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ABSTRACT 

This  is  t h e  Seventh Quar t e r ly  Progress  Report f o r  NAs8-11334, 

DETERMINATION OF L I Q U I D  SURFACE PROFILE I N  A CRYOGENIC TANK DURING GAS 

I N J E C T I O N .  The pe r iod  covered is December 19, 1965 - March 18, 1966. 

Motion p i c t u r e s  of t h e  s u r f a c e  d is turbance  caused by swarms of n i t r o -  

gen bubbles r i s i n g  i n  d i s t i l l e d  water  have been analyzed and s u r f a c e  

p r o f i l e s  p l o t t e d  from d a t a  taken f r o m t h e  f i lm.  The d a t a  f o r  one i n l e t  gas 

flow rate has  been f i t t e d  t o  t h e  fou r th  degree polynomial 

Zc = .295 1 - .0501rl - .086 lrI2 - .2621rI2 + .0771rl [ 
wi th  remarkably good agreement. 

The d a t a  f o r  numerous i n l e t  gas flow rates are i n  t h e  process  of be ing  

analyzed. 

The rates a t  which water is en t r a ined  by a s a t u r a t e d  a i r  stream w e r e  

exper imenta l ly  determined f o r  a modified U-tube c o n f i g u a t k n  as a f u n c t i o n  

of air  d e l i v e r y  p re s su re .  

5-foot l eng th  of 4-inch I . D .  g l a s s  p i p e ,  i n t o  which t h e  a i r  w a s  d i r e c t e d  

The t e s t  s e c t i o n  employed cons i s t ed  of a h o r i z o n t a l  

v e r t i c a l l y  downward a t  one end and from which, a t  t h e  oppos i te  end, t h e  a i r  

and e n t r a i n e d  water flowed through a v e r t i c a l  10-foot l eng th  of g l a s s  pipe.  

The water removal rate w a s  determined f o r  va r ious  gas d e l i v e r y  p re s su res  and 

percentage  of t h e  h o r i z o n t a l  p ipe  f i l l e d  wi th  water. T e s t s  were f i r s t  conducted 

by g r a d u a l l y  i n c r e a s i n g  t h e  gas de l ive ry  p re s su re  u n t i l  t h e  d e s i r e d  p r e s s u r e  

w a s  ach ieved;  t hen  they w e r e  repeated by impacting t h e  test s e c t i o n  wi th  t h e  

same p r e s s u r e s .  Curves of t h e  measured entrainment  rates f o r  each case  s tud ied  

are p resen ted .  De ta i l ed  q u a l i t a t i v e  d e s c r i p t i o n s  and ske tches  of t h e  flow 
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phenomona in  the horizontal and vertical p i p e s  are given, as w e l l  as photographs 

of the flow a t  sections of particular interest.  

- 2 -  
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PROGRESS 

c 

Surface  P r o f i l e  

The s tudy  of t h e  d is turbance  of t h e  s u r f a c e  of a l i q u i d  caused by 

r i s i n g  s w a r m s  of gas bubbles has begun and is progress ing  r ap id ly .  The l i q u i d  

used i n  the  i n i t i a l  work is d i s t i l l e d  water. The i n l e t  conf igu ra t ion  s e l e c t e d  

t o  i n i t i a t e  t h e  s w a r m  of bubbles f o r  t h e  f i r s t  experimentat ion may be  seen  i n  

t h e  photograph i n  F igure  1. 

dermic needles  arranged i n  a square p a t t e r n .  

bubbles formed are reasonably uniform i n  s i z e .  N o  l a r g e ,  r a p i d l y  r i s i n g  

bubbles  are formed. Apparently,  the bubbles  do not  coa lesce  dur ing  t h e i r  rise. 

Figure  2 shows t h r e e  sets of photographic p r i n t s  taken from t h e  motion 

This  i n l e t  device  c o n s i s t s  of n ine  26 gauge hypo- 

Figures  1 and 2 show t h a t  t h e  

p i c t u r e  f i lm .  

d i f f e r e n t  t i m e s  s e l e c t e d  at random from t h e  f i lm .  The p r i n t s  w i t h i n  each of 

t h e  t h r e e  sets are sepa ra t ed  i n  time by f i v e  mi l l i seconds .  One can observe 

t h e  approximately cons tan t  shape,  he ight ,  and p o s i t i o n  of t h e  s u r f a c e  d i s t u r -  

bance.  

These p r i n t s  show t h e  d i s tu rbance  of a l i q u i d  s u r f a c e  a t  t h r e e  

The p i c t u r e s  given i n  Figure 2 were obta ined  a t  t h e  moderately low 

o v e r a l l  i n l e t  f low rate. A t  h igher  flow rates t h e  s u r f a c e  d i s tu rbance  does 

n o t  remain s t a t i o n a r y  b u t  begins  t o  move about ,  however, t h e  he igh t  and 

shape seem t o  be  f a i r l y  cons tan t .  

The d a t a  on he igh t  and shape of t h e s e  d is turbances  w e r e  ob ta ined  i n  

These d a t a  are t h e  same manner t h a t  w e  used i n  the  s i n g l e  bubble research .  

g iven  i n  Table I and are shown g raph ica l ly  i n  F igure  3 f o r  an i n l e t  f low rate 

of 2 . 0 1  s t anda rd  cub ic  f e e t  pe r  hour of n i t r o g e n  gas .  

