The d a t a  are presented as  h e a t  f l u x  versus  wall  superheat .  A 

l eas t - squares  curve f i t  i s  shown f o r  each run as a dot ted  l i n e ;  t h e  

Rohsenow c o r r e l a t i o n  with r = 0.33 i s  shown as a s o l i d  l i n e .  The 

same s c a l e  i s  used i n  each graph f o r  ease of  comparison. 

One ob jec t ive  of t h e  s tudy i s  ana lys i s  of  t he  displacement of  

t h e  nuc lea te  b o i l i n g  heat-f lux-versus-superheat  curve with p re s su re  
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changes. 

s t a i n l e s s  s t e e l  sur faces  etched i n  hydrochlor ic  acid f o r  s i x  hours.  

However, t he  information i n  Fig.  20 f o r  a m i l l  su r face  cont ro l  spec i -  

men should be noted f irst .  The curves are s h i f t e d  toward a lower wall 

superheat  with increas ing  pressure  f o r  a constant  hea t  f l ux .  

r e s u l t  i s  an t i c ipa t ed  and is  i n  agreement with cur ren t  theory.  

r e s u l t s  f o r  t h e  chemically etched sur faces  i n  F i g s .  18 and 19 e x h i b i t  

a backsh i f t  a t  h igher  pressures  which i s  i n  complete cont rad ic t ion  

with t h e  theory.  

18,whereas both the  50 and 100 p s i a  runs a r e  s h i f t e d  t o  higher  super-  

hea ts  i n  Fig. 19. 

The displacement i s  c l e a r l y  shown i n  Figs .  18 and 19 f o r  

This 

The 

The s h i f t  occurs only f o r  t h e  100 p s i a  run i n  Fig.  

A period of  time was allowed t o  e lapse  between consecutive runs 

The on a s i n g l e  specimen. 

100 p s i a  run i n  Fig.  18 was conducted on the  s i x t h  day while t he  50 

and 100 p s i a  t e s t s  i n  Fig. 19 were on the  f i f t h  and f i f t e e n t h  days of 

t he  sequence encountered during t h e  present  i nves t iga t ion .  

matic s h i f t s  of  t h e  bo i l ing  curve i n  F i g .  19 a r e  a t t r i b u t e d  i n  p a r t  t o  

su r face  aging. This is  t r u e  a l s o  o f  the  s h i f t  shown i n  Fig.  18 and i n  

Fig. 21  ( f o r  a specimen etched two hours) .  

This u sua l ly  amounted t o  a t  l e a s t  one day. 

The dra-  

A t o t a l  of  23 add i t iona l  tests on n ine  specimens etched from 

two t o  seven hours,  were conducted. 

a r e  not  shown, r e s u l t s  a r e  similar t o  those presented.  

c o r r e l a t i o n  of  t h e  s h i f t  with t h e  etching time has been discerned.  

Although graphs of these  runs 

No d i s t i n c t  

There i s  an ind ica t ion  t h a t  t he  pressure  h i s t o r y  inf luences  the  

suspected aging e f f e c t .  This i s  shown by t h e  t e s t  sequence i n  Fig.  22 .  
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The previous data (Figs. 18-21) were obtained in ascending order of 

pressure, with the test at atmospheric pressure conducted first in 

each sequence. However, the data in Fig. 22 were obtained with 

descending order of pressure in which the 100 psia run was conducted 

first. In this case, the shift was not obtained. The additional 

tests under similar conditions--not shown graphically--exhibit the 

same character with no backshift. 

effect for the specimens tested in the low-to-high pressure sequence. 

Also, it is possible-that the coupled effects of pressure and aging 

somehow inhibit the vapor formation process. 

The results indicate a severe aging 

A second facet of the data is a definite decrease in slope of 

This the heat-flux-versus-superheat curve with increasing pressure. 

is illustrated in Figs. 23 and 24 for a seven-hour and a two-hour 

etched specimen and also in Figs. 18-22. 

the lower pressures the least-squares estimate has a slope greater 

than the Rohsenow correlation. 

exponent r = 0 . 3 3  and thus will have a constant slope throughout. 

least-squares slopes are seen to decrease with increasing pressure 

until they are generally less than the Rohsenow slope at the higher 

pressures. Least-square and Rohsenow lines are not available for the 

atmospheric data of Fig. 23 .  

It may be noticed that at 

The Rohsenow equation is based on an 

The 

The decrease in slope with increasing pressure has not been 

analyzed in the literature. 

on other surfaces has probably been amplified by the sensitivity to 

pressures changes of the chemically etched surface. This suggests that 

An effect which has not shown up strongly 



72 

Specimen 86 

sia 
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f o r  t h i s  type sur face ,  t he  exponent r i n  t h e  Rohsenow cor re l a t ion  may 

be a funct ion of t h e  system pressure .  

gated f u r t h e r .  

This po in t  should be i n v e s t i -  



V. ANALYSIS OF POOL BOILING CORRELATIONS 

Several design correlations have been advanced in recent years 

[9-121 but no equation correlating the general boiling case is availa- 

ble at present. The Rohsenow [3] correlation has been shown to be 

adjustable for a variety of  boiling situations [89], but it does not 

consider every variable. The present chapter contains both an analy- 

sis and extension of the data and correlation procedures presented in 

the previous chapter. Previous analytical studies are analyzed and 

compared with the data. The comparisons in general illustrate the 

shortcomings of the correlation equations in the literature. 

A.  Evaluation of Constants for Rohsenow Correlation 

The Rohsenow equation [3] 

is the most noted method of reducing and correlating experimental data 

in the regime of nucleate pool boiling. The equation accounts for the 

pool boiling phenomenon in terms of fluid properties, the coefficient 

Csf and the exponents r and s .  The coefficient is supposed to account 

for surface-liquid combination, the exponent s accounts for surface 

cleanliness and r represents the reciprocal of the least-squares slope 

for the heat flux-superheat data in question. The equation is unique 

76 
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in that only one set of experimental values of q/A and AT is necessary 

to determine the coefficient Csf. 

a given surface-liquid combination can be determined for other values of 

AT and any other pressure and/or gravitational field. 

ber exponent, s, varies from 0.8 to 2.0 .  

a value of 1.7 for clean surfaces for all surface-liquid combinations. 

However, Rohsenow has recently recommended that this value be changed to 

1.0 [88] for water. 

Once Csf is obtained the behavior of 

The Prandtl nwn- 

Rohsenow initially recommended 

Rohsenow 131 determined the exponent of the heat flux term, r, to 

be 0 . 3 3  by analysis of  experimental data in the literature. The data in 

the previous chapter supports the contention that the heat flux exponent 

may vary for different types of surface-liquid combinations and surface 

preparation techniques. 

in the literature in the past. 

The premise that r in the Rohsenow equation is a function of sur-  

Prima facie the value of 0 . 3 3  has been accepted 

face preparation and surface-liquid combination was investigated by cross- 

correlating pool boiling data from the literature. The data collected 

[3,15,16,18-21,29,32,52,90-931 and summarized in Appendix C were grouped 

according to the surface-liquid combination and preparation technique. 

Surface-liquid combinations included 

1. Water - stainless steel 

2 .  Water - copper 

3 .  n-pentane - copper 

4. n-pentane - nickel 

5. n-pentane - inconel 
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6.  n-pentane - z inc  

7. Carbon t r e t r a c h l o r i d e  - copper 

and the  d i f f e r e n t  preparat ion techniques inves t iga ted  were 

1. Pol ishing and gr inding 

2 .  Chemical e tching 

3 .  A r t i f i c i a l  scoring and p i t t i n g  

4 .  Lapping 

5. Coating 

Heat f l u x  and superheat da t a  f o r  a l l  runs on each sur face  were f i t t e d  

with a least-squares  curve f i t t i n g  technique. Errors i n  both ord ina te  

and absc issa  were assumed. In addi t ion ,  the  da t a  f o r  a l l  of the  sur -  

faces  prepared with a p a r t i c u l a r  preparat ion technique were f i t t e d  f o r  

each su r face - l iqu id  combination. The f i t t e d  curves 1941 - - in  the  i n t e r -  

e s t  of brev i ty- -a re  not  shown. 

The Rohsenow equation, Eq. (11-17) was used with the  least-squares  

curve f i ts  of the  da t a  f o r  each sur face  and grouping of  surfaces  t o  

obtain 

1. Values of  Csf l  f o r  each su r face :  
was used and both values a re  shown i n  Table 7. 

A value o f  rl = 0.33  

2 .  Values o f  Csf2 and r 2  f o r  each sur face :  The value of r2 
was the  rec iproca l  of  the  s lope  of  t he  least-squares  fit 
f o r  each sur face ,  and both values are shown i n  Table 7. 

3 .  Values o f  Csf3 and r 3  f o r  each su r face :  
was t h e  rec iproca l  of t he  average of  t he  s lopes of  t h e  
least-squares  curve f i ts  f o r  the  da t a  of a p a r t i c u l a r  
prepara t ion  technique for  a given sur face- l iqu id  combi- 
na t ion .  Both values a r e  shown i n  Table 7 .  

The value o f  r3 

- 
4. Values o f  Csf, ( the  b a r  i nd ica t e s  t he  average value) and 

r3 f o r  each grouping of da ta  according t o  prepara t ion  
technique f o r  a c e r t a i n  su r face - l iqu id  combination : m e  
value o f  r3 was ca lcu la ted  as before,and Csf3 i s  based 
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4/0 E m e r y  
2/0 Emery 

0 E m e r y  
1 E m e r y  
2 Emery 

.TABLE 7 

0.0151 
0.0133 
0.0127 
0.0114 
0.0108 

EVALUATION OF CONSTANTS FOR ROHSENOW EQUATION 

0.33 
0.33 
0.33 
0.33 
0.33 

Surface Run Numbers 

0.0146 0.18 0.0145 0.13 
0.0129 0.10 0.0129 0.13 
0.0112 0.12 0.0112 0.13 
0.0103 0.12 0.0104 0.13 
0.0097 0.18 0.0094 0.13 

I c i 

4/0 E m e r y  
0 E m e r y  
2 Emery 

A. n-Pentane on Copper Polished with Emery Paper [16] 

10- 13 4/0 E m e r y  0.0141 0.33 0.0129 0.10 0.0129 0.10 
14,15 1 4/0 E m e r y  1 0.0164 1 0.33 1 0.0156 1 0.11 I 0.0156 1 0.10 

0.0074 0.33 0.0092 0.20 0.0070 0.09 
0.0075 0.33 0.0068 0.13 0.0066 0.09 
0.0063 0.33 0.0053 0.05 0.0054 0.09 

B.  

1 
2 
3 
4 
5 

If1120 E G r i t  
#120 E G r i t  
#120 E G r i t  

C. 

0.0037 0.33 0.0040 0.20 0.0042 
O.CO57 0.33 0.0062 0.21 0.0062 
0.0050 0.33 0.0053 0.20 0.0053 

1-1 ,I  -2 , 1-3 
11-1 

III-1,111-2 
I V - 1  ,IV-2 

V I  - 1 , V I  -2 

V I I - 1  
1 

v- 1 

Water on Copper Polished w i  

4/0 E m e r y  
3/0 Emery 
2/0 E m e r y  

0 Emery 
1 E m e r y  
2 E m e r y  

10.140 Mesh 
E arb o run dum 
4/0 E m e r y  

0.0142 
0.0135 
0.0126 
0.0115 
0.0107 
0.0092 

0.0090 
0.0152 

0.33 
0.33 
0.33 
0.33 
0.33 
0.33 

0.33 
0.33 

. th  Emery Paper [29,32] 

0.0132 
0.0109 
0.0102 
0.0087 
0.0077 
0 a 0067 

0.24 
0.13 
0.15 
0.09 
0.11 
0.06 

0.0119 
0.0106 
0.0097 

I 0.0088 
0.0077 

I 0.0070 
I 

0.0062 0.06 0.0065 
0.0150 1 0.19 1 0.0150 

0.10 
0.10 
0.10 
0.10 
0.10 
0.10 

0.10 

0.10 

D.  Carbon Tetrachlor ide on Copper Polished with Emery Paper [29] 

I 
I V  
V I  

0 .21  
0.21 
0.21 
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Surf  ace 
Prep ar  a t  i on C s f  1 rl Csf, r 2  Run Numbers c5f3 r3 

39 

34 

H .  

19,20 

38 

2 , 3  

33,36 

31 
32 

A 

F. n-Pentane on Nickel ,  Lapped with G r i t  D [20] 

1 #160 D G r i t  1 0.0043 I 0.33 1 0,0050 1 0.20 1 0.0050 1 0.20 

G .  n-Pentane on Incone1,Lapped with G r i t  D [20] 

#160 D G r i t 1  0.0072 1 0.33 1 0.0075 I 0.47 I 0.0075 I 0.47 
1 

Carbon Tet rachlor ide  on Copper, Lapped with G r i t  E [20] 

#120 E G r i t /  0.0331 1 0.33 0.0034 1 0.23 1 0.0034 I 0.23 
1 

I .  n-Pentane on N i c k e l  with Mirror Finish [20] I 0.0154 1 0.33 1 0.0135 1 0.47 I 0.0135 I 0.47 
1 1 - 

J. n-Pentane on Copper with Mirror Finish [20] 

I 0.0171 1 0.33 1 0.0146 1 0.48 I 0.0146 I 0.48 
1 1 

K .  n-Pentane on Inconel with Mirror Finish [20] 

0.0176 I 0.35 I 0.0176 1 0.35 
1 1 1 

L.  n-Pentane on Copper Rubbed with Emery [20] 

320 Emery 0.0093 0.33 0.0097 0.29 0.0093 
60 E m e r y  I 0.0058 1 0.33 1 0.0054 1 0.39 1 0.0058 

I I I 1 1 
M. Water on Copper with Mirror F in ish  [21] 

I 0.0091 I 0.33 I 0.0142 1 0.60 I 0.0142 
I I I 1 1 

N .  Water on Copper, Mirror Finish Scored by S t e e l  [21] 

0.33 
0.33 

0.60 

I 0.0073 1 0.33 1 0.0123 1 0.65 1 0.0136 1 0.71 Scratches I 1" Apart 
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Surface 
Prepara t ion  'sfl rl 

Run Numbers CSf2 r 2  C s f g  r3 

0.0071 

0.0062 

0.0072 

Scratches 
1 / 2 I' Apart 
Scratches 
1 / 4 Ap a r t  
Scratches 
1 / 8" Apart 

N .  Water on Copper, Mirror Finish Scored by S t e e l  [21] (cont 'd)  

0.33 0.0115 0.66 0.0123 0.71 

0.33 0.0133 0.89 0.0104 0.71 

0.33 0.0113 0.68 0.0117 0.71 

C 

D 

E 

0 .  

108,110,111 
119,120 
101 - 104 

112,113,114 

Ground 
Ground 
Ground 

Pol ished 

Water on S t a i n l e s s  S t e e l ,  Ground and Polished [52] 

0.0063 
0.0080 
0.0101 
0.0133 

0.30 
0.33 
0.42 
0.52 

T. 

0.0085 
0.0095 
0.0107 

0.0065 
0.0081 
0.0090 
0.0100 

0.37 
0.37 
0.37 

0.33 
0.33 
0.33 
0.33 

0.0087 
0.0069 
0.0072 

0.44 
0.44 
0.44 

Sta in less  S t e e l ,  Surface Mille 

0.0097 
0.0081 
0.0059 

0.48 
0.58 
0.36 

Smooth I 0.0215 1 0.33 1 0.0198 1 0.27 I 0.0198 1 0.27 
l I  

Q. Water on S t a i n l e s s  S t e e l ,  Surface Milled [93] 

P i t t e d  1 0.0173 I 0.33 1 0.02PO I 0.41 1 0.0200 1 0.41 
3-p I 

R. Water on S t a i n l e s s  S t e e l  with Teflon on the  Surface [93] 

7-ST 
3-PT 
2-PT 

Smooth 
P i t t e d  
P i t t e d  

0.0866 
0.0053 
0.0054 

0.33 
0.33 
0.33 

S.  n-Pentane on Zinc-Crystals With Pol ished Surface [15] 

Smooth I 0.0088 I 0.33 1 0.0086 1 0.58 1 0.0086 1 0.58 

Water on Paraff in-Treated Copper, Pol ished with Emery Paper [19] 

1 3/0 Emery 1 0.0138 1 0.33 I 0.0139 I 0.26 1 0.0140 I 0.20 w Cavities 



82 

R u n  Numbers 

T.  Water on Paraff in-Treated Copper, 

Polished with Emery Paper [ 191 (cont d) 

0.0157 1 0.33 I 0.0153 I 0.16 I 0.0153 I 0.20 
w/o Cavi t ies  

U. Water on S t a i n l e s s  S t e e l ,  Polished with Emery Paper [91] 

1-A,B,C 
2-A, €3, C 
3 -A 
4-A,B,C 
5-A, B, C 
6-A,B ,C 
7-A,B,C 
8-B,C 
9 -A, B , C 
lO-A,B,C 

600 Emery 
600 E m e r y  
600 Emery 
320 E m e r y  
320 Emery 
320 E m e r y  

80 E m e r y  
80 E m e r y  
36 Emery 
36 E m e r y  

0.0140 
0.0155 
0.0149 
0 * 0120 
0.0136 
0.0127 
0.0128 
0.0106 
0.0120 
0.0136 

0.33 
0.33 
0.33 
0.33 
0.33 
0.33 
0.33 
0.33 
0.33 
0.33 

0.0140 
0.0153 
0.0139 
0.0107 
0.0125 
0.0113 
0.0114 
0.0098 
0.0105 
0.0120 

0.33 
0.32 
0.28 
0.24 
0.26 
0.23 
0.23 
0.26 
0.22 
0 . 2 3  

V. Water on S ta in l e s s  S t e e l ,  Etched with 37% Hydrochloric Acid [go] 

76-A,B 
77-A,B 
78-A,B 
79-A,B 
80 -A, B 
82 -A, B 
83-A 
84-A,B 

Etched 6 H r  
Etched 4 H r  
Etched 5 H r  
Etched 7 H r  
Etched 2 H r  
Etched 7 H r  
Etched 5 H r  
Etched 4 H r  

0.0121 
0.0108 
0.0134 
0.0151 
0.0147 
0.0136 
0.0149 
0.0128 

0.33 
0.33 
0.33 
0.33 
0.33 
0.33 
0.33 
0.33 

0.0096 
0.0085 
0,0099 
0.0123 
0.0122 
0.0107 
0.0110 

, 0.0093 

0.15 
0.14 
0.10 
0.19 
0.19 
0.16 
0.12 
0.09 

NOTE: 1. The exponent rl equals 0.33 (presented i n  the  l i t e r a t u r e ) .  
2. The exponent r2 is ca lcu la ted  from t h e  rec iproca l  of the  

s lope  o f  the  ind iv idua l  l e a s t  square curve f i t  f o r  the  su r -  
face i n  quest ion.  
The exponent r3 is ca lcu la ted  from t h e  rec iproca l  of t he  
average o f  t he  s lopes o f  the  least square curve f i ts  of  
t h e  da t a  f o r  a p a r t i c u l a r  prepara t ion  and l i q u i d  sur face  
combination. 

3. 
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on the  assumption t h a t  the v a r i a t i o n  i n  a prepara t ion  
technique i s  n e g l i g i b l e .  The r e s u l t s  of these calcu- 
l a t i o n s  a r e  given i n  Table 8. 

- 
5. Values o f  Csf l  and rl f o r  each grouping o f  d a t a  

according t o  the  prepara t ion  technique f o r  a c e r t a i n  
su r face - l iqu id  combination: - The value o f  rl = 0 .33  
was used as be fo re ,  and Csfl  is  based on t h e  assump- 
t i o n  t h a t  v a r i a t i o n  i n  a prepara t ion  technique i s  
n e g l i g i b l e .  The r e s u l t s  o f  these ca l cu la t ions  are 
given i n  Table 8. 

Appropriate values o f  the exponent s = 1.0  o r  1 . 7  were used i n  t h e  c a l -  

cu la t ions  with Eq. (11-17). 

Evidence t o  support t h e  premise t h a t  r values do vary can be seen 

from Tables 7 through 9 and graphica l ly  i n  Figs .  25 through 30. Table 9 

shows the  devia t ion  o f  r3 values f o r  t h e  grouped specimens and an rl 

value o f  0.33 from t h e  r2 values ca l cu la t ed  for  each specimen. 

t a b l e  ind ica t e s  t h a t  68.3 percent o f  the r3 values ca l cu la t ed  f o r  t he  

The 

grouped d a t a  a r e  wi th in  approximately 30 percent  of t he  r2 values f o r  

t he  ind iv idua l  specimens. The r1 value of 0 . 3 3  i s  wi th in  approximately 

30 percent  o f  t he  r2 values of the ind iv idua l  specimens f o r  only 15.8 
- 

percent  o f  t he  cases examined. 