The confidence i n t e r v a l  given i n  Table I i s  p lus  o r  minus about 5% 

- 3 -  



F i g u r e  1. General View of  a T y p i c a l  S w a r m  of N i t r o g e n  
Bubbles R i s i n g  i n  D i s t i l l e d  Water. I n l e t  
C o n f i g u r a t i o n  Shown C o n s i s t s  of Nine 26 gauge 
Hypodermic X e e d l e s  i n  a Squa re  P a t t e r n .  S u r f a c e  
Di s tu rbance  Not Shown. 
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Experimental Surface Profile Data for a Swarm of Nitrogen Bubbles Rising in 
Distilled Water at an Overall Gas Flow Rate of 2.01 Standard Cubic Feet/Hr. 
Through a Square Configuration of Nine 26 Gauge Hypodermic Needles. 

C D E F G H I A B 
1*.036' I .O36' 1 ,036' I ,036' 1 .O36' 1 .036' I .036' ( t 0 3 6 '  I 

* Average Value 

Height of Surface Disturbance 
above quiescent Liquid Surface,ft, 
(Average of 53 Data Points) 

Position 
(See Diagram Above) 

0.0000 2 0.0000 

0.0111 f. 0.0011 

0.0197 * 0.0013 

0.0236 * 0.0013 

0.0246 * 0.0012 

0.0227 * 0.0010 

0.0182 * 0.0009 

0.0107 i 0.0011 

0.0000 f. 0.0000 

A 

B 

C 
D 
E 

F 
G 

H 

I 
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r 2 1 1  Pyrex 

ir 
bl To drain a 

U 

x 5' Pyrex 

Solenoid 

B \  

2" x 2 '  
Pyrex 7 

/ 
4" x 5 '  
Pyrex Drain 

Cornpie t e 1 y L f i l l e d  level  4" x 2" Pyrex 
Reducer Elbow 

L 
Cathetometer 

Figure 6 .  Detailed Drawing of Test Section Shown 
in Figure 4. 
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a t  a va lue  g r e a t e r  than  90 p e r  cent dur ing  a l l  runs.  The re la t ive humidity 

w a s  c o n t r o l l e d  by a d j u s t i n g  a needle valve supplying h igh  p r e s s u r e  steam t o  

t h e  humidi f ie r .  

w i l l  b e  d iscussed  i n  t h e  s e c t i o n  on experimental  procedures .  A s p e c i a l l y  

cons t ruc t ed  York D e m i s t e r  w a s  loca ted  i n  t h e  o u t l e t  end of t h e  humid i f i e r  

t o  remove any w a t e r  drops en t r a ined  i n  t h e  a i r  stream dur ing  t h e  humidifying 

process .  

of condensed mois ture  a t  t h e  end of t h e  day. 

The exact procedure f o r  c o n t r o l l i n g  t h e  relative humidity 

A d r a i n  w a s  l oca t ed  i n  the bottom of t h e  t ank  t o  permit  t h e  removal 

The a i r  w a s  c a r r i e d  through two-inch steel p ipe  from t h e  humidi f ie r  

t o  a 42 g a l l o n  125 p s i  su rge  tank. 

p recau t ion  t o  i n s u r e  t h a t  no surges  w e r e  imposed on t h e  w a t e r  i n  t h e  test  

s e c t i o n .  

The surge  tank  w a s  used as a n  added 

Solenoid valves A and B (Figure 4 )  w e r e  connected t o  t h e  su rge  tank  

us ing  two-inch steel p ipe .  

w a s  open when B w a s  c losed  and v i c e  versa. The va lves  w e r e  mutually connected 

us ing  a s ingle-pole  double throw switch t o  i n s u r e  t h a t  t h e  c l o s i n g  of one 

valve w a s  simultaneous wi th  t h e  opening of t h e  o ther .  

and valve B is  c losed ,  t h e  a i r  flows through t h e  t h r o t t l i n g  va lve  and i s  

exhausted t o  t h e  atmosphere. The t h r o t t l i n g  va lve  i s  used t o  a d j u s t  t h e  volume 

f low rate of s a t u r a t e d  a i r  through t h e  exhaust s ec t ion .  

tempera tures  were measured immediately ahead of t h i s  valve. 

open and valve A is c losed ,  t h e  s a t u r a t e d  a i r  is  routed t o  t h e  test s e c t i o n  

shown i n  F igure  6 .  

The valve switches w e r e  connected so  t h a t  va lve  A 

When va lve  A i s  open 

Dry bulb  and w e t  bulb 

When va lve  B is 

The test s e c t i o n  w a s  constructed of Pyrex-glass p ipe  t o  permit v i s u a l  

The h o r i z o n t a l  s e c t i o n  conta in ing  obse rva t ion  of t h e  entrainment  phenomenon. 

t h e  w a t e r  cons i s t ed  of a 4-inch by 5-foot s e c t i o n  of Pyrex p ipe  and two 4-inch 

- 14 - 



by 2-inch Pyrex reducer  elbows. 

Appendix I. 

vided f o r  t h i s  purpose i n  t h e  p i p e  f langes.  

t h e  water f i l l e d  h o r i z o n t a l  s e c t i o n  cons is ted  of two 2-inch by 5-foot s e c t i o n s  

of Pyrex p ipe  and a 2-inch Pyrex U-bend. 

t h e  a i r  and en t r a ined  w a t e r  t o  a drain.  

Photographs of t h e  test s e c t i o n  are shown i n  

The test s e c t i o n  w a s  f i l l e d  and dra ined  through connect ions pro- 

The v e r t i c a l  s e c t i o n  fol lowing 

A f l e x i b l e  hose w a s  used t o  c a r r y  

Rubber gaske t s  w e r e  i n i t i a l l y  used a t  a l l  Pyrex-pipe j o i n t s ,  however, 

i t  w a s  found t h a t  when t h e  j o i n t s  were t i gh tened ,  t h e  gaske t s  protruded i n t o  

t h e  p i p e  and caused flow d i s c o n t i n u i t i e s .  

a t  a l l  j o i n t s  reduced t h i s  problem t o  an accep tab le  level. 