C s f ,  values from C 

consider ing Tables 7 through 10, Csf3 o r  Csf3 and r3 values can be used 

with the  Rohsenow equation t o  ge t  a b e t t e r  r ep resen ta t ion  o f  t h e  da t a  

Table 10 shows the  devia t ion  o f  CSfl and 
- 

values f o r  each specimen. As one can see a f t e r  s f 2  
- 

- 
than i s  poss ib l e  with Csf o r  C s f l  and r l  va lues .  

1 - 
I t  i s  suggested t h a t  t he  t abu la t ed  values o f  r3 and C,f, o r  Csf ,  

be used with t h e  Rohsenow c o r r e l a t i o n  cor corresponding su r face - l iqu id  
- 

combinations and prepara t ion  techniques.  

those who may argue t h a t  accounting f o r  s l i g h t  vq r i a t ioqs  i n  su r face  

C S f 3  values are t abu la t ed  f o r  
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TABLE 8 

SUMMARY OF COEFFICIENTS AND EXPONENTS FOR THE ROHSENOW EQUATION 
_____-- 

Re f eren ce 

16 

16 

29, 32 

29 

19 

20 

20 

2 1  

52 

93 

90 

91 

-- 
Liquid-Surface 

Combinations 

n-Pentane on Emery 
Pol ished Copper 

n-Pentane on Emery 
Pol ished Nickel 

Water on Emery 
Pol ished Copper 

Carbon Tet rachlor ide  
on Emery Polished 
Copper 

Water on Emery 
Pol ished,  Pa ra f f in  
Treated Copper 

n-Pentane on Lapped 
Copper 

n-Pentane on Emery 
Rubbed Copper 

Water on Scored 
Copper 

Water on Ground and 
Pol ished S t a i n l e s s  
S t e e l  

Water on Teflon 
P i t t e d  S t a i n l e s s  
S t e e l  

Water on Chemically 
Etched S t a i n l e s s  
S t e e l  

Water on Mechani- 
c a l l y  Pol ished 
S t a i n l e s s  S t e e l  

- 
C s f  1 

0.0154 

0.0127 

0.0128 

0.0070 

0.0147 

0.0049 

0.0074 

0.0068 

0.0080 

0.0058 

0.0133 

0.0132 

-- ___ 
rl - 

0.33 

0.33 

0.33 

0.33 

0.33 

0.33 

0.33 

0.33 

0.33 

0.33 

0.33 

0.33 

- 
C s f  3 

1.0145 

1.0117 

1.0109 

) .0063 

1.0146 

1.0054 

1.0074 

1.0117 

1.0085 

1.0076 

1.0102 

1.0121 

i_ 

r3 
I_ 

1.10 

1.13 

1.10 

1.09 

1.20 

).21 

1.33 

1.71 

1.37 

1.44 

1.13 

1.26 

3,900 - 28,275 

2,250 - 36,000 

8,800 -260,000 

4,140 - 66,250 

14,000 - 300,000 

6,600 - 90,000 

13,500 - 100,000 

1,800 - 52,000 

8,600 - 53,000 

600 - 84,000 

9,202 - 54,819 

8,957 - 57,422 
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TABLE 9 

TABULATION OF PERCENT DEVIATION 

OF 1-3 AND '1 FROM r 2  VALUES 

Percent  Deviation o f  r3 
and rl Values From r2 
Values ( r 3  Values f o r  centage cent  age 
Grouped Specimens Only) 

Percent of r3  Values 
Within Deviation P e r -  Within Deviation P e r -  

Percent  o f  rl Values 

10% 
20% 
30% 
40% 
50% 

> 50% 

36.8 
57.8 
68.3 
81.5 
92.0 

8.0 

5.3 
15.8 
15.8 
36.8 
42.0 
58.0 

TABLE 10 

TABULATION OF PERCENT DEVIATION 

OF Csf3 AND Csfl  From C Values 
S f2  

Percent Deviation of  Percent of Csfg Values Percent of  C s f l  V a l -  
Csf3 and C s f l  Values Within Deviation P e r -  ues Within Deviation 
From C,f2 Values cen tage  Percentage 

10% 
20% 
30% 
40% 
50% 

> 50% 

42.6 
66.7 
83.3 
92.6 
9 6 . 3  

3.7 

25.9 
42.5 
66.6 
77.7 
88.2 
1 1 . 2  
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prepa ra t ion  f o r  a p a r t i c u l a r  technique gives a minimal v a r i a t i o n  i n  t h e  

superheat  f o r  a given h e a t  f l ux .  

Csf3  and r3 i n  Figs.  25 through 30. 

f o r  those  who wish t o  r e l y  on r l .  

The d a t a  are co r re l a t ed  in  terms of 
- - 

C s f l  and Csf values are t abu la t ed  1 

As mentioned, t h e  d a t a  of  Appendix C are presented g raph ica l ly  i n  

Figs. 25  through 30. Individual  datum po in t s  f o r  each surface combina- 

t i o n  are spec i f i ed .  The leas t - squares  f i t s  of t h e  da t a  are shown as 

s o l i d  l i n e s .  The r ec ip roca l s  of  t h e  s lopes of  t h e  s o l i d  l i n e s  a r e  t h e  

1-2 values  i n  Table 7. 

t i o n  with r1 = 0 . 3 3 .  

The dot ted  l i n e s  r ep resen t  t h e  Rohsenow c o r r e l a -  

I n  genera l ,  t h e  leas t - squares  s lopes  of  t h e  d a t a  do not  agree 

with t h e  Rohsenow c o r r e l a t i o n  with r1 = 0.33. 

and the  Rohsenow c o r r e l a t i o n  l i n e  coincide i f  t h e  rec iproca l  s lopes  o f  

the  leas t - squares  f i t s  a r e  used. The da ta  of Gaertner and Westwater 

E181 were not  co r re l a t ed  because o f  the  absence o f  property d a t a  on t h e i r  

aqueous n i cke l  s a l t  s o l u t i o n .  The au thors '  graph o f  hea t  f l u x  versus  

superheat  was used t o  obta in  a s lope  o f  6.5 (r2 = 0.15) which does no t  

agree with an r1 o f  0.33. 

However, t he  s o l i d  l i n e s  

Figures 25 through 30 show co r re l a t ions  with t h e  Rohsenow equa- 

t i o n  o f  the  grouped da ta .  

t i o n  us ing  the  C 

average r3 value and Csf3 value f o r  each group are given i n  Table 8. The 

do t t ed  l i n e s  i n d i c a t e  t h e  inadequacy of us ing  r1 = 0 . 3 3 .  

The f i g u r e s  show i n  s o l i d  l i n e s  t h e  co r re l a -  
- 

and r3 values f o r  t h e  grouped da ta .  Both t h e  s f3 - 

The c ross -co r re l a t ion  o f  pool b o i l i n g  d a t a  from the  l i t e r a t u r e  

shows t h a t  r values  f o r  t he  Rohsenow equation must be given f o r  sur face  

prepara t ion  and su r face - l iqu id  combination. The s tudy a l s o  adds seve ra l  
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poss ib l e  values f o r  r and Csf f o r  t h e  Rohsenow equation f o r  t h e  sur face  

condi t ions tabula ted .  

grouped da ta  can b e s t  be co r re l a t ed  within f30 percent  with respec t  t o  

Table 9 i l l u s t r a t e s  t h a t  68.3 percent  of  the  

r2 values i f  r3 values a r e  used. 

f o r  values of  r l .  

least-squares  f i t  of the  heat-flux-versus-superheat da t a  f o r  a p a r t i c u -  

This f i g u r e  compares with 15.8 percent  

The value o f  r2 is the  r ec ip roca l  of t he  s lope  o f  the  

l a r  su r f ace .  

t abula ted  r3 values a r e  used. 

Table 10 ind ica t e s  t h e  improvement i n  Csf values when the  

The reader  i s  l e f t  with a choice o f  r values  and Csf values t o  

use.  

considers  the  r3 values f o r  the  groups t o  be representa t ive  of the  prep- 

Values of  Csf3 and r3, as given i n  Table 7 ,  can be used i f  one 

a ra t ion  technique. 

based on the  r e s u l t s  presented i n  Tables 9 and 10. 

Csf3 f o r  the groups obtained from Table 8 are appl icable  f o r  t he  cases 

where the  su r face  prepara t ion  techniques a re  known i n  general  terms o r  

This would appear t o  be a reasonable assumption 

Average values of 

where one considers t h a t  va r i a t ions  i n  sur face  preparat ion techniques 

give only a minimal change i n  hea t  f l u x  o r  superheat da t a .  The Csf, 

and Csf, values based on r1 = 0 . 3 3  a re  presented s ince  values o f  Csf 

a r e  usua l ly  i n  terms o f  rl = 0 . 3 3  i n  the l i t e r a t u r e  although the  r e s u l t s  

of  t h i s  study show t h e  d e s i r a b i l i t y  of  using C 

- 

and r3 values .  s f 3  

A l l  da ta  presented were co l l ec t ed  under atmospheric pressure  and 

s tandard  gravi ty  condi t ions.  Some evidence e x i s t s  a t  p resent  t o  i n d i -  

c a t e  t h a t  r values may be a funct ion of system pressure .  

should be inves t iga ted  t o  insure  t h a t  Tables 7 through 10 a r e  appl icable  

This point  

t o  the  cases where system pressure  i s  not  atmospheric. 
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B. Model Studies  on Wall Superheat 

The elevated pressure da t a  which have been presented i l l u s t r a t e  

s eve ra l  important fea tures  which have not  received a t t e n t i o n  i n  the  lit- 

e r a t u r e  on pool bo i l i ng .  The present  theory w i l l  not account f o r  t he  

s lope  change of t h e  nucleate  b o i l i n g  curve o r  f o r  the  occasional back- 

s h i f t  with increas ing  pressure.  Several  recent  cor re la t ions  have been 

s tudied  i n  an attempt t o  c l a r i f y  the  phenomena involved. 

t i ons  include t h e  work of  Lienhard and Schrock [4], Borishansky e t  a l .  

[ S I ,  and Rohsenow [3] . The main items of i n t e r e s t  i n  the  s tudy of  cor- 

These co r re l a -  

-- 

r e l a t i o n s  a re  : 

1. Predic t ion  of t he  displacement of t he  nucleate  b o i l i n g  
heat-flux-versus-wall-superheat curve with pressure .  

2. Correlat ion of the  s lope  change o f  t he  hea t  f l u x  curve 
with pressure and e f f e c t i v e  roughness. 

3 .  Inves t iga t ion  o f  s e n s i t i v i t y  of  a prepared sur face  t o  
pressure changes. 

The co r re l a t ions  a re  discussed and compared with t h e  da t a  of  t h i s  

study as  follows : 

1. Lienhard-Schrock Correlat ion 

The design co r re l a t ion  recent ly  forwarded by Lienhard and 

Schrock [4] was inves t iga ted  f o r  i t s  a p p l i c a b i l i t y  i n  p red ic t ing  the  

displacement of the  nucleate  b o i l i n g  curve with pressure.  The r e l a t i o n  

a En AT 
a = -constant 

developed by Bonil la  -- e t  a1.[95,96] t o  c o r r e l a t e  wall  superheat with 
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change i n  pressure  formed the  b a s i s  of  t h e i r  ana lys i s .  The ob jec t ive  of 

t h e i r  s tudy  was t o  determine the  form of the  de r iva t ive  i n  E q .  (V-1) and 

t o  i n d i c a t e  how it  might be used i n  p rac t i ce .  

Boni l la  e t  a l .  is  

The equat ion advanced by 

-- 

where Eq. (V-1) i s  a s p e c i a l  case o f  Eq. (V-2). 

van d e r  Waal's equation was used by t h e  authors  t o  determine 

the  superheated l i q u i d  p rope r t i e s .  They advanced the  hypothes is :  

o r  "the superheat ,  AT, f o r  any conf igura t ion  and hea t  f l u x  i s  d i r e c t l y  

propor t iona l  t o  t h e  van der  Waal maximum superhea t ,   AT^." 
d e r i v a t i v e  i n  Eq. (V-3) were determined by graphical  d i f f e r e n t i a t i o n .  

Values o f  t he  

These values--obtained by Lienhard and Schrock--are given i n  Table 11. 

The c o r r e l a t i o n  based on van de r  Waal's equat ion is compared with exper- 

imental  d a t a  [40,97] i n  Fig. 31. The hypothesis based on van de r  Waal's 

equat ion,  i nd ica t ed  by t h e  dashed l i n e ,  is  seen t o  be successfu l  i n  cor-  

r e l a t i n g  the  da t a .  

The co$relat ion i s  put  i n t o  a more useful form for t h e  pres -  

en t  s tudy  by i n t e g r a t i n g  Eq. (V-2) 
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TABLE 11 

PROPERTIES OF A SATURATED VAN DER WAAL'S FLUID 

CALCULATED BY LIENHARD AND SCHROCK [ io]  

P r s  

0 

0.00002 

0.0001 

0.0005 

0.001 

0.005 

0.01 

0.05 

0 . 1  

0.20 + 0.38 

0.4 

0.45 

0.5 

0.55 

0.6 

0.65 

1.0 

m 

1600.0 

370.0 

118.0 

71.0 

21.2 

12.8 

5.48 

3.93 

3.17 

3.25 

3.41 

3.53 

3.98 

4.35 

5.524 

a, 
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t o  ob ta in  

where the  func t ion  €,(pr) is  obtained from Fig. 31. 

low pr range, t h e  func t ion  must be obtained from the  ca l cu la t ed  d a t a  i n  

Table 11. This i s  accomplished by graphica l ly  o r  numerically i n t e g r a t i n g  

the  t a b u l a r  da ta .  

i n  t h e  form o f  E q  (V-5), are used t o  form the r a t i o  of  t h e  re ference  

superheat  t o  t h e  superheat  o f  i n t e r e s t .  

However, f o r  the  

The funct ions obtained f o r  var ious reduced p res su res ,  

The l a t t e r  i s  given by 

ATin t = 

Figure 32 y i e l d s  the  information necessary t o  determine the  bracketed 

terms i n  Eq .  (V-6). For the  low pr range, t h e  information f o r  Eq .  (V-6) 

i s  obtained by i n t e g r a t i o n .  

Thus, i f  the  shape o f  t h e  heat-f lux-versus-superheat  curve 

i s  known f o r  some reference  p res su re ,  it can be  d isp laced  a t  constant  

hea t  f l u x  f o r  any o t h e r  pressure  o f  i n t e r e s t  by using E q .  (V-6). For 

s impl i f i ed  ca l cu la t ions ,  Lienhard and Schrock present  t he  approximate 

r e l a t i o n  : 

f o r  t h e  range 0.01 < pr < 0.65. 

used f o r  t h i s  i n v e s t i g a t i o n  s ince  the  re ference  pressure  i s  14.7 p s i a  

(pr = 0.0046) which i s  no t  w i th in  the range of  approximate v a l i d i t y  f o r  

t he  s i m p l i f i e d  equat ion.  

However, the s impl i f i ed  equat ion i s  no t  
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The procedure fo r  comparing the  c o r r e l a t i o n  o f  Lienhard and 

Schrock t o  t h e  p re sen t  da t a  ( 1 4 . 7  t o  100 p s i a )  consists o f  

a. F i t t i n g  a curve t o  the  ca l cu la t ed  van d e r  Waal's 
d a t a  i n  Table 11 over the  range o f  i n t e r e s t .  

In t eg ra t ing  the  expression found i n  s tep  a numer- 
i c a l l y  t o  ob ta in  the func t ion  f ,(pr),  Eq. (V-5). 

b .  

c. Forming the  r a t i o  of  Eq. (V-6). 

The r e s u l t s  are shown i n  Table 1 2  and are compared graphica l ly  with d a t a  

from specimen 86 i n  Fig. 33. 

- - 

Reduced 
Pressure 

0.0046 

0.0078 

0.0156 

0.0312 

0.0624 

0.09369 

TABLE 1 2  

ATp,=O/ATint 

0.6859 

0.7813 

0.9607 

1.2660 

1.6403 

1.8714 

CORRELATION OF WALL SUPERHEAT RESPONSE TO PRESSURE CHANGE 

I N  NUCLEATE BOILING [4] 

Pres sure 
p s i a  

14 .7  

25.0 

50 .o 

100.0 

200.0 

300.0 

I 

0.6859 

0.6859 

0.6859 

0.6859 

0.6859 

0.6859 

*Tint f 

1.000 

0.878 

0.714 

0.542 

0.418 

0.367 

The d a t a  o f  Table 12  may be used t o  obta in  ATint/ATref f o r  

a p re s su re  re ference  corresponding t o  atmospheric pressure .  Thus, f o r  



8 

6 

4 

2 

1 

101 

Specimen 86 
EXPERIMENTAL 
(------ 1 Psia 

Psia 25 

50 

I00 
200 

------ * 14.5 

0 50 

4B 100 

a_--- 

__.-e--- 

I i 

4 6 8 10 

Superheat, AT,OF 

20 

FIG. 33 DEPENDENCE OF WALL SUPERHEAT ON PRESSURE FOR 
A CHEMICALLY ETCHED SURFACE IN NUCLEATE BOILING 



102 

higher  p re s su res ,  the  percentage of the reduct ion i n  superheat  ( f o r  a 

constant  hea t  f lux)  can be read d i r e c t l y  from Table 1 2 .  

da t a  a r e  compared with t y p i c a l  test  r e s u l t s  from a six-hour etched spec- 

imen i n  Fig.  33. 

as the  re ference  l i n e ;  hence, t he  experimental and the  pred ic ted  curves 

f o r  atmospheric pressure  w i l l  n eces sa r i ly  be i d e n t i c a l .  Also, an inher -  

en t  f e a t u r e  o f  t he  Lienhard and Schrock c o r r e l a t i o n  i s :  

curves w i l l  have the  same s lope  as the  re ference  curve. 

d i c t ed  curves w i l l  be displaced ho r i zon ta l ly  t o  the  l e f t  with a constant  

s lope  as system pressure  i s  increased .  The da ta  used f o r  comparison are  

The tabula ted  

The hea t  f lux curve f o r  atmospheric pressure  is used 

a l l  pred ic ted  

Thus, t h e  pre-  

those f o r  which the  backsh i f t  was n o t  obtained a t  higher  pressures .  

There i s  no advantage t o  comparing the c o r r e l a t i o n  with the s h i f t e d  da t a  

s ince  t h e  c o r r e l a t i o n  w i l l  no t  p r e d i c t  such phenomena. Also, the  corre-  

l a t i o n  does not  contain a su r face  parameter and, hence, w i l l  no t  account 

f o r  major d i f fe rences  i n  su r face  type and prepara t ion .  

and experimental  curves f o r  50 p s i a  agree a t  a low hea t  f l u x  value but  

d i sagree  a t  h igher  values because o f  the s lope  change f o r  t h e  measured 

da ta .  The f l e x i b i l i t y  of the co r re l a t ion  i s ,  the re fo re ,  l imi t ed  by t h e  

f a c t  t h a t  s lope  changes cannot be  accounted f o r .  

The predic ted  

Also, a se r ious  def ic iency arises from the  fact t h a t  sur face  

e f f e c t s  a r e  not  accounted f o r  i n  the  co r re l a t ion  presented by Lienhard 

and Schrock. The amount of  s h i f t  o f  the h e a t  f l u x  curve with pressure  

i s  inf luenced t o  some ex ten t  by the  type and degree of  su r face  roughness. 

The type of  sur face  treatment cont ro ls  the  s e n s i t i v i t y  and, thus ,  the  

response o f  the  su r face  t o  pressure  and t o  o the r  e f f e c t s  such as aging. 
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2.  Borishansky Correlat ion 

Surface parameters a r e  included i n  the  co r re l a t ions  by 

Rohsenow [3] and Borishansky -- e t  a l . [ 5 ] .  Thermodynamic s i m i l a r i t y  is  

used i n  [5] t o  general ize  hea t  t r a n s f e r  da ta .  The co r re l a t ion  presented 

is  

The choice o f  0.029 f o r  a reduced reference pressure  appears t o  be con- 

venient  bu t  a r b i t r a r y .  Also, a r e s t r i c t i o n  on the  proposed equation i s  

t h a t  

q/A = (V-9) 

which ind ica t e s  t h a t  t h e  s lope  of t he  heat-flux-versus-superheat curve 

is  3.33. This is  a good approximation f o r  many sur face  f in i shes  [20,52] 

and is s i m i l a r  t o  the  s lope  prescr ibed by the  co r re l a t ion  of  Rohsenow 

[3] .  Equation (V-9) i s  not a good approximation f o r  chemically etched 

sur faces .  A b e t t e r  approximation can be obtained as follows. 

I t  i s  shown i n  t h e  previous sec t ion  t h a t  the  Rohsenow equa- 

t i on  i s  ad jus tab le  f o r  a wide range of sur face  condi t ions [89]. Table 

13 l ists  t h e  values  of the  parameters i n  RohsenowPs equation f o r  water 

b o i l i n g  from mil led,  pol ished,  and chemically etched s t a i n l e s s  s t e e l  

[81,12,89]. This suggests f o r  t he  exponent i n  Eq. (V-9) : 

Surface Exponent 

Milled . . . . . . . . . . . . . 3.00 
Mechanically Polished . . . . . ~ 3 . 8 5  
Chemically Etched . . . . . . . . 7.70 
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Surf  ace I Liquid I Surface Finish 1 Csf I r 

304 S t a i n l e s s  Water M i  1 l e d  0.0081 0.33 

TABLE 13 

Reference 

81, 6 

COEFFICIENT Csf AND EXPONENT r OF ROHSENOW CORRELATION 

FOR VARIOUS SURFACE FINISHES 

0.0121 0.26 1 
Polished 304 S t a i n l e s s  Water 

304 S t a i n l e s s  Water HCL Etched 0.0102 0.13 I 
89 

89 

Thus, it i s  suspected t h a t  the  s lope  of  3.33 used by Borishansky -- e t  al; 

[SI can be ad jus ted  f o r  varying sur face  condi t ions.  Then, thermodynamic 

s i m i l a r i t y  can be used t o  represent  the  pool b o i l i n g  da ta  as a funct ion 

of  reduced pressure ,  Eq. (V-8). For chemically e tched su r faces ,  it has 

been found [55] t h a t  

q/A = (V-10) 

thus ,  t he  exponent r = 0.13. If reduced atmospheric pressure  i s  chosen 

as the  re ference  p res su re ,  t h a t  i s ,  pr = 0.0046, then the  ad jus ted  

Borishansky c o r r e l a t i o n  becomes 

(V-11) 

The adjusted c o r r e l a t i o n ,  Eq. (V- l l ) ,  is used t o  c o r r e l a t e  

the  chemically etched da ta  i n  Figs.  18 through 24, as shown i n  Fig. 34. 
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These d a t a  cannot be compared with t h e  d a t a  used by Borishansky e t  a l .  

[5] because o f  the  d i f f e rences  i n  t h e  forms o f  t he  c o r r e l a t i o n  equat ions 

and because t h e i r  o r i g i n a l  d a t a  were not  given. 

form o f  Fig. 34 compares favorably with t h a t  o f  Borishansky. The d a t a  

sca t te r  is approximately equal  i n  both cases. I t  is  i n t e r e s t i n g  t o  note  

t h a t  fou r  po in t s  are not  p l o t t e d  i n  Fig. 34.  These po in t s  correspond t o  

the d a t a  runs i n  which a backshi f t  i n  superheat  i s  obtained wi th  inc reas -  

i ng  pressure .  Thus, t he  Borishansky c o r r e l a t i o n  completely fails  t o  

p r e d i c t  the  occurrence o f  t h i s  phenomenon. 

expected. 

-- 

However, t he  o v e r a l l  

However, t h i s  is  as would be 

I t  appears f e a s i b l e  t o  use an ad jus ted  form o f  t h e  Borishan- 

sky  c o r r e l a t i o n  t o  account f o r  changes i n  t h e  s lope  o f  t he  hea t - f lux -  

versus-superheat curve with changes i n  pressure .  

because o f  the  a p p l i c a b i l i t y  of  Eq. (V-10) and i s  demonstrated i n  Fig. 

34. The requirement t h a t  unique values  of t h e  h e a t  f l u x  exponent r be 

e s t ab l i shed  f o r  each su r face  and p repa ra t ion  technique, however, decreases 

t h e  u t i l i t y  o f  t h e  c o r r e l a t i o n .  

This i s  poss ib l e  

3 .  Rohsenow Corre la t ion  

I t  appears from t h e  preceding d iscuss ion  and the  comparison 

with the  work o f  Lienhard and Schrock t h a t  t h e  development o f  any gen- 

eral  c o r r e l a t i o n  f o r  pool b o i l i n g  is  p roh ib i t ed ,  a t  p re sen t ,  by i n s u f f i -  

c i e n t  knowledge o f  t h e  su r face .  The Rohsenow c o r r e l a t i o n ,  which has 

been known f o r  q u i t e  sometime, should be as appl icable ,  and poss ib ly  

more accu ra t e ,  i n  p r e d i c t i n g  t h e  h e a t  f l u x  change with p re s su re  than 
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e i t h e r  o f  the  two previous co r re l a t ions .  This w i l l  be checked now as a 

mat ter  o f  re ference .  

When t h e  value o f  the  exponent s is  taken as 1.0 [88], t he  

Rohsenow equat ion,  Eq. (11-17), can be solved f o r  the  wall superheat  as 

I \ r  

(V-12) 

As w r i t t e n ,  t h e  r e l a t i o n  between wall superheat and hea t  f l u x  contains  

only f l u i d  and vapor p r o p e r t i e s ,  t he  c o e f f i c i e n t  Csf ,  and t h e  exponent 

r. 

su r face .  

using the  appropr ia te  property values  and var ious values o f  t he  hea t  

f l ux .  

The values o f  r and Csf may be taken from Table 13 f o r  t he  etched 

The wall superheat  change with pressure  can then be p red ic t ed  

The r e s u l t s  of  t he  p red ic t ion  a re  shown i n  Fig. 35 .  

As noted from the  f i g u r e ,  the  comparison i s  not  as good as 

t h a t  obtained by Lienhard and Schrock. 

adequate f o r  the  purpose a t  hand. 

ana lys i s  of Lienhard and Schrock is  a r t i f i c i a l ;  t h a t  i s ,  the  atmospheric 

da t a  a re  used as a s t a r t i n g  poin t  and a r e  matched p e r f e c t l y .  On t h e  

o the r  hand, t he  Rohsenow analys is  requi res  only the  values o f  the  coef- 

f i c i e n t  Csf and t h e  exponent r as a s t a r t i n g  po in t .  

the  g r e a t e r  f l e x i b i l i t y  of  t he  Rohsenow equat ion.  

Actual ly ,  n e i t h e r  p red ic t ion  is 

I t  should be pointed out  t h a t  t he  

This would i n d i c a t e  
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V I .  ANALYSIS OF SATURATED DISCHARGE 

Several  t heo r i e s  have r e c e n t l y  been forwarded concerning t h e  

general  ana lys i s  of t h e  blowdown problem [84,85,98]. Moody's pre-  

d i c t i v e  model [85] has been employed by o the r  authors  [99] i n  com- 

par ing r e s u l t s  of  blowdown t e s t s .  Moody [ loo]  has a l s o  presented 

an ana lys i s  of l iquid/vapor  ac t ion  i n  a s a t u r a t e d  system during blow- 

down. However, most of the  models cu r ren t ly  ava i l ab le  a r e  not  en- 

t i r e l y  s a t i s f a c t o r y  f o r  p red ic t ing  system response during a pressure  

decay. 

or pay only cursory a t t e n t i o n  t o ,  t h e  problem of  vapor discharge.  

Most analyses  consider l i q u i d  blowdown and completely ignore,  

The present  model i s  an attempt t o  s imula te  the  behavior of  

a s a tu ra t ed  system during a vapor discharge from some e leva ted  pres-  

sure t o  atmospheric condi t ions.  

f a c i l i t y  i s  shown i n  Fig.  3 6 .  I n i t i a l l y ,  t h e  system contains  sa tu -  

r a t e d  water and steam a t  some e leva ted  pressure .  

t i ons  a r e  assumed t o  be known. 

reduced pressure  (atmospheric),  and a so lu t ion  i s  sought f o r :  the  

mass of  l i q u i d  and vapor as a func t ion  of  time; mass flow rate of t he  

l iquid/vapor  escaping t h e  system; t h e  temperature of each phase 

( l iquid/vapor)  as a func t ion  of  discharge time; and the  s p e c i f i c  volume 

of vapor as a funct ion of  time. 

s e l  a f t e r  a discharge i s  determined. 

A model of  t he  depressur iza t ion  

The i n i t i a l  condi- 

The system i s  suddenly exposed t o  a 

Also the  l i q u i d  remaining i n  the  ves- 
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A.  System Equations 

I t  should be pointed out  a t  t he  beginning t h a t  no attempt was 

made i n  t h e  ana lys i s  t o  account f o r  the  l a rge  s c a l e  containment systems 

c u r r e n t l y  i n  ex is tence .  

depressur iza t ion  f a c i l i t y  as shown i n  Fig. 1 2 .  Results obtained from 

the  cur ren t  system w i l l ,  however, be  compared with la rge-sca le  blowdown 

t e s t s  t o  point  out  t h e  a p p l i c a b i l i t y  of  modeling for t he  l a rge - sca l e  

systems. 

The model i s  developed s t r i c t l y  for  the  present  

The procedure followed i n  t h e  ana lys i s  i s  similar t o  t h a t  of 

Brown [101,102] and Coughren [70] .  That is ,  t h e  use of a continuum 

of s teady s t a t e s  t o  s imulate  the  t r a n s i e n t  has been avoided. Instead,  

a t r a n s i e n t  thermodynamic ana lys i s  w i l l  be developed which accounts 

f o r  the  various mass and energy s to rage  phenomena within t h e  system. 

The method is :  

1. Analyze the  system as a whole y ie ld ing  mass, volume, and 

energy r e l a t ionsh ips ;  

2 .  Analyze the  var ious subsystems ( l iquid/vapor)  t o  obta in  

appropr ia te  mass, volume, and energy r e l a t ionsh ips ;  

3.  Analyze the  connecting mechanisms ( interphase)  t o  obtain 

t h e  appropriate  balance equations; 

Apply var ious boundary condi t ions as determined by the  

physics of  t he  processes involved. 

4. 

Simultaneous s o l u t i o n  o f  t h e  equations obtained w i l l  generate  the  r e -  

quired so lu t ion .  
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Mass and energy flow i n t o  t h e  system w i l l  be considered t o  be 

p o s i t i v e .  System expansion energy i s  a l s o  considered t o  be a p o s i t i v e  

quan t i ty .  The model of Fig. 36 is  used along with t h e  assumption of  a 

con t ro l l ed ,  s a t u r a t e d  discharge i n  which vapor only i s  vented from t h e  

system. The v e l o c i t y  o f  t he  l iquid/vapor  i n t e r f a c e  i s  considered n e g l i -  

g ib l e  according t o  t h e  cont ro l led  discharge assumption,and t h e r e  i s  no 

condensation wi th in  the  system during a t rans ien t .  

t h a t  f l a s h i n g  occurs only a t  the  i n t e r f a c e  and t h a t  t h e r e  i s  no flow 

r e s i s t a n c e  wi th in  t h e  b o i l e r ,  condenser, o r  blowdown p ipe .  

I t  is  a l s o  assumed 

System as a Whole 

During a t r a n s i e n t ,  t h e  appropr ia te  mass balance is  determined as 

follows: The mass ra te  of  change o f  the  l i q u i d  p lus  t h e  mass r a t e  o f -  

change o f  vapor wi th in  the vessel must equal t h e  mass ra te  o f  e x i t  from 

the  ves se l ,  o r  

Mn. 4. Mv = Me 

The t o t a l  volume o f  t h e  vesse l  i s  constant ;  t h u s ,  

- -  
v = M p R  + %vV = 0 

o r  

MaGR + MRvR + MvGv + hVvv = 0 

which may be w r i t t e n  i n  the  form 

(VI -1) 

(VI -2) 

(VI-3) 

vRMn. + vvMv + Mgb = 0 

where 

(VI -4) 
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M = M v ’ + M v ’  
g R R  v v  

The energy equation i s  given as 

cQ + CKW + Chm = C K  + P v  (VI-5) 

When the  assumptions of constant  t o t a l  volume and no k i n e t i c  work a r e  

considered, E q .  (VI-5) becomes 

C Q  + Chm = C E  (VI-6) 

where it i s  assumed t h a t  t he  convected energy across  the  boundary i s  t h a t  

of  steam alone. Thus, 

- -  
C Q  + hvMe = M u + Mvuv ( V I  - 7) R R  

The rate of 

process and 

42 from the  

hea t  t r a n s f e r  Q i s  determined by t h e  physics of  t he  p a r t i c u l a r  

cons i s t s  of  t h ree  terms: Q1 from t h e  prehea ters  t o  the  l i q u i d ,  

heated specimen t o  the  l i q u i d ,  and Q3 t r ans fe r r ed  from the  

h o t t e r  walls t o  the  l i q u i d  bulk.  The f i rs t  two terms can be  measured 

through appropriate  instrumentat ion and should not vary appreciably from 

the  s teady  s t a t e  value.  For  Q3, w e  can take  

dT 
Q3 = Mwcp aT: (VI-8) 

by measuring the  

walls covered by 

t r a n s i e n t  temperature v a r i a t i o n  of  t he  po r t ion  of t he  

the  l i qu id .  The use of Eq. (VI-8) e n t a i l s  t he  assumption 

t h a t  t he  l iquid/vapor i n t e r f a c e  i s  not  d i s turbed  appreciably during a t r a n s i -  

e n t .  

a small diameter o r i f i c e .  However, f o r  a rap id  t r a n s i e n t ,  t h e  i n t e r f a c e  

This may be  approximated by a slow discharge;  i . e . ,  blowdown through 
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heaves v i o l e n t l y  upward and downward, thus  r equ i r ing  o the r  means of 

ana lys i s .  

We may write Eq. (VI-7) as 

C Q  + hvMe = M u + MRuR + Mvuv + Mvuv R R  

o r  

C Q  + hvMe = uRMR + uvMv + MUP 

(VI-9) 

(VI-10) 

where 

M = M u * + M U ’  u R R  v v  

Liquid Subsystem 

If  k i n e t i c  work i s  considered neg l ig ib l e ,  t h e  energy equat ion be- 

comes 

(VI  - 11) 

Each term of Eq. (VI-11) w i l l  be considered sepa ra t e ly .  The hea t  t r a n s f e r  

t o  t h e  l i q u i d  c o n s i s t s  of  t h e  same t h r e e  terms previous ly  mentioned f o r  

t h e  e n t i r e  system. The convected energy i s  a r e s u l t  o f  t h e  f l a s h i n g  of 

l i q u i d  t o  vapor. 

mechanisms: 

of matter MRuR. 

phase. 

The s to red  energy of  t h e  l i q u i d  i s  decreased by two 

decrease of  thermal energy o f  t h e  s t o r e d  matter MRuR, and l o s s  

Also, a l l  t h e  h e a t  added t o  t h e  system goes i n t o  t h e  l i q u i d  

When one considers  t h e  two terms connected with t h e  l i q u i d  expan- 

s ion  energy, Eq. (VI-11) becomes 



o r ,  if one expands t h e  enthalpy and c o l l e c t s  t h e  terms, 

o r  

(VI-12) 

( V I  -13) 

(VI - 14) 

Equations (VI-13) and ( V I - 1 4 )  are a l t e r n a t i v e  forms which may be used i n  

the  a n a l y s i s .  They may be manipulated t o  y i e l d  

and 

C Q  = M ~ P Q  (h i  - VL) 

(VI- 15) 

(VI-16) 

Vapor Subsystem 

There i s  no k i n e t i c  work imparted t o  t h e  vapor. Also, t h e  assump- 

t i o n  of no hea t  t r a n s f e r  t o  t h e  vapor is  made. 

of t h e  low thermal conduct iv i ty  of t h e  vapor as compared with t h a t  of  t he  

l i q u i d .  

This i s  reasonable  because 

The energy balance €or  t h e  vapor phase becomes 

- -  
ChvMv = CMvuV + PvMVvv (VI - 17) 

The convected energy cons i s t s  of  energy convected i n t o  t h e  steam subsystem 

because o f  f l a sh ing  of l i q u i d  and t r anspor t  o f  vapor out of  t h e  steam por- 

t i o n  through t h e  top blowdown valve.  I t  i s  assumed t h a t  only vapor i s  
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blown from t h e  v e s s e l .  Again, t h i s  w i l l  apply only f o r  a con t ro l l ed  o r  

slow depres su r i za t ion  s ince  d r o p l e t s  of l i q u i d  w i l l  be en t r a ined  i n  t h e  

vapor during a r a p i d  t r a n s i e n t .  When E q .  (VI-17) i s  expanded, t h e r e  i s  

obtained 

= M u + M u + Pv(MvVv + MVVV) hvMv + hvMe v v v v  

or 

This can a l s o  be w r i t t e n  as 

(VI-18) 

( V I  - 19) 

(VI-20) 

where E q s .  (VI-19) and (VI-20) are a l t e r n a t i v e  forms which may be  u t i l i z e d  

i n  the  ana lys i s .  

l i q u i d  subsystem, t o  ob ta in  

These may be  manipulated, analogously t o  those  f o r  t h e  

and 

hvMe = MvPV(hG - vV) 

I n t  erphas e Relationships 

(VI-21) 

(VI-22) 

The next s t e p  c o n s i s t s  of i d e n t i f i c a t i o n  and ana lys i s  of t h e  v a r i -  

The i n t e r f a c e  i s  ous mechanisms occurring a t  t h e  l iqu id /vapor  i n t e r f a c e .  

considered as having no mass o r  volume. However, both mass and energy 
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may cross  the  i n t e r f a c e .  The following assumptions apply f o r  t he  i n t e r -  

face region:  

1. No condensation of  steam t o  water occurs within t h e  vesse l  
during a t r a n s i e n t .  

2 .  A l l  energy given up by the  l i q u i d  goes d i r e c t l y  t o  the  
steam phase. 

3. The hea t  t r ans fe r r ed  t o  the  i n t e r f a c e  i s  t h a t  given up 
by the  l i q u i d  phase. 

A mass balance f o r  the  i n t e r f a c e  y i e l d s  

M, = Mv (VI -23) 

t h a t  i s ,  the  mater ia l  t h a t  leaves t h e  water as water  e n t e r s  t h e  vapor 

phase as  steam. This requi res  the  addi t ion  of a considerable amount o f  

energy which must come from t h e  l i q u i d  phase. For the  i n t e r f a c e  region 

which does no k i n e t i c  work and possesses no mass o r  volume, t he  energy 

balance becomes simply 

aQv + hgMR - hvMv = 0 (VI -24) 

I f  Eq. (VI-23) i s  s u s t i t u t e d  i n t o  Eq. (VI-24), t he re  i s  obtained 

RGv = k h a v  (VI -25) 

which shows t h a t  t he  hea t  t r a n s f e r r e d  t o  t h e  i n t e r f a c e  comes from the  

l i q u i d  phase and is  used t o  f l a s h  t h e  l i q u i d  i n t o  vapor. 

I n i t i a l  and Boundary Conditions 

I n i t i a l  condi t ions i n  t h e  ves se l  a r e  known f o r  both t h e  l i q u i d  

These known q u a n t i t i e s  include and the  vapor i n  the  sa tu ra t ed  s ta te .  

the  mass, s p e c i f i c  volume, pressure ,  temperature,  enthalpy, and i n t e r n a l  



118 

energy of  each phase which are monitored through appropr ia te  temperature,  

pressure,  and weight measurements. 

se l  wal l s  are p e r f e c t l y  in su la t ed  and t h e r e  is no h e a t  l o s s  t o  t h e  

environment through t h e  walls during a t r a n s i e n t .  

The assumption is  made t h a t  t he  ves- 

Also, s i n c e  t h e r e  i s  

no h e a t  addi t ion  from the  walls t o  the  steam, t h e  steam expansion may be 

considered as i s e n t r o p i c .  The t o t a l  hea t  t r a n s f e r r e d  t o  the  l i q u i d  

phase may be measured and i s  considered as a known boundary condi t ion .  

The h e a t  t r a n s f e r  cons i s t s  of  t h r e e  terms: h e a t  t r a n s f e r  from t h e  spec- 

imen, preheaters ,and conta iner  walls t o  t h e  l i q u i d .  A l l  energy requi red  

t o  f l a s h  l i q u i d  i n t o  vapor i s  der ived  from these  th ree  sources .  

The vesse l  is  i n i t i a l l y  i n  a s a t u r a t e d  s ta te  a t  some e leva ted  

When the  system is suddenly exposed t o  a reduced pressure  p re s su re .  

condi t ion  (s imulat ing a steam l i n e  break) ,  t h e  s a t u r a t e d  l i q u i d  becomes 

superheated f o r  a b r i e f  per iod  o f  time. The water r e l i e v e s  i t s  super-  

hea t  by f l a s h i n g  a po r t ion  o f  i t s  mass t o  vapor, which is  continuously 

d ischarg ing  through the  o r i f i c e .  

system remains c lose  t o  a s a t u r a t e d  s t a t e  throughout t h e  discharge ( t h i s  

The assumption w i l l  be  made t h a t  t he  
I 

w i l l  b e  v e r i f i e d  experimental ly) .  Thus, t he  s a t u r a t e d  vapor and water 

p r o p e r t i e s  w i l l  remain func t ions  of  pressure .  

B .  So lu t ion  f o r  Flow Rates 

Once the  system equat ions have been obtained,  one may obta in  the  

F i r s t ,  t h e  equat ions so lu t ions  f o r  t he  four  unknowns M , %, Me, and 6 .  

f o r  t he  var ious flow rates are obtained.  From Eq. ( V I - 4 ) ,  one has 

(VI-26) 
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and from combining Eqs. (VI-lo),  (VI-1), and (V1-25), one obta ins  

which may be w r i t t e n  as 

Equation (VI-26) may now be s u b s t i t u t e d  i n t o  E q .  (VI-28), and A, may be 

solved f o r  i n  terms o f  P 

A similar r e l a t i o n  f o r  Mv i n  terms o f  b can be found by equat ing (VI-16) 

with (VI-25) . 