The use  of te f lon-asbes tos  gaske t s  

Experimental  Procedures  

The volume of water r equ i r ed  t o  completely f i l l  t h e  test s e c t i o n  w a s  

The test determined by f i l l i n g  t h e  test sec t ion  from a c a l i b r a t e d  b u r e t t e .  

s e c t i o n  w a s  considered completely f i l l e d  when t h e  water reached t h e  level 

shown i n  F igure  6 .  The volume requi red  t o  completely f i l l  t he  h o r i z o n t a l  

p i p e  w a s  d iv ided  i n t o  f o u r t h s ,  and tests w e r e  conducted a t  1 / 4  and 1 / 2  of 

t h i s  t o t a l  amount i n  o rde r  t o  determine t h e  e f f e c t  of t h e  water level on 

t h e  entrainment  rates. Entrainment rates f o r  t h e  d i f f e r e n t  conf igu ra t ions  

(1/4 o r  1 / 2  f i l l e d )  w e r e  determined us ing  t h e  fol lowing procedures.  

The des i r ed  conf igu ra t ion  was s e l e c t e d  and t h e  des i r ed  amount of 

water w a s  added t o  t h e  test  sec t ion .  Af t e r  a l l  waves had s e t t l e d  and t h e  

w a t e r  s u r f a c e  w a s  completely calm, a Welch S c i e n t i f i c  Company cathetometer  

w a s  c a r e f u l l y  ad jus t ed  u n t i l  t h e  ho r i zon ta l  h a i r l i n e  w a s  exac t ly  level wi th  

t h e  s u r f a c e  of t h e  water, Sight ings w e r e  taken through t h e  elbow and along 

t h e  axis of t h e  4-inch tube  ( a s  shown i n  Figure  6 )  s i n c e  o p t i c a l  d i s t o r t i o n  

- 15 - 



w a s  a minimum a t  t h i s  p o s i t i o n .  

s e c t i o n  i n  o rde r  t o  depos i t  water on a l l  tube  w a l l s .  

and a l l  waves allowed t o  sett le,  and an  amount of water equa l  t o  t h e  amount 

remaining on t h e  tube  w a l l s  w a s  then added t o  t h e  tes t  s e c t i o n  by f i l l i n g  

u n t i l  t h e  water s u r f a c e  w a s  aga in  level wi th  t h e  h o r i z o n t a l  h a i r l i n e  on t h e  

cathetometer .  

A i r  w a s  then  allowed t o  flow through t h e  test 

The a i r  flow w a s  stopped 

The test s e c t i o n  was then  ready f o r  an  experimental  run. 

An examination of t h e  a i r  flow v a r i a b l e s  ind ica t ed  t h a t  t h e  s t a t i c  

p res su re  measured a t  t h e  flow meter w a s  t h e  only flow v a r i a b l e  which could 

r e a d i l y  be maintained cons tan t  throughout a run. 

t hus  ad jus t ed  t o  t h e  d e s i r e d  s t a t i c  p re s su re ,  which w a s  maintained throughout 

a g iven  run. 

i n i t i a t e  water removal i n  t h e  v e r t i c a l  U-bend. Tests w e r e  a l s o  run a t  

h ighe r  p re s su res  t o  determine t h e  e f f e c t  on entrainment rates. 

The p res su re  r e g u l a t o r  w a s  

The minimum pres su re  used w a s  t h a t  p re s su re  which would j u s t  

The humid i f i ca t ion  of the a i r  w a s  accomplished i n  t h e  fol lowing 

manner. With so l eno id  valve A open and valve B c losed ,  t h e  p re s su re  r e g u l a t o r  

w a s  ad jus t ed  u n t i l  t h e  d e s i r e d  p res su re  w a s  i nd ica t ed  on t h e  manometer. The 

t h r o t t l i n g  va lve  w a s  then  ad jus t ed  u n t i l  t h e  volume flow rate through t h e  

exhaust  s e c t i o n  w a s  t h e  same as i f  t h e  flow w e r e  being d i r e c t e d  through t h e  

tes t  s e c t i o n .  This  rate w a s  previously determined dur ing  t h e  procedure f o r  

w e t t i n g  t h e  w a . l l s  of t h e  test sec t ion .  Once t h e  given f low rate w a s  ob ta ined ,  

t h e  steam supply t o  t h e  humid i f i e r  w a s  ad jus t ed  u n t i l  t h e  d e s i r e d  readings  

w e r e  i n d i c a t e d  on t h e  w e t  and dry  bulb thermometers. 

When t h e  d e s i r e d  relative humidity w a s  obtained,  t h e  p re s su re  regula-  

t o r  w a s  momentarily s h u t  o f f ,  s topping t h e  a i r  flow, and so leno id  valve A w a s  

c l o s e d  and B w a s  opened. The pressure  r e g u l a t o r  w a s  then  opened and t h e  

p r e s s u r e  g radua l ly  ad jus t ed  t o  t h e  d e s i r e d  l e v e l ,  a l lowing t h e  s a t u r a t e d  a i r  
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t o  go through t h e  test s e c t i o n .  

t h e  w a t e r  w a s  s t u d i e d  by us ing  t h e  same gene ra l  procedures except  t h a t  t h e  

so lenoid  va lves  w e r e  switched (B opened and A c losed)  wi thout  s h u t t i n g  o f f  

t h e  a i r f l o w  a t  t h e  p re s su re  r egu la to r .  