(VI -30) 

The r e l a t i o n  f o r  t he  ex i t  mass flow r a t e  is  then given by Eq. (VI-1). 

C. Solut ion f o r  Pressure Rate 

I t  is  necessary now t o  obta in  a r e l a t i o n  f o r  the  r a t e  o f  pressure 

drop during a t r a n s i e n t  which is  independent of the  o the r  va r i ab le s .  One 

problem remains before  t h i s  can be accomplished, however, and t h i s  con- 

cerns t h e  type o f  discharge t o  be considered. 

w i l l  be made t h a t  the  discharge a t  t h e  th roa t  of the  o u t l e t  pipe i s  

choked o r  c r i t i c a l .  

o f  Fauske [66], Moody [72] ,  and Levy [71]. The model developed by Moody 

The addi t iona l  assumption 

The most widely known cr i t ical  flow models a re  those 
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is  incorpora ted  i n t o  the  present  ana lys i s  t o  c a l c u l a t e  t h e  cr i t ical  flow 

r a t e .  A d i scuss ion  o f  h i s  model is  given i n  Appendix D. 

Once the assumption o f  c r i t i c a l  discharge is  made, t h e  e x i t  mass 

flow r a t e ,  Me, is  determined from 

Me = GAo (VI -31) 

where G ,  the  c r i t i ca l  mass v e l o c i t y  i n  Moody’s model, is  found as d i s -  

cussed i n  Appendix D and A, i s  t h e  area o f  t he  o u t l e t  o r i f i c e .  

with G and Me known, t h e  system pressure  r a t e  can be found as follows. 

Thus, 

Equation (VI-1) may now be w r i t t e n  as 

MR + Mv = Me = GAo 

o r  

i, = GAo - 4 

(VI -32) 

(VI-33) 

Now, i f  Eqs. (VI-4), (VI-30), and (VI-33) a r e  combined, t h e  following 

r e l a t i o n  i s  obtained 

1; = -  GAOVQ, 

M p ( h i  - v i )  + Mg 
RV 

(VI -34) 

and t h e  r e l a t i o n  f o r  

s o l u t i o n  can, t h e r e f o r e ,  be obtained f o r  t he  pressure  rate by choosing a 

s u i t a b l e  time increment and employing the cri t ical  mass v e l o c i t y  pre-  

i s  now independent o f  t he  o t h e r  d e r i v a t i v e s .  A 

d ic t ed  by Moody’s model. The o t h e r  va r i ab le s  can then be ca lcu la ted  

from Eqs. (VI-29), (VI-30), and (VI-1). 
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D.  So lu t ion  Procedure 

A Fortran program was developed f o r  t he  s o l u t i o n  of t h e  equations.  

This program c o n s i s t s  o f  fou r  main p a r t s  : 

1. Generation of s a t u r a t e d  l iquid/vapor  p rope r t i e s  
and t h e i r  de r iva t ives .  

2 .  

3 .  

4. Calcu la t ion  of subs id i a ry  va r i ab le s  from the  a u x i l i a r y  

Predic t ion  of  c r i t i c a l  mass v e l o c i t y  from Moody's model. 

Solu t ion  of p r e d i c t i v e  equations f o r  6 ,  M%, Mv, and Me. 

equat ions i n  Appendix E .  

The main program equat ions are (VI-1) , (VI-29), (VI-30), and (VI-34) .  

Data from t h e  dep res su r i za t ion  tests are presented i n  the  next  

chapter .  These r e s u l t s  are compared with the  present  model and with 

those o f  o the r  i n v e s t i g a t o r s  . 



V I I .  DISCHARGE DATA AND ANALYSIS 

A. Procedure and System Ca l ib ra t ion  

Care was taken during t e s t i n g  t o  be su re  t h a t  t he  e n t i r e  system 

i s  clean.  A l l  i n t e r i o r  sur faces  o f  t h e  b o i l e r  were cleaned before  each 

t e s t .  

The 3 ki lowat t  immersion heater--used t o  maintain sa tu ra t ed  condi t ions 

Al te rna te  c leaning  with acetone and d i s t i l l e d  water was employed. 

within t h e  boiler--was cleaned with s tee l  wool, acetone, and d i s t i l l e d  

water before  each t e s t .  

When the  instrumentat ion was i n s c a l l e d  and connected, t h e  b o i l e r  

was sea l ed  t o  t h e  atmosphere, and pump down of  t h e  system was s t a r t e d .  

The dry system was exposed t o  a 29-inch Hg. vacuum f o r  one-half  hour; 

then, t h e  b o i l e r  was f i l l e d  with d i s t i l l e d ,  deionized water from t h e  

p u r i f i c a t i o n  loop t o  a l eve l  approximately 6 inches above t h e  support  

block assembly. 

hour--during t h i s  time, the  system was checked c a r e f u l l y  f o r  leaks. 

A vacuum of  29-inch Hg. was again appl ied f o r  one-half 

The water admitted t o  t h e  b o i l e r  was c i r c u l a t e d  previous ly  i n  

t h e  p u r i f i c a t i o n  loop f o r  a minimum of  th ree  hours.  P r i o r  r e s i s t a n c e  

measurements compare favorably with the  value of  0.5 x lo6 ohm c e n t i -  

meters a t  68 degrees Fahrenheit  repor ted  i n  [47 ] .  

When t h e  b o i l e r  was f i l l e d  and degassed, it was vented slowly 

t o  t h e  atmosphere, and t h e  system was again sea l ed .  A t  t h i s  p o i n t ,  f u l l  

power was i n i t i a t e d  t o  t h e  p rehea te r s ,  and t h e  system was allowed t o  

s e l f - p r e s s u r i z e  t o  t h e  des i r ed  l e v e l  of discharge--usual ly  100 p s i a .  

122 
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The appropr ia te  pressures  and temperatures were checked p e r i o d i c a l l y  

during pressure  bui ldup.  

power t o  the  prehea ters  was adjus ted  t o  maintain constant  pressure .  

A period of  approximately one-half hour was then allowed f o r  t h e  system 

t o  a t t a i n  s teady  s t a t e  s a tu ra t ed  condi t ions a t  t h e  e leva ted  pressure .  

When t h e  system reached the  des i r ed  pressure ,  

The s teady s t a t e  pressures  and temperatures were t abu la t ed ,  and 

the  s i g n a l s  were then switched t o  ca l ib ra t ed ,  automatic recorders  f o r  

t he  t r a n s i e n t  po r t ion  of t h e  t es t .  

were se l ec t ed ;  whereupon, t h e  recorders  were s t a r t e d ,  and t h e  quick 

opening valve was opened manually, discharging t h e  b o i l e r .  The opening 

time f o r  t h e  valve is  estimated a t  0 . 3  second. Various discharge times 

were obtained by varying t h e  o r i f i c e  diameter s i z e .  The discharge pro- 

cess could be s tudied  v i s u a l l y  during a t r a n s i e n t  through t h e  var ious 

windows i n  the  b o i l e r .  Af te r  s teady  s t a t e  condi t ions were again ob- 

ta ined ,  following blowdown, t h e  various readings were tabula ted ,  and 

the  t e s t  was concluded. 

An i n i t i a l  s e r i e s  of  t e s t s  were necessary t o  c a l i b r a t e  t he  v a r i -  

Recorder speed and t i m e  s e t t i n g s  

ous t ransducers  and recorders  assoc ia ted  with the  f a c i l i t y .  Also, 

the  c a l i b r a t i o n  t e s t s  served t o  check the  system response t o  blowdown 

through various s i zed  o r i f i c e s .  The t e s t  specimen was not  mounted on 

the  support  block f o r  t he  c a l i b r a t i o n  t e s t s .  

before  subsequent t e s t i n g ,  i n  order  t o  monitor t h e  dynamic wall tempera- 

t u r e  response as a funct ion of  depressur iza t ion  time. 

I t  was added, however, 

I n i t i a l  r e s u l t s  obtained from the  load c e l l  a r e  shown i n  Fig. 37 

f o r  a 0.25 inch discharge.  These d a t a  have been smoothed t o  obta in  a 
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continuous trace of  weight versus  time. 

somewhat t he  obta in ing  o f  u se fu l  d a t a  from t h e  load cel l .  I n  subse- 

quent tes ts ,  t h e  c e l l  was found t o  be  f a u l t y ,  and it was no t  used during 

t h e  course o f  t h e  inves t iga t ion .  

System v ib ra t ions  hampered 

A t o t a l  of twenty-two s a t u r a t e d  discharge tests were attempted. 

A l i s t i n g  of t hese  tests i s  given i n  Appendix F .  

d a t a  runs were conducted f o r  i n i t i a l l y  subcooled condi t ions i n  t h e  ves se l .  

These are a l s o  summarized i n  Appendix F .  

each discharge t e s t  w i l l  b e  r e f e r r e d  t o  by i t s  run number. 

In addi t ion ,  fou r  

In  t h e  d iscuss ion  t o  fol low,  

Break s izes  ( o r i f i c e  diameters) from 0.25 t o  1 .0  inch were simu- 

l a t e d  during t h e  s tudy.  

system pressures  and temperatures during discharge.  

cussed as a func t ion  of  break s ize .  A l l  o f  t h e  sa tu ra t ed  tests were 

i n i t i a t e d  f o r  s a t u r a t e d  b o i l e r  condi t ions a t  a pressure  of  100 p s i a  

(T = 327.8 degrees Fahrenhei t ) .  

Several  phenomena have been observed i n  t h e  

These w i l l  be  dis_- 

Consider t h e  pressure-versus-time trace shown i n  Fig. 38 f o r  

discharge through a 0.25 inch o r i f i c e .  There i s  a c h a r a c t e r i s t i c  

sp ike  i n  the  t r a c e  which occurs during the  f i r s t  second o f  depressur i -  

za t ion .  During t h i s  i n i t i a l  per iod ,  the pressure  drops o f f  r ap id ly ,  

recovers  momentarily, and then continues decreasing l e s s  r ap id ly  through- 

out t h e  rest  o f  t h e  vent ing per iod .  

i n  a l l  t h e  blowdown tests o f  t h i s  i nves t iga t ion .  The sp ike  i s  similar 

t o  t h a t  observed by o t h e r  i nves t iga to r s  [5,7,85].  Moody [SS] explains  

t h e  phenomenon as a combination of  two e f f e c t s :  

s l i g h t l y  subcooled l i q u i d ,  which i s  not r e s t r i c t e d  by a two-phase 

mechanism, and t h e  delay time f o r  vapor bubbles t o  form and expand i n  

This f e a t u r e  has been apparent 

i n i t i a l  discharge of  
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t h e  l i q u i d .  

by t h e  following r e s u l t s .  

A more d e t a i l e d  explanat ion can be  of fe red  and supported 

B.  Experimental Resul t s  

The information given i n  Appendix F i nd ica t e s  t h a t  t he  system 

is  usua l ly  i n  a s l i g h t l y  subcooled s t a t e  p r i o r  t o  blowdown. However, 

t h e  system remained c lose  t o  s a t u r a t e d  condi t ions throughout t he  vent  

per iod  f o r  t he  0.25 inch discharge runs.  This i s  not  t he  case f o r  t h e  

discharge through a 0.5 o r  a 1 inch  o r i f i c e ,  as evidenced by Figs .  39 

and 40. 

during t e s t  22 f o r  discharge through a 1 inch o r i f i c e .  

became superheated during t h e  i n i t i a l  phases o f  discharge and remained 

thus throughout most of  t h e  test  per iod .  

t e s t  18 through a 0.5 inch o r i f i c e  are shown i n  Fig.  40. 

Figure 39 r ep resen t s  t h e  degree o f  l i q u i d  bulk superheat occuring 

The bulk l i q u i d  

S imi la r  r e s u l t s  obtained i n  

I n  some ins tances ,  t h e  l i q u i d  reached a s l i g h t l y  subcooled s t a t e  

a t  t h e  end of t h e  discharge,  as shown by t h e  d a t a  i n  Appendix F .  Head 

[ lo41  noted t h a t  a similar condi t ion  of  subcooling occurred when sa tu -  

r a t e d  l i q u i d  oxygen was allowed t o  discharge from rocket  p rope l l an t  

tanks.  

caused by the  r a p i d  expansion and t h e  convective cu r ren t s  assoc ia ted  

with t h e  nuc lea t ion  from t h e  b o i l e r  and wi th in  the  bulk l i q u i d .  

during a discharge,  t h e  water wi th in  the  b o i l e r  i s  repea ted ly  l i f t e d  up 

and dropped, thus  c rea t ing  a cool ing tower e f fec t .  

increased r ap id ly  back t o  s a t u r a t e d  condi t ions following conclusion of  

t he  discharge.  

The subcooled condi t ion is a r e s u l t  o f  t h e  dynamic e f f e c t s  

Also, 

The l i q u i d  bulk 
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Figure 41 r ep resen t s  t h e  i n i t i a l  phase of  discharge through a 

1 inch o r i f i c e .  

t h e  t h r u s t  r eve r se r s  i n  p l ace .  However, i n  t h i s  t e s t ,  t h e  specimen 

was no t  i n s t a l l e d  and heated s o  t h a t  t h e r e  was less power added t o  

t h e  system than t h a t  necessary t o  s u s t a i n  a s teady  ( f u l l y  choked) 

discharge.  The t e s t  trace i n  Fig.  41 ind ica t e s  t h a t  t he  flow was a t  

f irst  unchoked (evidenced by the  r ap id  i n i t i a l  outflow o f  subcooled 

l i q u i d ) ,  became choked, and then o s c i l l a t e d  between choked and un- 

choked condi t ions.  

shown i n  Fig. 41. 

However, f u r t h e r  tes ts  with d i f f e r e n t  length  exhausts ru l ed  ou t  t h e  

p o s s i b i l i t y  of  t h e  tuned exhaust.  Fur ther ,  i n  add i t iona l  tes ts  with 

t h e  specimen heated,  no o s c i l l a t i o n s  were observed. This i nd ica t e s  

t h a t  t h e  add i t iona l  hea t  f l u x  suppl ied by t h e  t e s t  specimen provided 

enough power t o  s u s t a i n  a f u l l y  choked condi t ion throughout t he  d i s -  

charge,  af ter  t h e  i n i t i a l  r ap id  outflow (pressure sp ike ) .  

The test was performed on t h e  present  apparatus with 

Unusual acous t i c s  accompanied t h e  o s c i l l a t i o n s  

A t  f irst  t h e  "tuned exhaust" phenomenon was suspected.  

Thus, it i s  be l ieved  t h a t  t h e  delay time f o r  vapor bubbles t o  

form and expand i n  t h e  l i q u i d  c o n s t i t u t e s  a major reason t h a t  the  

i n i t i a l  flow is  no t  r e s t r i c t e d  by t h e  two-phase mechanism. Shor t ly  

a f t e r  venting i s  begun, t h e  flow i s  thought t o  be  f u l l y  choked (as a 

r e s u l t  o f  t he  two-phase mechanism); thus ,  t h e  mass flow i s  reduced. 

During t h e  f u l l y  choked per iod ,  t h e  pressure  decreases  less r ap id ly  

with t i m e .  Consideration must be  given t o  t h e  r e l a t i o n s h i p  between 

geometry and t h e  a v a i l a b l e  power t o  determine whether a f u l l y  choked 

condi t ion can be sus t a ined  throughout t h e  discharge.  The discharge 
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remained f u l l y  choked f o r  a l l  tests performed with a 0.25 inch o r i f i c e  

while  o s c i l l a t i o n s  have occurred during t h e  1 inch discharge with t h e  

specimen unheated. 

A s  a result  of t h e  na tu re  o f  t h e  discharge,  t h e  ana lys i s  i n  

Chapter V I  w i l l  be appl ied only t o  t h e  discharge through small o r i f i c e s .  

One reason f o r  t h i s  can be  found i n  Appendix F and Figs .  39 and 40. 

I t  i s  assumed i n  t h e  ana lys i s  t h a t  t h e  system remains sa tu ra t ed  during 

blowdown. The l i q u i d  and vapor temperatures i n  Appendix F f o r  a 0.25 

inch discharge remain c lose  t o  s a t u r a t i o n  during t h e  e n t i r e  t e s t .  On 

t h e  o t h e r  hand, t h e  d a t a  i n  Figs .  39 and 40 represent  t y p i c a l  r e s u l t s  

obtained f o r  d ischarge  through l a r g e r  o r i f i c e s  under condi t ions where 

no o s c i l l a t i o n s  occur.  Also, t h e  r a p i d i t y  of  discharge from l a r g e r  

o r i f i c e s  would make ana lys i s  q u i t e  complicated. 

Moody [85], i n  h i s  ana lys i s  of  blowdown, s t r e s s e d  the  importance 

of l iquid-vapor  a c t i o n  i n  the  v e s s e l .  In  h i s  t es t  configurat ion,  t h e  

blowdown nozzle was loca ted  a t  t h e  bottom o f  t h e  tank, i n  Lhe l i q u i d  

sec t ion .  The blowdown cons is ted  f irst  of s a tu ra t ed  water blowdown, 

followed by s a t u r a t e d  vapor blowdown as shown i n  Figs .  10 and 11. A 

c h a r a c t e r i s t i c  o f  h i s  r e s u l t s  i s  t h e  "knee" i n  t h e  pressure  drop curve 

which occurs when t h e  system i s  deple ted  o f  l i q u i d  and s a t u r a t e d  vapor 

blowdown begins.  

y i e l d s  a higher  s t agna t ion  enthalpy nea r  t h e  break,  o r  o u t l e t ,  the  

e f f e c t  o f  which i s  two f o l d  a t  a given s t agna t ion  pressure :  maximum 

flow ra te  i s  decreased, and i n i t i a l  p ressure  drop r a t e  i s  increased.  

Moody po in t s  out  t h a t  vapor entrainment i n  the  l i q u i d  

For the  p re sen t  case of  blowdown through t h e  top o f  t h e  vesse l ,  

i t  might be surmised t h a t  t h e  oppos i te  of  Moody's conclusion would b e  
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t r u e .  

s t agna t ion  enthalpy near t h e  o u t l e t .  This ,  i n  t u r n ,  would increase 

t h e  maximum flow ra te  and decrease t h e  rate o f  i n i t i a l  p ressure  drop. 

Some evidence is  a v a i l a b l e  t o  support  t h i s  content ion i f  t h e  pressure  

rates and length of  discharge i n  t h e  two s t u d i e s  are compared. How- 

ever ,  t h e  lack o f  s i m i l a r i t y  between t h e  two types of  discharge pre-  

vent any s u b s t a n t i a l  comparison on t h i s  b a s i s .  

That i s ,  l i q u i d  en t ra ined  i n  t h e  vapor should give a lower 

The test condi t ions f o r  a l l  blowdown tests are summarized i n  

Tables 14 and 15. 

and subcooled discharge runs have been l i s t e d .  The tests conducted 

t o  determine wall hea t  transfer and temperature response,  tests 9-12, 

are not  included i n  t h e  t a b l e s .  Also, those tests i n  which an equip-_ 

ment malfunction o r  power f a i lu re  was incur red  have been excluded. 

A l l  s i g n i f i c a n t  parameters f o r  both t h e  sa tu ra t ed  

A l l  t he  da t a  a r e  p l o t t e d  i n  Figs .  42, 43, and 44. The f igu res  

include both s a t u r a t e d  and subcooled da ta .  

meter t*, as used 'by Moody [ 8 5 ] ,  has been used i n  the  graphs.  Some 

i n t e r e s t i n g  po in t s  may be found i n  t h e  r ep resen ta t ion  o f  t h e  p re s su re  

da ta .  F i r s t ,  t h e  dimensional time parameter enables a l l  of  t h e  s a t u -  

r a t e d  d a t a  t o  be p l o t t e d  on t h e  same graph. 

of curves,  they have been p l o t t e d  sepa ra t e ly .  However, comparison o f  

po in t s  f o r  t h e  t h r e e  d i f f e r e n t  o r i f i c e  diameters y i e lds  t h e  fact  t h a t  

a l l  o f  t he  da t a  p o i n t s  seem t o  f a l l  along a s i n g l e  curve. This i nd i -  

cates a very cons i s t en t  pressure  behavior f o r  a l l  s a tu ra t ed  blowdown 

tes ts .  

t i o n  and loca t ion  of  hea t  input ,  as shown i n  Table 14. 

The dimensional time para- 

Due t o  t h e  l a r g e  number 

The d i f f e rence  i n  t h e  f i g u r e s  may be a t t r i b u t e d  t o  t h e  va r i a -  

The hea t  f l u x  
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TABLE 15 

CONDITIONS FOR SUBCOOLED DISCHARGE TESTS 

Test 23  24 25 26 

Vessel I n i t i a l  Pressure  (ps ia )  

Sa tu ra t ion  Temperature ( O F )  

Sa tu ra t ion  Enthalpy (Btu/lbm) 

I n i t i a l  Water Temperature (OF) 

I n i t i a l  Water Enthalpy (Btu/lbm) 

I n i t i a l  Water Subcooling (Btu/lbm) 

Flashing Pressure (ps ia )  

Orifice Throat Area ( in2)  

Back Pressure  (atm.) 

Upstream Pipe Area ( in2)  

S t r i p  Heat Flux (Btu/hr) 

Prehea ter  Power (Btu/hr) 

I n i t i a l  Water Mass (lbm) 

Fina l  Water Mass (lbm) 

Length o f  run (sec)  

99.0 

327.1 

297.7 

275 .O 

243.9 

53.8 

45.5 

. 7  

1 

99.0 99.5 

327.1 327.4 

297.7 298.0 

301.0 279.0 

270.6 248.0 

27.1 50.0 

68.0 48.5 

-~ 

100.0 

327.8 

298.4 

307 .O 

276.8 

21.6 

74.5 - 

5 .785 .O,  9 .049 

1 1 1 

7.07 7.07 7.07 7.07 

3386 5939 4329 4969 

- - - - 

25.35 25.35 25.35 25.35 

13.1 12.25 21.4 20.1 

16 16 210 260 
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i n  each tes t  was suppl ied from a combination of  t h e  s t r i p  h e a t e r  and/or 

t h e  prehea ters .  I t  was impossible t o  cont ro l  s t r i c t l y  the  amount o f  

hea t  i npu t ,  s ince  t h i s  i s  dependent, i n  p a r t ,  on ambient condi t ions .  

Another f ea tu re  apparent i n  Figs .  4 2  and 44 i s  the  subcooled blowdown 

behavior .  The i n i t i a l  condi t ions €or these  tests var ied  widely and 

expla in  the  va r i ed  behavior.  The amount o f  subcooling accounts f o r  

the  ex ten t  of  i n i t i a l  rap id  pressure  drop. 

p re s su re  drop s t a b i l i z e s  i n t o  a smooth s teady  decrease.  

t h a t  t h e  t o t a l  time of  discharge i s  approximately the  same as f o r  t he  

s a t u r a t e d  da ta .  

Thereaf te r  t he  ra te  of  

I t  can b e  seen 

No explanat ion i s  o f fe red  f o r  t h i s  behavior a t  p re sen t .  

Measurements were made t o  determine the  dependency of  r e s idua l  

water i n  the  ves se l  after blowdown on o r i f i c e ,  o r  simulated break s ize .  

These measurements are ind ica ted  i n  Table 14  and a r e  shown graphica l ly  

i n  Fig.  45. The r e s i d u a l  water i s  about t h e  same f o r  both t h e  0.25 

and 0 .5  inch o r i f i c e  blowdowns, i nd ica t ing  a s i m i l a r i t y  of  behavior 

between t h e  two s izes .  Residual water f o r  t he  1 inch blowdown i s  only 

about one-half  t h a t  f o r  t he  o t h e r  s izes .  

a r e  p r i o r  measurements [80]  conducted with and without hydraul ic  r e -  

s t r i c t i o n s .  

and 2330 ps ig ,  condi t ions f a r  removed from t h e  present  case. The present  

system i s  a l s o  much smaller, containing less than  one percent  o f  t h e  

mass o f  t h e  l a rge - sca l e  system [ 80 ] .  

Also represented i n  F i g .  45 

The r e s i d u a l  water. t e s t s  i n  [80] were conducted from 520'F 

Four tests (9-12) were devoted t o  measuring t h e  wall temperature 

of  t h e  vesse l  during discharge.  

Appendix F .  

l a rge  and small wall of  t he  b o i l e r  t o  determine the  i n t e r i o r ,  middle 

The da ta  f o r  t hese  tests a r e  given i n  

Three i ron-constantan thermocouples were used i n  both t h e  
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and exterior temperature response of the stainless-steel wall. 

tially linear traces were obtained in each case, with the temperature 

of the wall decreasing linearly with pressure, after a small initial 

time lapse. 

Essen- 

C. Comparison With Model Developed in This Study 

The analysis presented in the previous chapter may be used to 

simulate vapor discharge through a small opening. 

equations have been programmed for digital computation. An important 

item in the generation of a solution for flow rates and pressure drop 

is the calculation of critical mass velocity. The model chosen for 

determining the critical mass velocity, G ,  is that of  Moody [ 72 ] .  

The appropriate 

Moody has presented a flow model which determines the parameter 

G as a function of vessel stagnation pressure and stagnation enthalpy. 

The vessel stagnation pressure is a known function in each successive 

increment of blowdown. However, during blowdown, the stagnation enthalpy 

is unknown. 

for determining velocity, stagnation enthalpy must be considered as an 

additional parameter. The value is essentially constant during blowdown 

and is very nearly that of the saturated liquid, due to the low quality 

and small velocity of the mixture in the vessel. 

Since the system remains saturated and no provision exists 

The enthalpy of the liquid/vapor mixture prior to blowdown was 

This value was used for the initial stagnation enthalpy 303 Btu/lbm. 

in Moody's model for calculating the critical mass velocity. However, 

due to the structure of his model, the calculations diverge for small 

values of quality, i.e., values of enthalpy close to that of saturated 
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Then, a range of  s o l u t i o n s  f o r  var ious i n i t i a l  values  of  l i q u i d .  

s tagnat ion  enthalpy were determined. 

are presented i n  Figs .  46 and 47 .  

curves i n  Fig. 46 are compared with experimental d a t a  from tests 4, 6 ,  

and 19. A l l  of  t h e  discharge tests were conducted with a 0.25 inch 

o r i f i c e .  Good agreement i s  shown between the  experimental and pre-  

d i c t e d  t r aces .  

charge are i n  agreement with a l l  observed d a t a  which have been obtained 

with t h e  small opening. 

appl icable  t o  discharge through l a r g e  openings, or  r ap id  blowdown. In  

t h i s  case,  the  l iquid/vapor  mixture does not  remain c lose  enough t o  

s a t u r a t i o n  condi t ions t o  s a t i s f y  t h e  approximations made i n  t h e  ana lys i s .  - 

The e n t i r e  na ture  o f  t h e  discharge i s  changed during a r ap id  depressur i -  

za t ion .  The i n t e r f a c e  i s  con t inua l ly  l i f t e d  and dropped, and considerable  

mixing o f  l i q u i d  and vapor occurs .  

thrown out  through t h e  discharge p o r t .  

The r e s u l t s  of  t h e  ca l cu la t ions  

The predic ted  pressure  versus time 

Both t h e  ra te  of  pressure  drop and t h e  length of d i s -  

As s t a t e d  ear l ie r ,  t h e  pred ic t ions  are not  

In add i t ion ,  s lugs  of  l i q u i d  are 

During a con t ro l l ed  depressur iza t ion ,  by comparison, t h e  l i qu id /  

vapor i n t e r f a c e  i s  d is turbed  t o  a much lesser ex ten t .  

de tec ted  being blown from the  v e s s e l ,  as determined by v i s u a l  observat ion.  

The ana lys i s  app l i e s  only t o  t h i s  type o f  blowdown. 

No l i q u i d  i s  

I t  i s  d i f f i c u l t  t o  d i s t i n g u i s h  between what c o n s t i t u t e s  a l a r g e  

o r  small opening, o r  a r ap id  from a cont ro l led  depressur iza t ion .  

d i s t i n c t i o n  i n  t h i s  i nves t iga t ion  was determined from v i s u a l  observat ions 

o f  a number of  discharge tes ts .  

complex i n t e r - r e l a t i o n s h i p s  between vessel s ize  and geometry and t h e  

diameter oE the blowdown o r i f i c e  o r  nozzle  s i ze .  

The 

Further  s tudy i s  needed t o  de f ine  t h e  
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The predic ted  pressure-drop r e s u l t s  are repeated i n  F ig .  47. 

In  t h e  f igu re ,  p ressure  has  been non-dimensionalized by d iv id ing  by 

t h e  i n i t i a l  ves se l  p ressure  and t h e  dimensional time has been i n t r o -  

duced, as used by Moody [85] .  Also, included i n  the  f i g u r e  are exper i -  

mental da t a  from tes t  20 f o r  a 0.25 inch diameter o r i f i c e .  Again, t h e  

agreement between theory and experiment i s  pointed out .  

The r e s idua l  water remaining i n  t h e  ves se l  a f te r  blowdown i s  

dependent on break s i ze  ( o r i f i c e  s i z e )  and on t h e  loca t ion  of  t he  break. 

As observed during top  blowdown tests [79] ,  t h e  steam e x i t i n g  the  blow- 

down nozzle  was o f  h igher  q u a l i t y  than t h e  steam of  comparable bottom 

blowdown tests.  

bottom blowdowns was the  r e s u l t  o f  the  d i f f e r e n t  e leva t ions  of  t h e  

blowdown nozzle.  

The d i f f e rence  i n  q u a l i t y  o f  t h e  steam f o r  t o p  and 

In  t h e  top  blowdown conf igura t ion ,  t he  enthalpy s to red  i n  the  

f l u i d  was d i s s i p a t e d  by an expanding o r  f l a sh ing  of t h e  f l u i d  i n  the  

vesse l  t o  high q u a l i t y  steam which was allowed t o  escape through the  

blowdown nozzle .  In  t h e  bottom blowdown configurat ion,  t h e  expanding 

f l u i d  i n  the  ves se l  maintained a f l u i d  pressure  which forced a f l u i d  

mixture out  t h e  bottom of t h e  blowdown nozzle .  The r e s u l t s  o f  t he  

blowdown tests performed with the  ves se l  i n  t h e  top conf igura t ion  

and with small simulated p ipe  breaks ind ica t e  t h a t  p ipe  breaks near  t h e  

top  of a r e a c t o r  ves se l  w i l l  r e s u l t  i n  an appreciable  amount o f  r e s i d u a l  

water i n  the  ves se l  a t  t he  conclusion of blowdown. 

The same conclusion i s  v a l i d  i n  t he  present  case,  as has been 

seen i n  Fig.  45. Data f o r  t he  0 .25  inch o r i f i c e  blowdown i n d i c a t e  t h a t  



146 

approximately 20 percent  of  t h e  f l u i d  mass i s  discharged. 

with t h e  theory may b e  drawn i n  t h e  following way. 

mass flow rates have been computed, t he  incremental  mass change is de te r -  

mined f o r  a known increment of  time by tak ing  appropr ia te  balances.  

A comparison 

Once t h e  p e r t i n e n t  

A 

balance between t h e  l iquid/vapor  system masses and t h e  mass discharged 

through the  o r i f i c e  i n  the  top o f  t h e  ves se l  y i e lds  t h e  p re sen t  value o f  

t o t a l  system mass. 

incorporated i n t o  t h e  computer program cont inua l ly  updates t h e  values  of  

l i q u i d ,  vapor, and t o t a l  system mass. The procedure a l s o  permits  t h e  

ca l cu la t ion  o f  r e s i d u a l  mass f o r  comparison with the  experimental va lue .  

A p l o t  of  system mass f r a c t i o n  versus  dimensionless p re s su re  

change i s  presented i n  Fig. 48. As expected, t h e  theory p r e d i c t s  a 

continuous decrease i n  t o t a l  mass as a func t ion  of  time, o r  incremental  

p ressure  decrease.  I f  t he  experimental  values  of  Fig.  45 are  compared 

with t h e  pred ic ted  curve,  it i s  found t h a t  t h e  theory of  t h i s  s tudy 

s l i g h t l y  underpredic t s  t h e  discharge whereas t h e  app l i ca t ion  o f  Moody's 

ana lys i s  r e s u l t s  i n  a l a rge  e r r o r .  The underpredict ion i s  t o  be expected 

During t h e  ac tua l  discharge,  a c e r t a i n  amount o f  l i q u i d  w i l l  be  en t ra ined  

i n  t h e  vapor being discharged from t h e  ves se l .  

der ived account only f o r  vapor discharge.  

t h e  blowdown w i l l  account f o r  d i f f e rences  such as those observed i n  Fig.  

48. The theory o f  t h i s  s tudy  p r e d i c t s  t h e  r e s i d u a l  mass-fract ion wi th in  

10 percent  devia t ion .  

An appropr ia te  system o f  accounting which has been 

The equat ions which were 

Any l i q u i d  discharged during 

A c lose  account o f  l iquid/vapor  ac t ion  during discharge i s  impor- 

t a n t  i n  determining t h e  n a t u r e ' o f  t h e  blowdown. In  f u l l  scale systems 
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such knowledge may be  e s s e n t i a l  i n  determining core h e a t - t r a n s f e r  en- 

vironment and t r a n s i e n t  forces  on vesse l  i n t e r n a l s .  The blowdown 

ra te  depends upon l o c a l  time-dependent f l u i d  p rope r t i e s  i n  t h e  ves se l .  

The present  model y i e l d s  system masses and mixture q u a l i t y  as a func- 

t i o n  of  pressure  o r  blowdown time. 

mass and increase  i n  vapor system mass during discharge would perhaps 

lead  one t o  expect an inc rease  i n  mixture q u a l i t y  as a func t ion  of  

time. This i s  not  t h e  case. Although t o t a l  vapor volume increases  

and t o t a l  l i q u i d  volume decreases  with decreasing pressure ,  t h i s  se rves  

only t o  inc rease  t h e  s p e c i f i c  volume of t h e  vapor f r a c t i o n .  

system q u a l i t y  i s  e s s e n t i a l l y  cons tan t ,  exh ib i t i ng  a s l i g h t  decrease 

with pressure  decrease.  

l oca l  time-dependent l i q u i d  and vapor p r o p e r t i e s  within the  ves se l .  

The continuous decrease i n  t o t a l  

Thus, 

The model developed i n  t h i s  s tudy a l s o  y i e l d s  

D. Comparison with Other Inves t iga t ions  

Moody [85] developed a general  blowdown formulation t o  p r e d i c t  

maximum flow r a t e  i n  terms of ves se l  s tagnat ion  p rope r t i e s .  The model 

a l s o  y i e l d s  time-dependent p re s su re ,  mass and energy i n  a vesse l  f o r  

var ious sa tura ted-water  re ference  systems. He presented graphs t h a t  

can be used t o  estimate system pressure ,  mass and energy a t  var ious  

t imes during a vesse l  blowdown from 1000 p s i a  and 2000 p s i a  steam/water 

re ference  systems. For comparison with t h e  theory of  t h i s  s tudy it was 

necessary t o  genera te  t h e  requi red  da ta  f o r  a 100 p s i a  re ference  system. 

The appropr ia te  model equations were used along with real is t ic  input  

condi t ions  f o r  t h e  present  system t o  c a l c u l a t e  comparison graphs f o r  

both saturated-vapor  and homogenized mixture c h a r a c t e r i s t i c  blowdowns. 
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The r e s u l t s  o f  t hese  ca l cu la t ions  are presented i n  Figs .  48 and 49. 

Time-dependent system p res su re  f o r  both vapor and mixture  

blowdown i s  p l o t t e d  versus  dimensional time i n  Fig.  49. Also included 

i n  t h e  graph are t h e  theory of  t h i s  i nves t iga t ion  and da ta  from tes t  3.  

The model of  Moody does no t  p r e d i c t  blowdown time adequately f o r  t h e  

cu r ren t  system. 

pressure  drop curve. 

The writer 's  theory agrees  well with the  experimental  

The model developed i n  t h i s  s tudy does no t  account f o r  t h e  

system energy as a func t ion  of blowdown time as does the  Moody theory.  

However, t h e  experimental  system s tud ied  i s  no t  t he  same from the  

viewpoint of energy addi t ion .  Energy i s  cons t an t ly  being added t o  

t h e  cu r ren t  experimental blowdown f a c i l i t y  through the  prehea ters  and/or 

t he  heated s t r i p .  

by t h e  Moody p red ic t ions .  This is seen i n  Fig.  48 where Moody's 

values f o r  system mass-and energy-fract ion are p l o t t e d  versus  pressure .  

The d a t a  po in t s  are measured values  of f i n a l  mass f o r  a number of  blow- 

down tes ts .  

Moody's p red ic t ion  does not  agree with t h e  d a t a  o r  theory o f  t h i s  

s tudy.  

c h a r a c t e r i s t i c  blowdown curves.  

would be expected t o  e x h i b i t  t h e  same general  disagreement. 

explained, no da ta  are ava i l ab le  f o r  s u i t a b l e  comparison. 

This would account f o r  some of  t he  e r r o r  exhib i ted  

The p red ic t ion  of  t he  present  s tudy i s  shown f o r  comparison. 

This i s  t r u e  f o r  both the  sa tu ra t ed  vapor and homogenized mixture 

The predic ted  energy f r a c t i o n  curves 

However, as 

Fauske [82] has examined t h e  cur ren t  s t a t u s  o f  model s t u d i e s  and 

empir ical  eva lua t ions  o f  t he  c r i t i c a l  coolant l o s s  r a t e s  through var ious 

ape r tu re s .  A comparison was given o f  the  Fauske [ 2 ] ,  Levy [71] and 
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Moody 1721 models f o r  c r i t i c a l  flow rate,  The d i f f e rences  between 

models a r e  s u r p r i s i n g l y  small and a l l  t h r e e  methods c o r r e l a t e  exper i -  

mental da t a  well. 

cons i s t en t ly  h igher  than t h e  Fauske r e s u l t s  except f o r  low q u a l i t i e s .  

In regions o f  low and decreasing q u a l i t y ,  t h e  Levy and Moody models 

y i e l d  maximum flow rates ,  whereas the  Fauske model leads t o  increas ing  

flow r a t e s .  

The Moody model y i e l d s  mass flow values which are 

The r e s u l t s  t h a t  have been obtained should be  examined i n  

The s i z e  o f  r e l a t i o n  t o  blowdown s t u d i e s  on f u l l - s c a l e  systems. 

t h e  o r i f i c e  o r  nozzle  r e l a t i v e  t o  t h e  p re s su re  ves se l  diameter i s  

thought t o  have an important effect on t h e  flow ra te  during blowdown. 

Blowdown behavior o f  t he  Humboldt and Bodega v e s s e l s ,  Figs.  10 and 1 3 ,  

was very similar although one system was about f i f t y  percent  l a rge r  

i n  diameter and volume than  t h e  o the r .  This behavior may be compared 

with t h e  information from t h e  cu r ren t  f a c i l i t y  presented i n  F i g s .  38, 

42-44,  and 46-47. I t  i s  seen t h a t  similar c h a r a c t e r i s t i c s  are evident 

f o r  t h e  var ious f a c i l i t i e s .  This tends t o  i n d i c a t e  t h a t  reduced 

scale tests can be used t o  p r e d i c t  l o s s  of coolant  from l a r g e  r e a c t o r  

ves se l s ,  providing t h e  information on o r i f i c e  s i z e  t o  vesse l  diameter 

i s  a v a i l a b l e  f o r  a s u f f i c i e n t  range of  condi t ions ,  including effects 

of i n i t i a l  p ressure .  



VIII. SUMMARY AND CONCLUSIONS 

A. Surface and Pressure Ef fec t s  i n  Nucleate Pool Boiling 

The des i r ed  end r e s u l t  of  s t u d i e s  concerning sur face  effects  

on b o i l i n g  is a method o f  su r f ace  cha rac t e r i za t ion  which would descr ibe  

an increase  i n  nuc lea t ion  s i tes  by an increase  i n  the  d e s c r i p t o r  index. 

The numerous parameters involved wi th  b o i l i n g  h e a t  t r a n s f e r  make t h i s  a 

complicated, i f  no t  impossible,  t a s k .  A number o f  b a s i c  i nves t iga t ions  

on t h e  b o i l i n g  phenomenon w i l l  be requi red  t o  progress  i n  t h i s  d i r e c t i o n .  

The su r face  s t u d i e s  of  t he  present  i nves t iga t ion  were o r i en ted  t o  t h i s -  

end. 

The p resen t  s tudy  has been concerned with pool b o i l i n g  a t  v a r i -  

ous pressures  from chemically e tched 304 s t a i n l e s s - s t e e l  su r f aces  i n  

contact  with d i s t i l l e d  water. 

t o  produce v a r i a t i o n s  i n  nuc lea t ion  s i tes  and su r face  roughness. 

show the  changes i n  hea t  t r a n s f e r  with varying rms su r face  roughness and 

prepara t ion  technique. 

t o  c o r r e l a t e  t h e  d a t a  success fu l ly .  

s tudy inc lude  t h e  following: 

The surfaces  were prepared i n  t h i s  manner 

Resul ts  

The Rohsenow pool b o i l i n g  c o r r e l a t i o n  was used 

Conclusions o f  t h i s  phase of  t h e  

1. Addit ional  Data on Surface Effects 

Data have been added t o  t h e  l i t e r a t u r e  on su r face  effects on 

b o i l i n g ,  These d a t a  show t h a t  su r f ace  prepara t ion  technique affects 

152 
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the  bo i l ing  hea t  t r a n s f e r  mechanism and emphasize the  statement t h a t  

rms sur face  roughness alone i s  no t  adequate t o  descr ibe  a bo i l ing  heat  

transfer sur face .  