The e f f e c t  of impacting t h e  airstream on 

After t h e  test had been conducted f o r  t h e  d e s i r e d  t i m e ,  as i n d i c a t e d  

by a stopwatch, t h e  so lenoid  valves were switched d i r e c t i n g  t h e  a i r f l o w  

through t h e  exhaust  s e c t i o n .  A l l  waves i n  t h e  test  s e c t i o n  w e r e  allowed t o  

se t t le  and t h e  tube  w a s  r e f i l l e d  t o  t h e  o r i g i n a l  level us ing  t h e  h o r i z o n t a l  

h a i r l i n e  on t h e  cathetometer  as a re ference .  

t o  r e f i l l  t h e  tube  w a s  measured using a c a l i b r a t e d  b u r e t t e .  

w a s  t hen  repea ted  a t  d i f f e r e n t  t i m e  i n t e r v a l s  t o  determine t h e  l i q u i d  en t r a in -  

ment as a func t ion  of t i m e .  

The amount of water requi red  

This  procedure 

Experimental  Accuracy 

Er ro r s  w e r e  in t roduced  i n t o  t h e  d a t a  due t o  inaccuracy of t h e  volume 

measurements made us ing  t h e  c a l i b r a t e d  b u r e t t e  and t h e  i n a b i l i t y  t o  r e f i l l  

t h e  test s e c t i o n  t o  e x a c t l y  the  des i red  level fol lowing a test run. 

The b u r e t t e ,  wi th  a capac i ty  of 7 l i ters,  w a s  c a l i b r a t e d  us ing  a 

graduated c y l i n d e r  and a l i t e r  f l a s k .  

f l a s k  could be  f i l l e d  t o  wi th in  plus  o r  minus 5 cubic  cen t ime te r s  of t h e  

f u l l  level by r e f e r r i n g  t o  readings on t h e  b u r e t t e .  The e r r o r  introduced 

us ing  t h e  b u r e t t e  is  no g r e a t e r  than p lus  or minus one h a l f  of one pe rcen t  

of the w a t e r  volume requ i r ed  f o r  r e f i l l i n g  of t h e  test s e c t i o n .  

Following t h e  c a l i b r a t i o n ,  a l i t e r  

It w a s  impossible ,  even with t h e  magni f ica t ion  provided by t h e  

ca the tometer ,  t o  r e f i l l  t h e  test  sec t ion  t o  e x a c t l y  t h e  same level fol lowing 

success ive  runs.  This  w a s  due t o  incons i s t enc ie s  i n  t h e  meniscus a t  t h e  
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water g l a s s  i n t e r f a c e .  

supply p re s su re  since only s m a l l  amounts of water were r equ i r ed  t o  r e f i l l  

t h e  test  s e c t i o n  fol lowing such runs. 

es t imated  a t  10  p e r  c e n t ,  w i th  a diminishing e f f e c t  f o r  long runs a t  high 

supply p re s su res .  

This  error was l a r g e s t  f o r  s h o r t  runs  w i t h  a low 

The upper level of t h i s  e r r o r  i s  

It w a s  a l s o  determined t h a t  t h e  c l e a n l i n e s s  of t h e  p ipe  w a l l s  had 

an e f f e c t  on t h e  entrainment  rates. Following several days of tests, a 

minera l  f i l m ,  r e s u l t i n g  from t h e  use of t a p  water as t h e  test l i q u i d ,  could 

be seen  on the  p ipe  w a l l s .  

disassembled t o  r ep lace  t h e  rubber  gaske ts ,  and runs fo l lowing  t h e  p ipe  

c leaning  showed t h a t  entrainment rates w e r e  h ighe r  than  be fo re  t h e  c leaning .  

A t  t h i s  t i m e  no at tempt  has  been made t o  determine t h e  magnitude of t h i s  

e f f e c t  on t h e  entrainment  rate. A l l  d a t a  w e r e  ob ta ined  w i t h  some trace of 

mine ra l  d e p o s i t s  on t h e  p ipe  w a l l s .  

The w a l l s  w e r e  c leaned when t h e  test s e c t i o n  w a s  

Discuss ion  of Resul t s  

The rate of removal of a n  entrapped l i q u i d  by a high v e l o c i t y  gas 

stream depends upon many f a c t o r s ,  among which are: geometry of t h e  system, 

d e n s i t i e s  and v i s c o s i t i e s  of t h e  l i q u i d  and gas ,  s u r f a c e  t ens ion  of t h e  

l i q u i d ,  gas m a s s  flow rate, gas impingement angle ,  and t h e  f r a c t i o n  of t h e  

volume of t h e  system c ross  s e c t i o n  occupied by t h e  l i q u i d .  Because of t h e  

l a r g e  number of v a r i a b l e s  which are apparent ly  p e r t i n e n t ,  t h e  i n i t i a l  experi-  

menta l  r e s u l t s  t o  be  d iscussed  i n  t h i s  s e c t i o n  should no t  be  considered as 

a p p l i c a b l e  t o  a gene ra l  system nor  t o  a system of t h e  same geometr ical  con- 

f i g u r a t i o n  but  wi th  d i f f e r e n t  l i q u i d s  o r  gases .  

The experimental  d a t a  given i n  Appendix I1 w e r e  ob ta ined  f o r  t h e  
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The geometry of t h i s  i n l e t  is such t h a t  t h e  a i r  s t r i k e s  t h e  water s u r f a c e  

a t  a r i g h t  ang le  as a j e t  and consequently,  i f  t h e  k i n e t i c  energy of t h e  

j e t  is  s u f f i c i e n t ,  removes a l l  water from zone 1 a t  t h e  i n i t i a l  impact. This  

is shown i n  t h e  photograph of Figure 8. The l eng th  of t h i s  zone i s  d i r e c t l y  

dependent on t h e  k i n e t i c  energy of the  incoming a i r .  

The impact of t h e  a i r  on the water r e s u l t s  i n  t h e  e n t r a i n i n g  of 

many d r o p l e t s  i n t o  t h e  f r e e  air  stream. As shown schemat ica l ly  i n  F igure  7 

and i n  t h e  photograph of Figure 8 ,  the  d i r e c t i o n  of t h e  water d r o p l e t s  is  

such t o  cause t h e  d r o p l e t s  t o  impinge on t h e  top  of t h e  h o r i z o n t a l  s e c t i o n .  

Consequently, few, i f  any, of t h e  d rop le t s  en t r a ined  i n  zone 2 t r a v e r s e  t h e  

l eng th  of t h e  h o r i z o n t a l  s e c t i o n  without e i t h e r  impinging on t h e  w a l l  of t h e  

tube o r  on t h e  l i q u i d  s u r f a c e  of zone 3 .  Since t h e  incoming a i r  is  cont in-  

u a l l y  e n t r a i n i n g  more water than i s  removed from t h e  h o r i z o n t a l  s e c t i o n ,  

t h e r e  i s  some backflow i n t o  zone 2 as i n d i c a t e d  by t h e  arrow a t  A i n  F igure  7.  

Immediately ad jacen t  t o  t h i s  backflow and s t i l l  i n  zone 2 i s  a r e l a t i v e l y  

waveless and motionless  area, designated by B ,  where t h e  waves of zone 3 

begin  t o  form. 

v e l o c i t y  and amplitude and impinge on t h e  end of t h e  h o r i z o n t a l  s e c t i o n  a t  

D. A photograph of t h e  waves of zone 3 appears  i n  F igure  9. The i n d i v i d u a l  

w a t e r  p a r t i c l e  i n  zone 3 moves i n  a c i r c u l a r  o r  an e l l i p s o i d a l  pa th  as t h e  

wave passes  by. This  is a combination of msverse and l o n g i t u d i n a l  wave 

motion. 

These waves t r a v e r s e  t h e  l eng th  of zone 3 with  inc reas ing  

The impingement of t h e  waves a t  D i n  F igure  7 and i n  t h e  photograph 

of F igu re  10 depos i t s  a t h i n  f i l m  of water on t h e  s u r f a c e  of t h e  elbow and 

is t h e  major means by which water i s  t r anspor t ed  from the test s e c t i o n  i n t o  

t h e  vertical  tube.  The he igh t  t o  which t h i s  f i l m  w i l l  move i n t o  t h e  v e r t i c a l  
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fol lowing system: 

( a )  Geometrical  conf igura t ion :  see Figure  6 

(b) Entrapped l i q u i d :  water 

(c)  G a s  stream: s a t u r a t e d  a i r  

To i n s u r e  n e g l i g i b l e  evapora t ion  of t h e  water i n t o  t h e  a i r ,  t h e  a i r  w a s  

s a t u r a t e d  t o  relative humidi t ies  g r e a t e r  than  90%. 

Some i n t e r e s t i n g  flow phenomena occur  i n  t h e  h o r i z o n t a l  4-inch 

s e c t i o n  shown i n  F igure  6 .  

below i n  F igure  7,  where, f o r  t h e  purpose of d i scuss ion ,  t h e  h o r i z o n t a l  s e c t i o n  

i s  d iv ided  i n t o  t h r e e  d i s t i n c t  zones, i n  each of which d i f f e r e n t  f low p a t t e r n s  

are ev iden t .  Zone 1 extends f o r  t he  f i r s t  few inches  of t h e  h o r i z o n t a l  test 

s e c t i o n  and gene ra l ly  con ta ins  no water. 

remains i n  t h i s  zone.) 

A t y p i c a l  ske t ch  of t h e  flow phenomena is  shown 

(For low a i r  flow rates, water 

2 
E 

D 
\ 

\r 

t 
_f 

Water 

. .  

Zone 2 -6 Zone l -  Zone 3 

Figure  7. Flow Phenomena i n  Hor izonta l  Sec t ion .  
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F i g u r e  9 .  

~~ 

Photograph  of zone 3 showing waves i n  
h o r i z o n t a l  p ipe  and t h e  o s c i l l a t i n g  t u r b u l e n t  
f i l m  i n  t h e  v e r t i c a l  p i p e .  
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s e c t i o n  F of Figure 7 is d i r e c t l y  dependent on t h e  v e l o c i t y  of t h e  a i r ,  s i n c e  

the  f i l m  is  moved upward by t h e  viscous drag  exe r t ed  by t h e  flowing air. As 

water i s  c a r r i e d  out  of t h e  v e r t i c a l  p ipe ,  t h e  f i l m  is  rep len i shed  by t h e  

impingement of each success ive  wave on t h e  elbow a t  D. 