2 .  Appl i cab i l i t y  of  Rohsenow Equation 

The s tudy has shown the  a p p l i c a b i l i t y  of  the  Rohsenow equation 

for  c o r r e l a t i n g  pool bo i l i ng  h e a t  t r a n s f e r .  

exponent, r ,  a r e  presented f o r  chemically etched s t a i n l e s s - s t e e l  su r -  

f aces .  

t he  Rohsenow equation va r i e s  and accounts f o r  sur face  prepara t ion  tech-  

nique. 

New values of  Csf and the  

In t h i s  r e spec t ,  it has been demonstrated t h a t  t he  exponent o f  

3 .  Extended Range of  Rohsenow Correlat ion 

This s tudy has shown the  d e s i r a b i l i t y  o f  extending t h e  use of t he  

Rohsenow cor re l a t ion .  

r, and t h e  c o e f f i c i e n t ,  C s f J  of  t h e  Rohsenow c o r r e l a t i o n  i s  recommended 

f o r  o t h e r  su r face  prepara t ion  techniques as wel l  as f o r  o the r  sur face-  

l i q u i d  combinations. 

cryogenic pool bo i l i ng  da ta .  

The extension o f  t he  information f o r  the exponent, 

I t  i s  suggested t h a t  t h e  equation be appl ied t o  

4. Wall Superheat Change With Pressure 

Several  c o r r e l a t i o n s  which have appeared i n  the  l i t e r a t u r e  are 

compared w i t h  the  present  e leva ted  pressure  pool bo i l i ng  d a t a .  

co r re l a t ions  of  Rohsenow and Borishansky a r e  r e s t r i c t i v e  t o  c e r t a i n  types 

of  su r faces .  

f o r  a v a r i e t y  o f  bo i l i ng  condi t ions by a simple adjustment of  the  exponents 

The 

However, these  c o r r e l a t i o n s  have been shown t o  be appl icable  
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and c o e f f i c i e n t s .  

does no t  contain a su r face  cha rac t e r i za t ion  term and i s  more r e s t r i c t i v e .  

The c o r r e l a t i o n  presented by Lienhard and Schrock 

Based on a v a i l a b l e  da t a ,  t h e  backsh i f t  found f o r  wall superheat 

of  a pool b o i l i n g  system with increased  p res su re  i s  not  a d i r e c t  func- 

t i o n  o f  system pressure  but  i s  due i n  l a r g e  ex ten t  t o  aging of the  tes t  

su r face .  

t e s t e d  i n  a low t o  high p res su re  sequence, with the  atmospheric pressure  

t e s t  conducted f i r s t .  

sequence of t e s t i n g .  

formation process from the  combined pressure  and su r face  aging effects .  

The backsh i f t  was encountered f o r  chemically etched specimens 

The phenomenon was no t  no t iceable  i n  t h e  r eve r se  

This might i n d i c a t e  some i n h i b i t i o n  o f  the vapor 

The s lope  o f  t h e  heat-flux-versus-wall-superheat curve ( f o r  a 

chemically etched su r face )  i s  a func t ion  o f  pressure  and decreases  as 

system pressure  inc reases .  This i nd ica t e s  t h a t  f o r  Rohsenow's co r re l a -  

t i o n ,  t h e  exponent r o f  t h e  hea t  f l u x  term may be  a func t ion  of  system 

pressure .  

A t  p resent ,  t h e r e  i s  no pool b o i l i n g  c o r r e l a t i o n  which s u f f i -  

Caution should be c i e n t l y  descr ibes  t h e  var ious  su r face  parameters,  

used when any general  c o r r e l a t i o n  f o r  pool b o i l i n g  i s  appl ied  which does 

not  adequately cha rac t e r i ze  the  t e s t  su r face .  

B.  Sa tura ted  Discharge 

A b a s i c  a n a l y t i c a l  and experimental  s tudy has been conducted on 

t r a n s i e n t  f l u i d  behavior  during s a t u r a t e d  blowdown. Data were co l l ec t ed  

on pre:;sure, temperature and h e a t  f l u x  before ,  during and a f t e r  depressu- 

r i z a t i o n  of a s a t u r a t e d  pool -boi l ing  vesse l .  Parameters examined include 
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wall superheat  response and l iquid/vapor  a c t i o n  during both r ap id  and 

con t ro l l ed  depressur iza t ion .  

t h e  inves t iga t ion  are: 

Some o f  t h e  conclusions of  t h i s  phase of 

1. Pressure F luc tua t ions  i n  Sa tura ted  Depressurizat ion 

A b a s i c  explanat ion has  been given f o r  p re s su re  f luc tua t ions  ob- 

served i n  discharging sa tu ra t ed  systems. No s a t i s f a c t o r y  previous ex- 

p l ana t ion  had e x i s t e d  f o r  p re s su re  sp ikes  observed i n  t h e  pressure  

versus  time cha r t s  f o r  such systems. Considerable experimental evidence 

has been obtained and presented t o  support  t he  explanat ion.  

2.  Role o f  Operat ional  Parameters on Discharge 

The r o l e  o f  t he  parameters,  hea t  f l u x ,  su r f ace  superheat ,  system 

geometry, operat ing p res su re ,  method of pressure  r e l e a s e  and type of  

f l u i d  on depressur iza t ion  has been s tud ied .  

of  t h e  type of depressur iza t ion  on the  r e s i d u a l  mass i n  the  system has 

been determined. 

var ious s i zed  o r i f i c e s  ranging from one-fourth t o  one inch diameters .  

Cer ta in  c h a r a c t e r i s t i c s  are common t o  a l l  type discharges s tud ied .  Heat 

f l u x  and o r i f i c e  s i z e  have both been found t o  inf luence  the  bulk l i q u i d  

superheat  and t h e  s t r eng th  of  t h e  discharge.  

In  t h i s  regard,  the  e f f e c t  

The type of  discharge has been cont ro l led  by using 

3 .  Model S tudies  

Resul ts  of previous inves t iga t ions  were reviewed and co r re l a t ed  

with t h e  present  s tudy as f a r  as was poss ib l e .  

developed by Moody was found t o  be t h e  b e s t  model cu r ren t ly  appearing 

The p r e d i c t i v e  model 
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i n  t h e  l i t e r a t u r e .  

obtained.  However, t h e  comparison was found t o  be unsa t i s f ac to ry .  

The b a s i c  phenomena involved were s tud ied  and an a n a l y t i c a l  model was 

formulated t o  descr ibe  the  system. 

H i s  model was adapted and compared t o  the  r e s u l t s  

The w r i t e r ' s  model appears t o  be s a t i s f a c t o r y  i n  p red ic t ing  t h e  

The model y i e l d s  system experimental r e s u l t s  t h a t  have been obtained. 

pressures  and temperatures,  along with var ious system masses as a func- 

t i o n  of discharge t ime. Also, the  model may be used t o  ob ta in  loca l  

time-dependent l i q u i d  and vapor p rope r t i e s  wi th in  the  ves se l .  Certain 

r e s t r i c t i o n s  of  t h e  model should be pointed out .  

formulated f o r  t h e  cur ren t  experimental f a c i l i t y ;  no attempt has been 

made t o  o r i e n t  the  model toward la rge-sca le  r e a c t o r  systems i n  cur ren t  

use.  

vapor only i s  discharged from the  system. 

The ana lys i s  has been 

- 

Also, the  ana lys i s  appl ies  t o  a cont ro l led  discharge i n  which 

However, it i s  bel ieved t h a t  the  experimental r e s u l t s  t h a t  have 

been obtained may permit c e r t a i n  conclusions about la rge-sca le  systems. 

S i m i l a r i t i e s  i n  blowdown behavior have been pointed out .  

t h a t  reduced-scale t e s t s  can be e f f e c t i v e  i n  p red ic t ing  pressure  behavior 

and loss  of  coolant from l a rge  r e a c t o r  ves se l s ,  provided c e r t a i n  informa- 

t i o n  i s  made ava i l ab le .  

This i nd ica t e s  

The study has added b a s i c  information on t r a n s i e n t  f l u i d  behavior 

f o r  the  design engineer who must consider  ove ra l l  system performance. 

Although the  s tudy was conducted with a non-cryogenic f l u i d ,  the  general  

approach appears t o  be compatible with cryogenic ana lys i s .  
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APPENDIX A 

PREPARATION AND TEST PROCEDURE FOR CHEMICALLY ETCHED SURFACES 

The specimens were cu t  from type 304 cold- ro l led ,  b r i g h t ,  annealed 

shee t  material. 

The specimens ( 4 , 6  inches x 0.996 inch x 0.030 inch)  were examined care-  

f u l l y  with a microscope and metallograph f o r  any v i s i b l e  s c ra t ches  and 

discarded i f  sc ra t ches  were found. Prof i lometer  measurements of  seven 

as-received specimens ind ica ted  a su r face  roughness of  approximately 

4 . 3  rms, p a r a l l e l  t o  t h e  m i l l  marks .  Roughness perpendicular  t o  t h e  

r o l l i n g  d i r e c t i o n  was approximately 4.8 rms. 

t o  be uniform on a macroscopic b a s i s  p r i o r  t o  sur face  prepara t ion  as 

a r e s u l t  of  t hese  measurements. 

The long dimension coincides  with t h e  r o l l i n g  d i r e c t i o n .  

The specimens were assumed 

The specimens were immersed i n  a 37 percent  hydrochlor ic  ac id  

s o l u t i o n  t o  produce p i t t e d  su r faces .  

pyrex d i sh  containing 300 m l  o f  a c i d  which was changed every two hours.  

The bottom s i d e  and edges o f  t he  specimens were coated with vacuum 

grease t o  i s o l a t e  t h e  chemical r eac t ion  t o  t h e  top  s i d e .  

were used with v i s i b l e  s c ra t ches  p r i o r  t o  e tching.  

charac te r ized  only by t o t a l  e tch ing  time. 

with e tch ing  time, bu t  it has been found [55] t h a t  e tching time and 

method o f  e tching cha rac t e r i ze  a sur face .  

Specimens were placed i n  a f l a t  

No sur faces  

The specimens are 

Surface condi t ions vary 
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The etched specimens were cleaned with d i s t i l l e d  water. No 

change i n  sur face  roughness was evident  from t h e  cleaning procedures.  

The chemical na tu re  o f  the  su r faces  was unal te red  by t h e  etching 

process  as determined by spectrographic  ana lys i s  using a P h i l l i p s  

Vacuum X-Ray Spectrograph with a Wolfram t a r g e t  x-ray tube.  

Three 30-gage, i ron-constantan thermocouples were b u t t  welded 

t o  t h e  bottom o f  the  t es t  specimen on the  major ax i s .  

was then mounted on t h e  g l a s s  phenol ic  support  block with an epoxy 

s e a l .  The temperature of t h e  top  su r face  was ca l cu la t ed  us ing  t h e  

measured bottom su r face  temperatures and t h e  un id i r ec t iona l  s teady  

s t a t e  hea t  conduction equation. 

to red  with 30-gage, i ron-constantan couples. Appropriate sh i e ld ing  

and f i l t e rs  prevented A. C .  pickup by the  thermocouple leads .  

The specimen 

Bulk f l u i d  temperature was moni- 

The water was deionized with a ca t ion  and anion de ion ize r .  

Average water r e s i s t i v i t y  was maintained a t  55,000 (+ - 10 percent )  

ohm-centimeters a t  60°F. 

The dry system was subjected t o  a vacuum o f  30 inches Hg f o r  

30 minutes. Deionized degassed water was admitted i n t o  the  chamber 

u n t i l  t h e  f r e e  su r face  was f i v e  inches above t h e  tes t  s t r i p .  Again, 

the  system was subjec ted  t o  a 30-inch vacuum f o r  30 minutes. The 

b o i l e r  was vented t o  the  atmosphere, and the  water was brought t o  

s a t u r a t i o n  temperature by a p rehea te r .  

then i n i t i a t e d .  

was t o  be  conducted a t  an e leva ted  pressure .  A s  soon as equi l ibr ium 

was reached f o r  a c e r t a i n  power inpu t ,  t h e  temperature,  p re s su re ,  

Power t o  the  t e s t  s t r i p  was 

A t  t h i s  p o i n t ,  t h e  system was i s o l a t e d  i f  t h e  run 
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and power were recorded. 

of increas ing  power l e v e l s .  

and t h e  procedure was repeated f o r  each of t he  test  su r faces .  

This procedure was repeated over a range 

Af te r  each t e s t ,  t he  b o i l e r  was drained, 



APPENDIX B 

ANALYSIS OF ERRORS FOR POOL BOILING DATA 

Usually, i n  conducting an e r r o r  ana lys i s ,  the  types o f  e r r o r s  

must be  c l a s s i f i e d .  A general  c l a s s i f i c a t i o n  may be- made as follows: 

1. Systematic Errors 
2 .  Personal Er rors  
3 .  Mistakes 
4. Random Errors 

Mistakes and personal  e r r o r s  may be reduced t o  a minimum through proper  

design of the  experiment. Systematic e r r o r s ,  on the  o the r  hand, a r e  

those which always a f f e c t  the  experiment i n  one d i r ec t ion .  Random 

e r r o r s  may occur i n  e i t h e r  d i r e c t i o n ,  and these ,  along with the  sys-  

temat ic  e r r o r s ,  a r e  t o  be est imated i n  t h e  e r r o r  ana lys i s .  

The usual  procedure i n  an e r r o r  ana lys i s  i s  t o  give both an 

ex te rna l  and an i n t e r n a l  es t imate  of the  e r r o r  involved i n  any experi-  

ment. 

the  ind iv idua l  e r r o r s  which con t r ibu te  t o  t h e  f i n a l  compounded e r r o r  

The ex te rna l  e r r o r  i s  based on the  experimenter 's  knowledge o f  

while t he  r e s u l t s  a c t u a l l y  obtained during the  experiment determine the  

i n t e r n a l  es t imate .  Since the  ex te rna l  estimate o f  e r r o r  i s  based on the  

general  condi t ions assoc ia ted  with t h e  experimental apparatus,  it w i l l  

u sua l ly  not change from one specimen type t o  another .  

Pr imar i ly ,  the  da t a  u t i l i z e d  i n  the  pool b o i l i n g  ana lys i s  have 

cons is ted  of hea t  f l u x  and temperature-difference measurements. 

equation used f o r  ca l cu la t ing  hea t  f l ux  is  
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q" = 3,413 1 2 R  

T e s t - s t r i p  r e s i s t ance  may be represented as 

The combining of Eqs. (B-1) and (B-2) y i e lds  

I 2 p ~  
A1 

q" = 3.413 - 

Current,  length,  and a rea  a re  d i r e c t l y  measurable q u a n t i t i e s ,  whereas 

t h e  r e s i s t i v i t y  is taken from a graph a t  the appropriate  temperature. 

The equation of the  graph was found f o r  use i n  automatic computation 

procedures e 

Temperature d i f f e rence  i s  ca lcu la ted  from 

Test s t r i p  temperature i s  measured a t  t h ree  loca t ions  beneath the  sur- 

face and the following r e l a t i o n  is  used t o  ca l cu la t e  t he  upper sur face  

temperature [ 811 : 

3.413 1 2 p L y  
2AiksA Tw = Tu - 

Thus, t he  temperature d i f fe rence  is  given as 

3.413 1 2 p L y  
2Alk,A AT = TU - TSat - 

o r  
3.413 1 2 p  

2WkS AT = Tu - Tsat - 

03-51 
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Current and t e s t - s t r i p  width are the  d i r e c t l y  measured q u a n t i t i e s  while 

r e s i s t i v i t y  and conductivity a re  taken from graphs which have known 

equations.  Equations ( B - 3 )  and (8-7) are the f i n a l  equations t o  be  

used i n  conducting t h e  ex te rna l  ana lys i s .  

Consider t he  func t ion  r e l a t i o n s h i p  

as given by Eq. ( B - 3 ) .  Here, q" i s  the measured h e a t  f l u x  and I , p , L ,  

and A, a r e  the  sepa ra t e  measured q u a n t i t i e s  which a r e  l i k e l y  t o  be i n  

e r r o r .  Then, 

d 

03-91 

The v a r i a t i o n  i n  q" i s  considered t o  be produced by e r r o r s  i n  the v a r i -  

ab l e s ,  Eq. (B-8)  , which have e r r o r  magnitudes designated as e a  t o  ed. 

Thus, 

d 

eE = 
n= a 

where 

eE = t o t a l  magnitude o f  error involved 

en = magnitude o f  s e p a r a t e  e r r o r s  

(B-10) 

Equation (B-IO) cannot be solved d i r e c t l y  s i n c e  it is  no t  known how the  

e r r o r  terms were added. However, e; may b e  evaluated: 
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d d 

e: = (E) ( ) d n d m  
n= a 

(B-11) 

m= a 

where m # n .  When the  e r r o r s  a r e  independent and symmetrical with 

regard t o  the p o s i t i v e  and negat ive  va lues ,  t h e  cross products i n  t h e  

second term o f  E q .  (B-11) d isappear ,  g iv ing  

d 

e; = 
n=a 

(B-12) 

This equation i s  t h e  general  form f o r  t h e  r e s u l t a n t  e r r o r  i n  terms o f  

i t s  components. To obtain t h e  t o t a l  p ropor t iona l  error ,  d iv ide  Eq. 

(B-12) by (qf1)2,  t he  quan t i ty  squared, and take the square r o o t .  

t he  case F(a,b,c,d) = abcd = q ,  t h e r e  i s  obtained 

For 

where E*, n = a,  b y  . . . is  the  propor t iona l  e r ror  assoc ia ted  w i t h  t he  

q u a n t i t i e s  a ,  b ,  - and EE i s  t h e  t o t a l  p ropor t iona l  e r r o r .  

The func t iona l  form f o r  t h e  h e a t  f l u  i s  

(B-13) I 2 p L  q” = F ( I , p , L , A 1 )  = 3.413 - 
A1 

Following t h e  foregoing a n a l y s i s ,  t h e  equation f o r  t he  t o t a l  propor- 

t i o n a l  e r r o r  involved i n  hea t - f lux  measurements becomes 

(B-14) 

I t  is  estimated t h a t  t he  following propor t iona l  e r r o r s  a f f e c t  the end 

r e s u l t  (I 



173 

Current : 2 p a r t s  i n  100 = 

R e s i s t i v i t y :  5 p a r t s  i n  100 = E,, 

Length : 1 p a r t  i n  72 = EL 

Area : 10 p a r t s  i n  100 = 

Use o f  E q .  (B-14) y i e l d s  E = '12% as the  e x t e r n a l  estimate o f  e r r o r  f o r  

h e a t  f l u x  from any of  the  types o f  specimens mentioned as poss ib l e  hea t -  

t r a n s  f e r  su r faces .  

9 

The func t iona l  form f o r  temperature d i f f e rence  is  

(B- 15) 

and the  es t imate  o f  propor t iona l  e r r o r  i s  

Wall Temperature : 

Sa tu ra t ion  Temperature: 1 p a r t  i n  100 = E 

Current : 2 p a r t s  i n  100 = 

R e s i s t i v i t y  : 5 p a r t s  i n  100 = E 

Width : 3 p a r t s  i n  100 = 

Conductivity : 

2 p a r t s  i n  100 =  ET^ 

TS 

P 

10 p a r t s  i n  100 = &k 

Application o f  t he  foregoing ana lys i s  y i e l d s  = '13.2% as t h e  e x t e r n a l  

estimate o f  e r r o r  f o r  t he  temperature d i f f e rence  between t h e  upper w a l l  

and t h e  contac t ing  f l u i d .  

I t  should be pointed out  t h a t  the ex te rna l  estimate does not  

inc lude  personal  e r r o r s  and mistakes which might occur. Also, t h i s  
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es t imate  i s  based on ex terna l  e f f e c t s  assoc ia ted  with instrumentat ion 

and measurement e r r o r s .  Thus, it is  t a c i t l y  assumed t h a t  t h e  specimen 

undergoing the  test  is  i d e a l ;  t h a t  i s ,  it is assumed t h a t  each type of 

specimen t e s t e d  is f r e e  from indeterminate e f f e c t s .  Obviously, t h i s  is 

not  t he  case f o r  b o i l i n g  hea t  t r a n s f e r  experiments. Such adverse 

e f f e c t s  as specimen aging, small barometric changes, l i q u i d  contamina- 

t i o n ,  and specimen var iance a f f e c t  the  r ep roduc ib i l i t y  of b o i l i n g  da ta .  

O f  these  e f f e c t s ,  specimen var iance i s  t h e  most s e r ious .  

The appl ica t ion  o f  t he  ex terna l  es t imate  o f  e r r o r  ca lcu la ted  

he re in ,  along with t h e  da t a ,  shows t h a t  t he  i n t e r n a l  e r r o r  is  cons is ten t  

with t h e  estimated e r r o r .  Thus, the  e r r o r  ana lys i s  gives some assurance 

as t o  the  accuracy o f  the  s tudy .  