The he igh t  t o  which a wave sp la shes  when it impinges on t h e  elbow 

a t  D o f  Figure  7 and, as a r e s u l t ,  t he  amount of water which reaches the  

v e r t i c a l  p ipe  F, depends on i t s  amplitude,  v e l o c i t y ,  and t h e  average depth fi 

of t h e  w a t e r  a t  D. Since t h e  wave v e l o c i t y  and amplitude depend on t h e  

d i s t a n c e  t h e  wave travels,  t h e  amount of water which f eeds  t h e  f i l m  a t  E i s  

a f u n c t i o n  of t h e  l eng th  of t h e  h o r i z o n t a l  s e c t i o n .  The i n f l u e n c e  of t h e  

average depth a of t h e  water a t  D i s  t o  c o n t r o l  t h e  maximum h e i g h t  t o  which 

a wave w i t h  a given v e l o c i t y  and amplitude sp lashes .  Consequently, f o r  a 

given a i r  flow rate, t h e  amount of water removed from t h e  test s e c t i o n  v ia  

t h e  f lowing f i l m  w i l l  i n c r e a s e  as the average depth fi i nc reases .  

J u s t  as i n  t h e  h o r i z o n t a l  4-inch s e c t i o n ,  v a r i e d  flow phenomena 

may be  observed i n  t h e  2-inch v e r t i c a l  p ipe  as shown schemat ica l ly  i n  

F igure  11 and i n  t h e  photograph of Figure 9 and Figure 12. The va r ious  flow 

phenomena h e r e  are a t t r i b u t e d  pr imar i ly  t o  t h e  a i r  v e l o c i t y .  

rates less than  5.53 lbm pe r  min., the  flow phenomena shown i n  (a) of Figure 11 

and i n  t h e  photograph of Figure 9 occur;  whereas, f o r  m a s s  f low rates g r e a t e r  

than  5.53 lbm p e r  min., t h e  phenomena shown i n  (b) of F igure  11 and i n  t h e  

photograph of F igure  1 2  occur.  I n  both ( a )  and (b) ,  the annular  f i l m  is  f e d  

by t h e  w a t e r  depos i ted  a t  E i n  Figure 7 when t h e  waves t r a v e l i n g  along t h e  

h o r i z o n t a l  s e c t i o n  s t r i k e  t h e  elbow a t  D. I n  F igure  11, t h e  flow i n  (a )  may 

be  termed annular-mist  and t h a t  of (b)  annular .  The m i s t  i n  (a )  c o n s i s t s  of 

t h o s e  d r o p l e t s  produced i n  zone 2 of F igure  7 which reach t h e  v e r t i c a l  s e c t i o n  

For mass flow 
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Figure  11. Flow Phenomena i n  Vertical 2-Inch Pipe.  

and those  which are en t r a ined  by the  a i r  stream a t  G when t h e  f l u i d  f lowing 

ad jacen t  t o  t h e  v e r t i c a l  tube  w a l l  a t tempts  t o  flow down i n t o  t h e  h o r i z o n t a l  

s e c t i o n .  A t  t h i s  p o i n t ,  t h e  f l u i d  is cont inuous ly  atomized i n t o  f i n e  d r o p l e t s  

which travel up t h e  ver t ical  p ipe  a d i s t a n c e  which depends on t h e  d r o p l e t  

s i z e  and t h e  a i r  v e l o c i t y .  

t o  them by t h e  flowing a i r  remain en t ra ined  and are subsequent ly  removed 

from t h e  test system. Those drople t s  which impinge on t h e  ver t ica l  w a l l  o r  

which do not  have enough k i n e t i c  energy imparted t o  them by t h e  flowing a i r  

c o l l e c t  and f a l l  back down t h e  tubing w a l l  and cont inuously feed  t h e  o s c i l -  

l a t i n g ,  t u rbu len t  f i l m  on t h e  v e r t i c a l  t ub ing  w a l l .  

Those d rop le t s  which have enough energy imparted 

I n  (b)  of F igure  11, t h e  air v e l o c i t y  is g r e a t  enough t o  impart  

s u f f i c i e n t  k i n e t i c  energy t o  t h e  annular  f i l m  t o  t r a n s p o r t  t h e  f i l m  continu- 

a l l y  up t h e  v e r t i c a l  tube  u n t i l  t h e  f l u i d  reaches t h e  e x i t  and i s  thus  
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F i g u r e  1 2 .  Photograph  showing t h e  f i l m  i n  t h e  
v e r t i c a l  p i p e  c o r r e s p o n d i n g  t o  t h e  
t y p e  s k e t c h e d  i n  F i g u r e  l l ( b ) .  
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removed from t h e  system. Since t h e  f l u i d  a t  no t i m e  f lows down t h e  w a l l  of 

t h e  tub ing ,  as i n  (a )  of Figure 11, a n e g l i g i b l e  amount of m i s t  is  p resen t .  

The rate of removal of f l u i d  from t h e  test  s e c t i o n  v a r i e s  w i th  t i m e  

and never  does reach a condi t ion  of s teady  state.  

t i n u a l l y ,  t h e  c ros s - sec t iona l  area a v a i l a b l e  f o r  a i r  flow inc reases ,  r e s u l t -  

i ng  i n  a smaller p re s su re  drop across  t h e  test s e c t i o n .  

p re s su re  r e g u l a t o r  i n  Figure 4 opens t o  supply more a i r  t o  hold t h e  upstream 

s t a t i c  p re s su re  cons tan t .  

through t h e  test s e c t i o n .  

f a c t o r s  i n  t h e  decrease  of removal rate.) 

As f l u i d  i s  removed con- 

Consequently, t h e  

(This r e s u l t s  i n  a decrease  i n  t h e  a i r  v e l o c i t y  

This decrease i n  v e l o c i t y  i s  one of t he  c o n t r o l l i n g  

Water entrainment  rates a r e  shown i n  F igures  13 and 14 as amount of 

water removed d iv ided  by amount of water o r i g i n a l l y  entrapped. 

curves  r ep resen t  removal f o r  a gradual  i n c r e a s e  i n  p re s su re  from ze ro  t o  

t h e  s t a t i c  p res su re  shown as a parameter on t h e  i n d i v i d u a l  curves .  

curves  r ep resen t  t h e  f r a c t i o n  removed by impacting t h e  w a t e r  i n s t an taneous ly  

wi th  t h e  a i r  f lowing a t  t h e  s a m e  mass flow rate and p res su re  as f o r  t h e  curve 

which r ep resen t s  t h e  f r a c t i o n  removed f o r  t h e  gradual  i nc rease  i n  p re s su re .  

The s o l i d  

The do t t ed  

Note i n  F igures  1 3  and 14 t h a t  f o r  t h e  lower p re s su res ,  impacting 

t h e  w a t e r  removes more water i n i t i a l l y  than  does t h e  gradual  i nc rease  i n  

p r e s s u r e ;  however, t h e  t o t a l  f r a c t i o n s  removed are equal  as evidenced by t h e  

mergicg of t h e  curves.  When t h e  k i n e t i c  energy imparted t o  t h e  s t a t i o n a r y  

water by t h e  impact of t h e  a i r  becomes g r e a t  enough, more water i s  removed 

by t h e  i n i t i a l  impact than  during the whole run  f o r  a gradual  i n c r e a s e  i n  

p r e s s u r e .  This  is evidenced by the  curves f o r  which t h e  p re s su re  is  5.6 

inches  of mercury i n  F igure  14.  

I n  F igures  13 and 14 t h e  bottom s o l i d  curve r ep resen t s  t h e  minimum 
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s t a t i c  p res su re  and average m a s s  flow rate f o r  which a measurable amount of 

f l u i d  w a s  removed from t h e  test sec t ion .  

1 / 4  f i l l e d  test s e c t i o n ,  a s ta t ic  pressure  of 3.2 inches of mercury w a s  

requi red  t o  i n i t i a t e  withdrawal;  whereas, f o r  t h e  ha l f  f i l l e d  tes t  s e c t i o n  a 

s u b s t a n t i a l l y  lower s t a t i c  p res su re  of 1 .4  inches of mercury w a s  requi red .  

The reason  f o r  t h i s  can be  explained i n  l i g h t  of what has  p rev ious ly  been 

s a i d  about t h e  e f f e c t  of changing the average depth a of t h e  w a t e r  a t  D i n  

Note i n  F igure  13, t h a t  f o r  t h e  

F igure  7. 

as they  impinge a t  D w i l l  be considerably h ighe r  f o r  t h e  h a l f  f i l l e d  t e s t  

s e c t i o n  than  f o r  t h e  q u a r t e r - f i l l e d  test s e c t i o n .  

For a given a i r  v e l o c i t y ,  t h e  maximum he igh t  reach by t h e  waves 

Reference t o  Figures  13  and 14 i n d i c a t e  t h a t ,  except  f o r  t h e  minimum 

pres su re  t o  i n i t i a t e  removal, a t  l e a s t  n ine ty  p e r  cen t  of t h e  w a t e r  w a s  re- 

moved from t h e  system i n  t h e  f i r s t  f ive minutes of t h e  run. This  i n d i c a t e s  

t h a t  l i t t l e  is  accomplished toward t h e  removal of t h e  water from t h e  system 

af ter  t h e  f i r s t  f i v e  minutes of t h e  run. 
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CURRENT PROBLEMS 

Surf ace P r o f i l e  

There are no problems delaying work on t h e  s u r f a c e  d i s tu rbance  

phase of t h i s  research  and t h e  work is progress ing  r ap id ly .  

Entrainment 

Considerable d i f f i c u l t y  w a s  i n i t i a l l y  encountered i n  ob ta in ing  

reproducib le  entrainment  da ta .  

mental  i naccurac i e s  i n  t h e  measurement of t h e  amount of w a t e r  removed a f t e r  

a given t i m e  per iod .  

changed, and by us ing  a cathetometer  t o  e s t a b l i s h  an i n i t i a l  l i q u i d  level 

a c c u r a t e l y ,  s u f f i c i e n t  r e p r o d u c i b i l i t y  w a s  obtained.  However, several weeks 

of experimental  tests had t o  be repeated.  A t  t h e  p re sen t  t i m e ,  t h e  en t r a in -  

ment s tudy  i s  proceeding without  any s e r i o u s  problems. 

These d i f f i c u l t i e s  w e r e  caused by experi-  

The o r i g i n a l  method of making t h e s e  measurements w a s  

PLANS FOR NEXT QUARTER 

Surf ace P r o f i l e  

The experimental  work on the  s u r f a c e  d i s tu rbances  f o r  d i s t i l l e d  

w a t e r  w i l l  be  completed e a r l y  i n  the  next  q u a r t e r .  

w i l l  beg in  us ing  i sopentane  as t h e  l i q u i d .  