APPENDIX C 

SUMMARY OF DATA INCLUDED I N  ADJUSTED ROHSENOW CORRELATION 

The data f o r  t h i s  s tudy were obtained from t h e  l i t e r a t u r e  on 

pool bo i l i ng  hea t  t r a n s f e r .  Data have been co l l ec t ed  from t h e  o r i g i n a l  

source when poss ib le .  Also, da t a  co l l ec t ed  by the  w r i t e r  and reported 

previously [90,91] a r e  included i n  the  ana lys i s .  Variat ion of  sur face  

condi t ions was t h e  main parameter i nves t iga t ed .  The r e s u l t s  of twelve 

separa te  inves t iga t ions  on var ious l iqu id-sur face  combinations have 

been co r re l a t ed  with the  Rohsenow equation. Results of  t he  co r re l a -  

t i o n s  show t h a t  r values do vary.  Information on each s tudy i s  

summarized i n  the  following paragraphs.  

The e f f e c t  of  varying su r face  condi t ions on pool b o i l i n g  has 

been t h e  object  of numerous inves t iga t ions  [15,16,18-21,29,32,52,93]. 

Corty and Foust [ lS]  measured nuc lea te  b o i l i n g  coe f f i c i en t s  of  e the r ,  

n-pentane and freon 113 from copper and n i cke l  su r f aces .  

roughness and contact  angle were var ied  by pol i sh ing  with d i f f e r e n t  

grades of emery c l o t h .  Prof i lometer  rms roughness was measured and 

found t o  vary from 2 . 2  t o  23 micro-inches. 

Surface 

A q u a n t i t a t i v e  method f o r  p red ic t ing  the  hea t  t r a n s f e r  coe f f i -  

c i e n t  versus superheat r e l a t i o n  f o r  var ious sur faces  and l i q u i d s  was 

presented by Kurihara and Myers [ a s ] .  

used t o  obta in  a range of roughness values  f o r  t h e  copper hea t ing  

Various grades of emery were 
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su r faces .  The l i q u i d s  inves t iga t ed  were water, acetone, n-hexane, 

carbon d i s u l f i d e  and carbon t e t r a c h l o r i d e .  The authors  measured 

sur face  roughness before  and a f t e r  t e s t  runs;  however, no roughness 

values  were repor ted  i n  the  s tudy.  

C l a r k ,  Strenge and Westwater [15], i n  a microscopic s tudy of  

nuc lea t ion  si tes 

uminum a l l o y  sur- 

0003 t o  0.003 i n .  

su r f aces ,  i d e n t i f i e d  photographical ly  20 sepa ra t e  

during b o i l i n g  o f  e t h e r  and pentane on z inc  and a 

faces. The s i z e  o f  t h e  a c t i v e  p i t s  ranged from 0 

Surface roughness values  were not  given. 

Other a t tempts  a t  su r face  prepara t ion  have cons i s  t ed o f  mechani - 

c a l  po l i sh ing ,  a r t i f i c i a l  scor ing ,  and lapping. Polished sur faces  

were used by Gaertner and Westwater [ l S ]  and G r i f f i t h  and Wallis [19]. 

Gaertner and Westwater conducted 51 experimental runs with an aqueous 

s o l u t i o n  of  n i cke l  salts  on copper i n  an attempt t o  determine t h e  

r e l a t i o n s h i p  between q/A, Tw - Ts, and the  s i t e  dens i ty ,  n/A. 

diameter sur face  pol i shed  with 7 grades o f  emery through 4/0, with 

a l l  v i s i b l e  sc ra tches  removed from t h e  sur face ,  was employed i n  t h e  

tes ts .  

A 2 i n .  

Methanol, e thanol ,  and water so lu t ions  were bo i l ed  on copper 

i n  t h e  inves t iga t ion  o f  G r i f f i t h  and Wallis [19]. Surfaces were 

prepared with 3/0 emery, always s t rok ing  i n  the  same d i r e c t i o n .  

authors  prepared a s p e c i a l  su r f ace  f o r  t h e i r  s t u d i e s  by pr ick ing  37 

holes  o f  uniform shape and s i ze  i n  t h e  3/0 su r face ,  

t e s t s  were conducted on a similar su r face  without t h e  holes  t o  

demonstrate t he  increase  i n  hea t  f l u x  f o r  increased roughness. 

The 

Comparative 
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Lapped su r faces  were used by Berenson [ Z O ] .  Mechanical 

po l i sh ing  of t h e  copper su r face  with var ious grades o f  emery c lo th  

was a l s o  employed as a means o f  prepara t ion .  

Art i f ic ia l  scor ing  was employed by Boni l la ,  Grady, and 

Avery [21] .  Copper sur faces  were prepared with p a r a l l e l  sc ra tches  

of  known depth,  geometry, and length.  The scra tches  were spaced 

a t  d is tances  of  1, 1 / 2 ,  1/4, and 1/8  inch on fou r  p l a t e s .  A 

Brush Surface Analyzer was used t o  measure su r face  roughness. 

Hsu and Schmidt [52] i nves t iga t ed  “ground’ and pol ished 

sur faces  of  304 s t a i n l e s s  s t e e l .  Surfaces [92] of  19, 2 1 ,  and 

40 r m s  were produced by gr inding with an A1203 gr inding wheel. 

5.2 r m s  sur face  was produced us ing  a pbl i sh ing  machine and emery 

A 

powder. 

Young and Hummel  [93] i nves t iga t ed  t h e  e f f e c t  of  poorly 

wetted randomly pos i t ioned  spo t s  on a wetted su r face  during pool 

b o i l i n g .  Water was bo i l ed  from 304 s t a i n l e s s  s teel  su r faces .  

Data were obtained f o r  mi l led ,  p i t t ed , , and  Teflon-spotted su r faces .  

No mention was given o f  su r face  roughness. 

Platinum and copper su r faces  i n  nuc lea te  pool b o i l i n g  were 

used by Gaertner [32 ] .  Numerous photographs and motion p i c tu re s  

were taken i n  order  t o  i d e n t i f y  t h e  var ious regions which e x i s t  

i n  nuc lea te  bo i l ing .  

2/0 and 4/0 emery, r e spec t ive ly .  A t ransverse  measurement of  t h e  

copper sur face  with a Talysurf  prof i lometer  ind ica ted  an a r i t hme t i c  

average roughness of  9 .5  micro-inch, 

The sur faces  were prepared by pol i sh ing  with 
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The d a t a  from t h e  inves t iga t ions  mentioned i n  t h e  preceding 

paragraphs were used, along with d a t a  obtained by t h e  writer 190,911 

on mechanically pol i shed  and chemically etched s t a i n l e s s  steel sur- 

faces. Rohsenow's [3] equation was appl ied  t o  t h e  da t a  i n  an attempt 

t o  ob ta in  a c ros s -co r re l a t ion  o f  t h e  d iverse  d a t a  on pool bo i l i ng .  
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TABLE 16 

SURFACE-LIQUID COMBINATION AND SURFACE FINISHES 

USED BY CORTY AND FOUST [16] 

Prof i lometer  
Run Surface Surface Roughness 

Number Liquid Material F in ish  RMS 

10 t o  13 n-Pentane Copper Pol ished with 6 
4/0 emery paper 

14  t o  15 n - P en t an e Copper Pol ished with 6 
4/0 emery paper 

1 n- Pentane Nickel Pol ished with 2 . 2  
4/0 emery paper 

2 n- Pent ane Nickel Pol ished with 3 
2/0 emery paper 

3 n- Pent an e Nickel Pol ished with 10 
0 emery paper 

4 n-Pentane Nickel Pol ished with 1 2  
1 emery paper 

5 n - Pentane Nickel Pol ished with 23 
2 emery paper 

* A l l  specimens prepared by hand pol i sh ing  techniques 
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TABLE 17 

SURFACE-LIQUID COMBINATION AND SURFACE FINISHES 

USED BY KURIHARA AND MYERS [ 2 9 ]  

Run 
Number 

Surface 
Liquid Material 

Surf ace 
Finish 

1-1, 1-2 
1-3 

Pol ished with 
4/0 emery paper Water 

Water 

Copper 

Copper 11-1 Pol ished with 
3/0 emery paper 

111-1, 111-2 Water Copper Polished with 
2/0 emery paper 

I V - 1 ,  IV-2  

v- 1 

Water Copper 

Copper 

Polished with 
0 emery paper 

Water Pol ished with 
1 emery paper 

V I - 1 ,  V I - 2  Water Copper Polished with 
2 emery paper 

Polished with 
140 mesh car- 
borundwn 

VII-1 Water Copper 

I Carbon 
Tet rachlor ide  

Polished with 
4/0 emery paper 

Copper 

Copper 

Copper 

IV Carbon 
Tet rachlor ide  

Pol ished with 
0 emery paper 

V I  Caxbon 
Tet rachlor ide  

Polished with 
2 emery paper  

* A l l  specimens prepared by hand pol i sh ing  techniques 
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TABLE 18 

SURFACE-LIQUID COMBINATION AND SURFACE FINISHES 

USED BY BERENSON [20] 

Run Surf ace Surface Surface Condition 
Number Liquid Mater ia l  Finish Before T e s t  

38 

39 

2, 3 

33, 36 

34 

16, 17 

7 ,  8, 9 

10 

31 

32 

19, 20 

n - P en t ane 

n- Pentane 

n - Pent an e 

n- P en t ane 

n- Pent ane 

n-Pentane 

n- Pentane 

n-Pentane 

n - Pentane 

n- P en t ane 

Carbon 
Tetrachlor ide 

Nickel 

Nickel 

Copper 

Inconel 

Inconel 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Mirror F in ish  Cleaned with CCl4 

Lapped c i r cu -  Cleaned with CCl4 
l a r l y  with G r i t  
D ,  No. 160 

Mirror Finish Cleaned with CCl4 

Mirror F in ish  Cleaned with CCl4 

Lapped c i r cu -  Cleaned with CCl4 
l a r l y  with G r i t  
D ,  No. 160 

Lapped c i r cu -  Cleaned with CCl4 
l a r l y  with G r i t  
E ,  No. 120 

Lapped i n  one Oxidized (Not 
d i r e c t i o n  with Cleaned) 
G r i t  E ,  No. 120 

Lapped i n  one 
d i r e c t i o n  with 
G r i t  E ,  No. 120 

Cleaned with CC14 

No. 320 emery Cleaned with CCl4 
rubbed i n  one 
d i r e c t  ion 

No. 60 emery 
rubbed i n  one 
d i r e c t  i on 

Cleaned with CC14 

Lapped c i rcu-  Cleaned with CC14 
l a r l y  with G r i t  
E ,  No. 120 

* A l l  specimens prepared by hand pol i sh ing  techniques 
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TABLE 19 

SURFACE-LIQUID COMBINATION AND SURFACE FINISHES 

USED BY BONILLA, GRADY, AND AVERY [21] 

Run Surface Surface 
Number Liquid Material Finish Surface Condition 

A Water Copper Mirror  
Finish 

B Water Copper Mirror 
Finish 

C Water Copper Mirror 
Finish 

D Water Copper Mirror  
Finish 

E Water Copper Mirror 
Finish 

Scored by S t e e l ,  
s c ra t ches  1 i n .  a p a r t  

Scored by S t e e l ,  
s c ra t ches  4 i n .  a p a r t  

Scored by S t e e l ,  
sc ra tches  % i n .  apa r t  

Scored by S t e e l ,  
sc ra tches  1/8 i n .  
a p a r t  (deep) 

*Specimens hand pol i shed  with var ious  grades of emery, f i n a l  po l i shed  
with jeweler's rouge, and scored with steel s c r i b e r  
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TABLE 20 

SURFACE-LIQUID COMBINATIONS AND SURFACE FINISHES 

USED BY HSU AND SCHMIDT [52] 

Run Surface Surface Roughness 
Number Liquid Material Finish RMS 

108, 110, Water S t a i n l e s s  Ground 40 
111 S t e e l  

119, 120 Water St a i n l  es s Ground 2 1  
S t e e l  

101, 102 Water S t a i n l e s s  Ground 19 
103, 104 S t e e l  

1 1 2 ,  113, Water S t a i n l e s s  Pol ished 5.2 
114 S t e e l  

*Specimens were machine prepared 
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TABLE 21  

SURFACE-LIQUID COMBINATIONS AND SURFACE FINISHES 

USED BY YOUNG AND HUMMEL [93] 

Run Surf ace Surface 
Number Liquid Material  F in ish  Surface Condition 

1 Water S t a i n l e s s  M i  1 led 
S t e e l  

3-P Water S t a i n  1 es s P i t t e d  
S t e e l  

7 ST Water S t a i n l e s s  M i  1 l ed  Spots of Teflon on 
S t e e l  t he  su r face  

3 PT Water S t a i n l e s s  P i t t e d  Teflon i n  t h e  p i t s  
S t e e l  

2 PT Water S t a i n l e s s  P i t t e d  Teflon i n  t h e  p i t s  
S t e e l  

*Specimens p i t t e d  mechanically, spo t t ed  with Teflon 
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TABLE 22 

OTHER SURFACE-LIQUID COMBINATIONS AND SURFACE FINISHES 

Run Surf ace Surface 
Number Liquid Mat e r i  a1 Finish Reference 

1 n-Pentane z inc-crys ta l s  

1 Water p a r a f f i n  
t r e a t e d  copper 

2 Water p a r a f f i n  
t r e a t e d  copper 

1 Water Copper 

pol ished* I: 151 

pol i shed  with 191 
3/0 emery paper 
with cavi t ies**  

pol i shed  with ~ 9 1  
3/0 emery paper 
without cavi t ies**  

pol i shed  with ~ 3 2 1  
4/0 emery paper** 

"Hand pol ished,  f i n a l  po l i shed  by machine technique 

**Hand po 1 i shed  
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TABLE 23 

SUMMARY OF SPECIMEN AND TEST CONDITIONS: MECHANICALLY 

POLISHED SPECIMENS [91] 

Run Surface Surf ace Roughness 
Number Liquid Material Finish RMS 

1-A,  B,C 

2-A,  B,  C 

3-A 

4-A,B,C 

5-A, B ,  C 

6-A,B,C 

7-A,B,C 

8-B,C 

9-A,B,C 

10-A, B , C 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

Water 

S t a i n l e s s  S t e e l  

S t a i n l e s s  S t e e l  

S t a i n l e s s  S t e e l  

S t a i n l e s s  S t e e l  

S t a i n l e s s  S t e e l  

S t a i n l e s s  S t e e l  

S t a i n l e s s  S t e e l  

S t a i n l e s s  S t e e l  

S t a i n l e s s  S t e e l  

S t a i n l e s s  S t e e l  

600 emery 

600 emery 

600 emery 

320 emery 

320 emery 

320 emery 

80 emery 

80 emery 

36 emery 

36 emery 

2.6 

2.6 

2.6 

10 

10 

10 

40 

40 

61 

61 

* A l l  specimens hand pol ished i n  one d i r e c t i o n  with d i f f e r e n t  grades 
o f  emery 
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TABLE 24 

SUMMARY OF SPECIMEN AND TEST CONDITIONS: CHEMICALLY 

ETCHED SPECIMENS [go] 

Run Surface Surf ace Roughness 
Number Liquid Mat e r i  a1 Fin ish  RMS 

-~ ~ ~ ~- ~~~ 

76-A, B Water S t a i n l e s s  S t e e l  Etched 6 h r .  32 

77-A, B Water S t a i n l e s s  S t e e l  Etched 4 h r .  27 

78-A, B Water S t a i n l e s s  S t e e l  Etched 5 h r .  30 

79-A, B Water S t a i n l e s s  S t e e l  Etched 7 h r .  42 

80-A, B Water S t a i n l e s s  S t e e l  Etched 2 h r .  16 

%2-A, B Water S t a i n l e s s  S t e e l  Etched 7 h r .  42 

83-A  Water S t a i n l e s s  S t e e l  Etched 5 h r .  30 

84-A,B Water S t a i n l e s s  S tee l  Etched 4 h r ,  27 

* A l l  specimens etched for d i f f e r e n t  times i n  37% so lu t ion  of  hydro- 
c h l o r i c  ac id  



APPENDIX D 

SUMMARY O F  MOODY'S MODEL FOR C R I T I C A L  MASS FLOW RATE 

Moody [72] made the  following assumptions i n  the  development o f  

h i s  model: 

equi l ibr ium a t  the  e x i t ;  the  flow is  annular with a uniform e x i t  ve l -  

o c i t y ;  and the  s l i p  r a t i o  i s  an independent va r i ab le .  The cont inui ty  

and energy equations a r e  

Both phases a re  a t  t he  same s t a t i c  pressure  and i n  loca l  

where 

EL 
M 1 - x  = (D-3)  

If the  s l i p  r a t i o  

i s  introduced, Eqs (D-4) and (D-5) y i e l d  

Proper t ies  along the s a t u r a t i o n  l i n e  a re  funct iops o f  pressure  only and 

are given by: 
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and so i s  given by 

Equations (D-1) through (D-8)  a r e  combined t o  give the  r e l a t i o n  f o r  

mass flow r a t e  

( D - 9  

S R V  

Moody obtained the  following f o r  K a t  maximum flow rate 

(D-10) 

and showed t h a t  G has a s i n g l e  maximum value f o r  known Po and ho. 

the  s tagnat ion  enthalpy is  unknown, as i n  the  present  case,  then h, i s  

an addi t iona l  parameter i n  the  s o l u t i o n  procedure. 

When 



APPENDIX E 

AUXILIARY PROGRAM EQUATIONS 

The q u a l i t y  of l iquid/vapor  i n  t h e  system a t  any time i s  given 

MV 
ME + Mv 

x =  

The mixture 's  s p e c i f i c  volume, i n t e r n a l  energy, enthalpy, and entropy 

a r e  ca lcu la ted  with the  following equations : 

v = v.1 + XVgv 

u = UR + XUgv 03-31 

(E-4) 

(E-5) 

These were entered i n t o  the  computer program along with t h e  sa tu ra t ed  

l iquid/vapor  p rope r t i e s .  

the  various p rope r t i e s  for any pressure  of i n t e r e s t .  

A n  i n t e rpo la t ion  scheme was used t o  ca l cu la t e  

The program keeps 

a running account o f  each va r i ab le ,  and these  may be output as a func- 

t i o n  of  the blowdown time. The expressions given by Nahavandi [98] f o r  

a void f r ac t ion  

(0 .8333 + 0 .167~)xvv  
xvv (1 - X)vQ a =  

and the momentum-averaged s p e c i f i c  volume 
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X2 (1  - x)2 v" = - vv 4- VR a 1 - x  

were included i n  the  program t o  permit poss ib l e  f u r t h e r  comparisons 

with o t h e r  i n v e s t i g a t o r s .  



APPENDIX F 

SUMMARY OF DISCHARGE DATA 

A. Saturated Discharge Tests 

-__ 
Time, Pressure,  Liquid Vapor Saturat ion 

Seconds p s i a  Temperature, F Temperature, O F  Temperature, O F  

Run Number 1: 4 Inch Orif ice  

0.0 
0 .1  
0 .5  
1.0 
2.0 

10.0 
20.0 
30 . O  
40 . O  
50.0 
60.0 
70.0 
75 .O 

100.9 
88.3 
92.8 
92.1 
87.7 
55.4 
35.0 
24.9 
23.2 
19.5 
17.1 
16.2 
15.5 

326.8 
326.8 
323.5 
323.5 
320.2 
287.5 
256.2 
236.2 
226.2 
217.8 
214.5 
212.8 
212.6 

Run Number 2 : 

Run Number 3: Inch Or i f ice  

(Equipment Malfunction) 

0 .o  
0.2 
0.5 
0.75 
1 .o 
5 . O  

10 .o 
20.0 
30.0 
40.0 
50.0 
60.0 
70 .O 
80 .O 
90 .o 

100 .o 
110.0 

99.6 
92.5 

93 .1  
92.9 
84.7 
74.3 
60.6 
51.3 
44.0 
38.5 
34.2 
30.8 
27.9 
25.4 
23.1 
22.1 

-- 
327.3 
327.3 
327.3 
326.7 
324.0 
317.7 
307.7 
294.0 
281.7 
272.7 
265.3 
258.0 
251.7 
245.7 
240.7 
235.7 
232.3 

326.6 
326.6 
326.6 
320.5 
317.3 
286.2 
255.7 
235.6 
225 .O 
218.6 
214.6 
212.0 
212 .o 

327.3 
327.3 
321.5 
321.9 
322.3 
316.0 
306.8 
293.0 
281.8 
273.3 
265.3 
258.5 
252.0 
247.0 
242.0 
237.3 
233.8 

328.5 
318.9 
322.4 
321.9 
318.5 
287.6 
259.3 
239.9 
235.9 
226.7 
219.7 
216.9 
214.7 

327.6 
322.6 

322.7 
323.3 
316.0 
307.0 
293.4 
282.6 
273.0 
264.9 
257.9 
251.8 
246.2 
240.9 
235.7 
233.3 

-- 

192 



193 
APPENDIX 6 (Cont.) 

Time, Pressure, Liquid Vapor Saturation 
Seconds PSIA Temperature, Temperature, Temperature, 

O F  O F  O F  

120.0 
130.0 
140.0 
150.0 
160.0 
180.0 
190.0 
200.0 
210.0 

20.5 229.0 
19.3 225.7 
18.1 222.3 
17.5 219.3 
16.7 218.7 
15.8 215.0 
15.4 212.7 
15 .1  212.3 
14.9 212.3 

Run Number 4: 1/4 inch orifice 

0.0  
0 . 2  
0 .5  
0.75 
0 .8  
1 .0  
5.0 

10.0 
20.0 
30.0 
40 .0  
50.0 
60.0 
70.0 
80.0 
90.0 

100.0 
110.0 
120 .0  
130.0 
140.0 
150.0 
160.0 
170.0 
180.0 
190.0 
200.0 
210.0 
220.0 

99.5 
92.8 

93.2 

93.1 
85.6 
76.4 
62.3 
52.9 
45.6 
40.2 
35.8 
32.1 
29.2 
26.6 
24.7 
23.2 
21.4 
20.3 
19.1 
18.4 
17.6 
16.9 
16.4 
16.2 
15.9 
15.7 
15.4 

- 

- 

327.0 
327.0 

327.0 
327.0 
324.3 
317.7 
309.0 
294.3 
284.0 
274.0 
265.0 
258.3 
251.3 
245.0 
241.7 
235.3 
232.0 
228.3 
223.7 
222.0 
218.7 
215.3 
212.7 
212.0 
210.0 
208.7 
207.0 
205.3 

- 

230.0 
227.0 
224.0 
222.0 
219.7 
217.3 
216.0 
215.3 
214.3 

326.8 
326.8 
322.0 
322.0 

322.0 
315.3 
308.2 
294.3 
284.3 
275.0 
267.2 
260.3 
254.2 
249.0 
243.7 
240.0 
235.7 
232.0 
228.7 
225.7 
223.7 
221.7 
219.7 
218.0 
217.0 
215.3 
215.0 
214.3 

- 

228.0 
226.0 
222.7 
219.6 
218.5 
215.7 
214.3 
213.3 
212.7 

327.5 
322.5 

322.8 

322.8 
316.8 
308.9 
295.2 
284.7 
275.3 
268.0 
260.6 
254.2 
248.8 
243.5 
239.4 
235.9 
231.6 
228.7 
225.5 
223.5 
221.2 
219.1 
217.6 
216.9 
215.9 
215.3 
214.3 

- 
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APPENDIX 6 (Cont.) 