Experimental  observa t ions  

Cor re l a t ion  work concerning t h e  e f f e c t  of o v e r a l l  i n l e t  gas flow 

rate on d is turbance  h e i g h t  should be pu t  i n t o  good o rde r  p r i o r  t o  t h e  end 

of t h e  next  q u a r t e r .  This  c o r r e l a t i o n  work w i l l  be  based on t h e  t h e o r e t i c a l  

r e s u l t s  given i n  the  Annual Report ( 2 ) .  
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Entrainment 

The experimental phase of the entrainment study will continue with 

tests to be conducted on the following geometrical configurations: (Note: 

test section numbers refer to the geometrical configurations described in 

Quarterly Progress Report #5) 

a) Test Section 3 - 2" I.D. horizontal pipe 

b) Test Section 4 

c) Test Section 5 

The same general experimental procedure followed during this past 

quarter will be used to conduct the initial tests on the above test sections, 

and the results will also be presented in a similar manner. Initial attempts 

will be made to obtain some type of cross-correlation for prediction of the 

entrainment rate for the various test sections studied utilizing appropriate 

nondimensional parameters. 
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APPENDIX I 

Photographs of  Entrainment Apparatus 
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APPENDIX I1 

Tabulated Entrainment Data 
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. 

Time 

Minutes 

0 
5 
0 
10  
0 
20 
0 
30 
0 
40 
0 
50 
0 
60 
0 
3 
0 
5 
0 
10 
0 
20 
0 
2 
0 
3 
0 
5 
0 
10  
0 
20 
0 
3 
0 
5 

Upstream 
Static Pressure 

Inches Mercury 

3.2  

3.2 

3.2 

3.2 

3.2 

3.2 

3.2 

6.4 

6.4 

6.4 

6.4 

12.8 

12 .8  

12.8 

12.8 

12.8 

19.2 

19.2 

Average Mass 
Flow Rate of 

Dry Air 
Pounds Mass 
Per Minute 

6.877 

6.853 

6.889 

6.968 

6.888 

6.714 

6.698 

9.409 

9.437 

9.629 

9.339 

14.056 

13.875 

13.990 

14.219 

14.308 

19.261 

19.324 

Entrainment 
Fraction of 
Entrapped 
Liquid 
Removed 

.09 

.15 

.18 

.22 

.25 

. 2 1  

.22 

.42 

.57 

.60 

.63 

.83 

.83 

.84 

.87 

.90 

.94 

.94 

Table 11. Water entrainment versus time for configuration 
shown in Figure 6 ( 1 / 4  filled) for various 
upstream static pressures applied as a gradual 
increase. 
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c 

Time 

Minutes 

0 
5 
0 
10 
0 
20 
0 
30 
0 
3 
0 
5 
0 
10 
0 
2 
0 
5 
0 
1 0  
0 
20 
0 
2 
0 
5 
0 
10 

Upstream Average Mass 
Static Pressure Flow Rate of 

Dry Air 
Inches Mercury Pounds Mass 

Per Minute 

3.2 6.810 

3.2 6.809 

3.2 6.750 

3.2, 6.760 

6.4 9.609 

6.4 9.576 

6.4 9.611 

12.8 14.344 

12.8 14.263 

12.8 14.257 

12.8 14.184 

19.2 19.612 

19.2 19.368 

19.2 19.381 

__ 

Entrainment 
Fraction of 
Entrapped 
Liquid 
Removed 

.14 

.16 

.19 

.21  

.53 

.57 

.60 

.88 

.90 

.93 

.92 

.95 

.97 

.97 

Table 111. Water entrainment versus time for configuration 
shown in Figure 6 (1 /4  filled) for various 
upstream static pressures applied as a sudden 
impact. 

L 
- 38 - 



Time 

Minutes 

0 
5 
0 
10 
0 
20 
0 
30 
0 
40 
0 
50 
0 
60 
0 
5 
0 
10 
0 
20 
0 
30 
0 
40 
0 
3 
0 
5 
0 
10 
0 
2 
0 
5 
0 
1.0 

Upstream 
S t a t i c  P r e s s u r e  

Inches Mercury 

1.4 

1 .4  

1.4 

1.4 

1.4 

1.4 

2.8 

2.8 

2.8 

2.8 

2.8 

5.6 

5.6 

5.6 

8.4 

8.4 

8.4 

Average Mass 
Flow Rate  of 

D r y  Air 
Pounds Mass 

P e r  Minute 

3.445 

3.422 

3.652 

3.770 

3.643 

3.667 

3.655 

5.529 

5.615 

5.414 

5.737 

5.722 

8.595 

8.418 

8.317 

10.771 

10.666 

10.786 

Entrainment 
F r a c t i o n  of 
Entrap ped 
Liquid 
Removed 

.ll 

.17 

.23 

.27 

.29 

.29 

.32 

.46 

.48 

.51  

.54 

.53 

.69 

.72 

.73 

.82 

.86 

.86 

Table  I V .  Water entrainment v e r s u s  t i m e  f o r  conf igura t ion  
shown i n  F igure  6 (1 /2  f i l l e d )  f o r  var ious  
upstream s t a t i c  p r e s s u r e s  a p p l i e d  as a gradual  
increase. 
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T i m e  Upstream 
S t a t i c  P res su re  

Inches Mercury 
Minutes 

0 
5 1.4 
0 
10 1.4 
0 
20 1.4 
0 
5 2.8 
0 
10 2.8 
0 
20 2.8 
0 
2 5.6 
0 
5 5.6 
0 
10 5.6 
0 
15 5.6 
0 
2 8.4 
0 
5 8.4 
0 
10 8.4 

- 40 - 

Average Mass Entrainment 
Flow R a t e  of F rac t ion  of 

Dry A i r  Entrapped 
Pounds Mass Liquid 

Per  Minute Removed 

3.621 .14 

3.500 .19 

3.425 .23 

5.688 .47 

5.659 .50 

5.588 .53 

8.370 .71 

8.404 .75 

8.379 .76 

8.424 .77 

10.832 .86 

11.025 .86 

11.025 .86 
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