Time, Pressure, Liquid Vapor Saturat ion 
Seconds PSIA Temperature, Temperature, Temperature, 

O F  O F  O F  

230.0 
240.0 
250.0 

Run Number 5: 

0.0 
0.10 
0 .25  
0.60 
0.75 
1 . 0  
5.0 

10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 

Run Number 6: 

0 .0  
1 .0  
1.4 
1.8 
2.2 
2.4 
5.4 

10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

100.0 
110.0 

15 .1  205.3 213.7 
14.9 205.3 213.3 
14.8 205.3 213.3 

1 / 2  inch o r i f i c e  

99.4 

87.6 
- 

- 
91.7 
90.6 
73.3 
54.3 
32.5 
23.5 
19.1 
16.9 
15.8 
15 .2  
14.7 

327.7 
323.0 
321.6 
321.9 
321.9 
321.9 
306.3 
286.5 
255.6 
237.4 
226.4 
219.5 
216.3 
214.3 
213.3 

1/4 inch o r i f i c e  

99.1 
91.5 
91.8 
92.0 

91.5 
86.5 
78.3 
65.6 
56.4 
49.4 
44.0 
39.2 
35.8 
32.7 
30.3 
27.7 
26 .2  

- 

326.7 
326.7 
326.7 
326.7 
526.7 
326.4 
323.7 
315.3 
303.7 
293.7 
285.0 
277.7 
271.3 
265.0 
260.7 
255.0 
251.0 
247.5 

328.3 

- 
320.8 
322.0 
321.7 
306.7 
286.8 
255.3 
236.7 
225.3 
218.3 
215.0 
213.3 
213.3 

213.4 
213.0 
212.3 

327.4 
- 

318.1 
- 

321.7 
320.8 
306.1 
286.3 
254.8 
235.6 
225.5 
219.1 
215.7 
213.7 
211.9 

327.2 
321.4 
321.6 
321.8 

321.4 
317.4 
310.5 
298.5 
288.6 
280.3 
273.1 
266.2 
260.7 
255.4 
250.9 
245.8 
242.7 

- 
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Time, Pressure, Liquid Vapor Saturation 
Seconds PSIA Temperature , Temperature, Temperature, 

O F  O F  OF 

120.0 
130.0 
140.0 
150.0 
160.0 
170.0 
180.0 
190.0 
200.0 
210.0 

230.0 
250.0 
270.0 
290.0 
310.0 
330.0 
350.0 

220.0 

24.3 
22.9 
22.0 
20.9 
19.7 
19.0 
18.2 
17.7 
16.9 
16.7 
1 6 . 2  
15.7 
15.3 
15.2 
14.8 
14.4 
14 .3  
14.1 

243.3 
240.0 
237.5 
234.5 
231.5 
229.7 
228.0 
225.7 
224.7 
222.7 
221.7 
221.0 
218.3 
217.7 
217.0 
215.3 
214.8 
214.8 

Run Number 7:  (Equipment Malfunction) 

Run Num'ber 8: (Equipment Malfunction) 

Runs 9-12: (See Section C) 

Run Number 13: (Power Failure) 

Run Number 14: 1 / 2  inch orifice 

0.0  
0 .1  
0 .6  
1.1 
5.0 

10 .0  
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 

99.5 
87.3 
89.6 

65.5 
48.6 
31.9 
23.9 
19.7 
17.2 
15.8 
14.6 
14.5 

- 

326.7 
326.7 
324.8 
320.9 
300.0 
281.1 
256.3 
242.2 
230.6 
223.6 
218.9 
215.9 
214.3 

327.0 

- 
282.9 
257.9 
242.0 
232.1 
224.0 
219.4 
216.6 
215.1 

238.5 
235.4 
233.1 
230.3 
227.1 
225.2 
222.9 
221.4 
219.3 
218.5 
216.8 
215.5 
214.2 
213.7 
211.9 
210.9 
210.4 
209.9 

327.4 
318.1 
319.9 

298.3 
279.1 
253.8 
237.6 
227.2 
219.9 
215.7 
211.6 
211.2 

- 



196 

APPENDIX 6 (Cont.) 

Time , Pressure, Liquid Vapor Saturat ion 
Seconds P S I A  Temperature, Temperature, Temperature, 

O F  O F  O F  

Run Number 15: 1/2 inch o r i f i c e  

0.0 
0.17 
0.2 
0.4 
0.7 
0.9 
1 . 0  
1 . 4  
1.7 

10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 

100.8 
91.7 
91.4 

- 
56.3 
34.0 
24.6 
19.5 
16.5 
15.1 
14.4 
14.4 

328.0 
327.3 
327.1 
330.5 
327.1 
325.9 
324.9 
322.8 
324.7 
293.2 
260.8 
241.7 
228.8 
220.5 
215.5 
212.2 
211.0 

Run Number 16: 1/2 inch o r i f i c e  

0 . 0  
0 .1  
0 .2  
0.3 
0.5 
0 .6  
1 . 0  

10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 

99.5 
91.6 

92.4 

91.6 
90.9 
63.3 
34.9 
23.3 
18.4 
15.8 
14.5 
14.5 
14.5 

- 

- 

325.3 
320.4 
317.9 
320.4 
323.4 
322.9 
321.6 
297.6 
273.7 
250.5 
226.2 
217.5 
213.3 
211.3 
210.8 

Run Number 17: 1/2 inch o r i f i c e  

0 . 0  100.8 328.0 
0 .1  88.6 326.8 
0.2 88.6 325.5 

327.7 

332 e 7 

327.7 

325.2 
298.9 
260.5 
238.9 
225.4 
215.6 
212.4 
210.7 
211.5 

- 

- 

- 

327.4 

328.5 
- 

328.4 
321.6 
321.4 

- 
320.3 
- 
- 

288.5 
257.7 
239.3 
226.5 
217.8 
213.4 
211.0 
211.0 

327.4 
321.5 

322.1 

321.5 
320.9 
296.2 
259.1 
236.3 
223.6 
215.8 
211.2 
211.2 
211.2 

- 

- 

328.4 
319.2 
319.2 
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Time, Pressure, Liquid Vapor Saturation 
Seconds PSIA Temperature, Temperature, Temperature, 

O F  O F  O F  

0 . 3  
0.4 
0.6 

1 . 2  
1.5 
1 . 7  
2 .1  

10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 

1 .0  

89.9 
90.5 
90.8 
88.6 
88.6 
87.3 
86.6 
84.9 
56.9 
34.2 
24.5 
19.8 
17.2 
15.8 
14.5 

326.8 
328.0 
327.3 
326.5 
325.5 
325.5 
324.3 
319.4 
290.4 
258.9 
239.3 
225.9 
218.6 
213.1 
210.7 

Run Number 18: 1/2 inch orifice 

0.0 
0.2 
0.4 
0 .6  
1 .0  
1 .4  

10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 

99.5 
85.9 
88.4 
89.7 
87.9 
85.5 
51.4 
32.6 
24.4 
19.6 
17.1 
15.6 
15.2 
14.5 

327.3 
327.3 
327.8 
329.9 
329.9 
322.9 
286.9 
258.9 
234.9 
228.5 
220.5 
215.6 
212.7 
212.0 

Run Number 19: 1/4 inch orifice 

0.0  
0.25 
0.75 
1 .0  
3.0 

10.0 
20.0 
30.0 
40.0 

99.6 
94.8 
94.8 
- 
- 

79.0 
66.9 
57.7 

327.7 
327.7 
327.7 
328.8 
327.3 
314.2 
302.9 
288.0 
285.2 

- 
323.8 
- 
- 

- 
289.6 
258.1 
239.5 
226.8 
218.8 
213.4 
211,o 

328.0 
326.1 
323.2 
319.6 
- 
- 

283.3 
255.5 
238.8 
227.5 
220.3 
214.9 
211.9 
210.7 

320.3 
320.7 
320.9 
319.2 
319.2 
318.1 
317.6 
316.1 
289.3 
257.9 
238.9 
227.4 
220.1 
215.5 
211.4 

327.4 
317.0 
318.9 
320.1 
318.6 
316.7 
282.8 
255.1 
238.6 
226.9 
219.6 
214.9 
213.6 
211.3 

327.5 
327.0 
324.0 

- 
311.2 
299.8 
290.2 
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Time, Pressure,  Liquid Vapor Saturat ion 
Seconds PSIA Temperature, Temperature, Temperature, 

F "F O F  

50.0 
60.0 
70.0 
80.0 
90.0 

100.0 
110.0 
120.0 
130.0 
140.0 
150.0 
160.0 
170.0 
180.0 
190.0 
210.0 
220.0 
230.0 
240.0 
250.0 
260.0 
270.0 
280.0 
290.0 

45.5 
41.1 
37.2 
33.6 
30.7 
28.5 
26.6 
24.7 
23.3 
21.9 
20.6 
19.8 
19.0 
18.5 
17.3 
17.1 
16.6 
16.0 
15.9 
15.8 
15.5 
14.9 
14.7 
14.6 

277.9 
272.2 
267.1 
260.9 
255.2 
250.6 
247.2 
243.3 
240.2 
236.7 
233.7 
230.9 
224.9 
223.4 
221.4 
218.4 
217.9 
219.4 
217.5 
216.7 
216.4 
215.5 
215.2 
214.0 

Run Number 20: 1/4 inch o r i f i c e  

0 .0  
0 .3  
1.3 
3.0 
5.0 

10.0 
20.0 
40.0 
60.0 
80.0 

100.0 
120.0 
140.0 
160.0 
180.0 

99.6 
93.9 
93.5 

- 
78.7 
66.3 
50.1 
40.2 
32.9 
28.2 
24.3 
21.6 
19.9 
17.8 

327.0 

- 
326.5 
322.2 
314.1 
300.9 
283.3 
269.2 
257.0 
246.4 
240.5 
233.2 
228.4 
223.6 

326.0 

- 
310.2 
297.1 
279.7 
265.1 
253.4 
243.1 
235.6 
229.4 
223.2 
219.4 

275.0 
268.9 
262.9 
256.8 
251.7 
247.3 
243.4 
239.3 
236.3 
233.0 
229.6 
227.5 
225.3 
223.7 
220.2 
219.8 
218.1 
216.4 
216.0 
215.6 
214.7 
212.9 
211.9 
211.5 

327.5 
323.3 
322.9 

- 
310.9 
299.3 
281.1 
267.5 
255.5 
246.9 
238.5 
232.1 
227.9 
221.8 
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Time, Pressure, Liquid Vapor Saturation 
Seconds PSIA Temperature , Temperature , Temperature , 

O F  "F O F  

200.0 16.9 219.9 215.7 218.9 
220.0 16.2 217.1 212.9 216.9 
240.0 15.9 215.1 210.7 216.0 
260.0 15.1 213.7 208.7 213.3 
280.0 14.8 212.7 208.0 212.4 
300.0 14.6 211.5 207.0 211.5 

Run Number 21 :  1 inch orifice 

0 . 0  
0.15 
0.29 
0.30 
0.45 
0.70 
0.90 
1 . 0  
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 

99.7 
82.2 

88.9 
89.1 
87.6 
86.9 
84.9 
74.7 
63.4 
52.4 
41.6 
33.5 
26.7 
21.4 
18.6 
17.1 
15.9 
15.8 
15.3 
15.2 
14.9 
14.8 
14.7 

- 
326.9 
326.2 
326.0 
325.9 
324.1 
322 .6  
321.4 
316.0 
312.1 
- 

291.3 
265.0 
- 
- 

238.4 

221.1 

213.0 

211.5 

- 

- 

- 

- 
- 

211.5 

Run Number 22:  1 inch orifice 

0.0 100.0 327.0 
0.15 78.1 324.3 
0.35 88.1 323.2 
0.50 88.2 321.8 
0.70 85.2 319.9 
0.90 85.1 318.6 
1 . 0  83 .6  317.4 

327.0 
- 

- 
320.9 
312.3 

290.7 
263.3 

- 

- 
- 

238.7 

221.4 

214.4 

213.7 

- 

- 

- 

- 
- 

213.7 

327.6 
313.9 

319.4 
319.5 
318.3 
317.8 
316.1 
307.3 
296.9 
284.0 
269.6 
256.7 
243.7 
231.7 
224.1 
219.7 
215.9 
215.5 
214.2 
213.7 
212.8 
212.4 
211.9 

- 

327.7 
310.4 
318.7 
318.8 
316.4 
316.3 
315.1 
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Time, Pressure, Liquid Vapor Saturation 
Seconds PSIA Temperature, Temperature, Temperature, 

OF O F  O F  

1.1 
1 .2  
2.0 
4.0 
6 .0  
8.0 

10.0 
12.0 
14.0 
15.0 
16.0 

81.5 
81.3 
70.4 
45.9 
28.5 
19.8 
16.1 
14.9 
14.6 
14.5 
14.5 

317.1 
315.7 
308.9 
284.4 
257.0 
233.3 
220.4 
214.9 
213.0 
212.8 
212.5 

- 
307.8 
281.7 
253.0 
231.5 
219.4 
214.5 
214.2 
214.2 
214.2 

313.3 
313.1 
303.3 
275.7 
247.4 
227.4 
216.7 
212.7 
211.7 
211.3 
211.3 

B. Subcooled Discharge Tests 

Time, Pressure, Liquid Vapor Saturation 
Seconds PSIA Temperature, Temperature, Temperature, 

O F  O F  O F  

Run Number 23: 1 inch orifice 

0.0 
0.22 
0 .3  
0.7 
1 .0  
1 .6  
2.0 
4.0 
6.0 
8.0 

10.0 
1 2 . 0  
14.0 
16.0 

99.0 
34.0 
34.0 
40.5 
39.1 

35.8 
28.9 
22.9 
18.4 
16.9 
14.7 
14.4 
14.4 

- 

273.3 
- 
- 
- 

273.3 
274.1 
269.2 
251.4 
238.4 
225.1 
215.4 
211.5 
210.6 
210.3 

262.0 
- 
- 

270.9 
272.2 
- 

267.4 
253.3 
239.5 
225.4 
216.4 
212.5 
212.3 
212.0 

327.1 
257.7 
257.7 
267.9 
265.9 

260.6 
248.2 
235.1 
223.4 
219.4 
211.9 
210.9 
210.9 

- 
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Time , Pressure, Liquid Vapor Saturation 
Seconds PSIA Temperature, Temperature, Temperature, 

OF O F  O F  

Run Number 24: 1 inch orifice 

0 . 0  
0.15 
0.24 
0.55 
0.85 
1.00 
1.15 
1.35 
1.70 
2.0 
4.0 
6.0 
8 .0  

10.0 
12.0 
14.0 
16.0 

98.6 
51.3 
51.3 
63.3 
58.3 

57.9 
53.8 
53.1 
50.4 
37.6 
27.7 
20.5 
16.9 
15.1 
14.5 
14.4 

- 

299.3 
299.3 
298.2 
297.3 
294.8 
292.8 
291.5 
290.3 
286.7 
284.1 
266.5 
250.4 
232.9 
220.5 
213.7 
211.5 
210.3 

Run Number 25: 1 /4  inch orifice 

0.0 
2.0 
3.0 
5.0 

10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

100.0 
110.0 
120.0 
130.0 
140.0 
150.0 

99.5 
47.3 
47.3 

41.8 
37.1 
33.4 
30.6 
27.9 
25.5 
23.9 
22.4 
21.2 
19.9 
19.3 
18.3 
17.5 
17.1 
16 .3  

- 

278.7 
- 
- 

281.1 
273.7 
265.4 
259.2 
252.5 
248.1 
242.9 
238.7 
234.8 
232 .3  
228.8 
226.1 
223.1 
221.1 
218.7 
217.4 

291.0 

- 
291.9 
- 

- 
284.1 
266.6 
248.3 
231.4 
219.5 
213.7 
211.6 
210.7 

273.5 

241.6 
272.2 
270.9 
263.4 
257.4 
250.4 
245.4 
241.6 
237.7 
233.2 
230.1 
227.2 
224.6 
221.8 
218.1 
216.8 
214.9 

- 

326.8 
282.7 
282.7 
296.2 
290.8 

290.3 
285.7 
284.9 
281.5 
263.6 
245.8 
229.3 
219.4 
213.3 
211.4 
210.9 

- 

327.4 
277.5 
277.5 

269.9 
262.8 
256.6 
251.4 
246.3 
241.1 
237.7 
234.2 
231.1 
227.9 
226.0 
223.3 
220.9 
219.7 
217.2 

- 
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Time Pressure Liquid Vapor Saturation 
Seconds PSIA Temperature, Temperature, Temperature, 

O F  O F  O F  

160.0 15.9 216.4 
170.0 15.6 214.7 
180.0 15.2 213 .2  
190.0 14.5 212.2 
200.0 14.5 210.9 
210.0 14.5 210.0 

Run Number 26: 1 /4  inch orifice 

0.0 
1.0 
1 . 5  
3.2 

10.0 
20.0 
30.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

100.0 
110.0 
120.0 
130.0 
140.0 
150.0 
160.0 
170.0 
180.0 
190.0 
200.0 
210.0 
220.0 
230.0 
240.0 
250.0 
260.0 

99.9 
70.0 

- 
59.6 
51.0 
44.6 
40.2 
36.1 
32.7 
29.6 
27.4 
25.5 
23.9 
2 2 . 5  
21.2 
20.1 
19.7 
18.4 
17.8 
17.1 
16.8 
15.9 
15.7 
15.6 
14.9 
14.5 
14.5 
14.5 
14.5 

307.0 

- 
307.0 
293.1 
283.9 
274.4 
267.1 
260.7 
255- 7 
250.5 
246.2 
241.8 
238.2 
234.6 
231.5 
229.6 
226.3  
224.4 
221.3 
219.2 
217.9 
216.8 
215.6 
213.9 
213.2 
211 .3  
2 1 1 . 1  
210.8 
210.8 

214.2 
211.6 
210.3 
209.2 
209.2 
207.7 

297.3 
284.1 
294.9 
299.8 
293.6 
284 1 
274.9 
267.2 
260.9 
256.1 
249.9 
246.2 
241.6 
238.6 
234.2 
230.9 
228.0 
225.6 
224.3 
221.6 
219.4 
216.9 
216.9 
214.5 
213.7 
212.7 
211.9 
211.5 
210.8 
210.5 

215.9 
214.9 
213.6 
211.3 
211.3 
211.3 

327.7 
302.9 
302.9 
- 

292.3 
282.3 
273.9 
267.5 
261.1 
255.3 
249.5 
245.2 
241.2 
237.5 
234.3 
230.9 
228.1 
227.1 
223.7 
221.7 
219.7 
218.9 
216.3 
215.4 
214.9 
212.7 
211.3 
211.3 
211.3 
211.3 
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