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ABSTMCT 

Seawater d e a e r a t i o n  i s  a process  a f f e c t i n g  almost a l l  
proposed Ocean Thermal Energy Conversion (OTEC) open-cycle 
power systems. I f  t h e  noncondensable d isso lved  a i r  i s  no t  
removed from a power system, i t  w i l l  accumulate i n  t h e  con- 
denser ,  reduce t h e  e f f e c t i v e n e s s  of condensat ion,  and r e s u l t  
i n  d e t e r i o r a t i o n  of system performance. A g a s  d e s o r p t i o n  
s tudy  was i n i t i a t e d  a t  Oak Ridge Nat iona l  Laboratory (ORNL) 
t o  m i t i g a t e  t h e s e  e f f e c t s ;  t h i s  s tudy  i s  designed t o  i n v e s t i -  
g a t e  t h e  vacuum d e a e r a t i o n  process f o r  OTEC c o n d i t i o n s  where 
convent iona l  s team-str ipping d e a e r a t i o n  may n o t  be a p p l i c a b l e .  
S tudies  were c a r r i e d  ou t  i n  two areas: (1) vacuum d e a e r a t i o n  
i n  a packed column and ( 2 )  d e a e r a t i o n  i n  a barometr ic  i n t a k e  
system. 

t h i s  r e p o r t  (1) reviews previous r e l e v a n t  s t u d i e s ,  ( 2 )  de- 
s c r i b e s  t h e  d e s i g n  of a gas  d e s o r p t i o n  t e s t  loop and a baro- 
metric i n t a k e  system, ( 3 )  presents  t h e  r e s u l t s  of vacuum de- 
a e r a t i o n  i n  a packed column and a barometr ic  i n t a k e  system, 
and ( 4 )  d i s c u s s e s  t h e  sav ings  t h a t  can be achieved when t h e  
packed column i s  combined wi th  t h e  barometr ic  i n t a k e  system. 

Vacuum d e a e r a t i o n  l a b o r a t o r y  experiments using t h r e e  d i f -  
f e r e n t  kinds of packings i n  a packed column t e s t  s e c t i o n  and a 
series of barometr ic  i n t a k e  d e a e r a t i o n  experiments have been 
performed. A conceptua l  OTEC d e a e r a t i o n  subsystem design,  
based on t h e s e  r e s u l t s ,  and i t s  i m p l i c a t i o n s  on a n  OTEC-open 
c y c l e  power system are presented.  

A s  t h e  second i n  a series d e s c r i b i n g  t h e  ORNL s t u d i e s ,  

1. INTRODUCTION 

Deaera t ion  (noncondensibles  removal) i s  a gas d e s o r p t i o n  process .  

Since t h e  major power components of Ocean Thermal Energy Conversion (OTEC) 

open-cycles ( i n c l u d i n g  Claude- and v a r i o u s  l i f t - c y c l e  concepts)  w i l l  be 

opera t ing  under a subatmospheric pressure  environment, d e a e r a t i o n  and/or 

noncondensibles removal from t h e  power systems are  e s s e n t i a l  t o  maintain 

t h e  proper power g e n e r a t i o n  e f f i c i e n c y .  
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A g a s  d e s o r p t i o n  s tudy  was i n i t i a t e d ,  and a tes t  loop  was assembled 

t o  i n v e s t i g a t e  v a r i o u s  concepts  of vacuum d e a e r a t i o n  and noncondensibles 

removal. The previous a c t i v i t i e s  of t h e  Oak Ridge Nat iona l  Laboratory 

(ORNL) s tudy’  inc luded  (1) t h e o r i e s  of gas  d e s o r p t i o n ,  ( 2 )  d e s i g n  of ex- 

per iments ,  ( 3 )  previous  r e l e v a n t  s t u d i e s ,  ( 4 )  d e s c r i p t i o n  of t h e  gas  de- 

s o r p t i o n  tes t  plan,  and (5) pre l iminary  t e s t  r e s u l t s  and d i s c u s s i o n s .  

I n  t h e  p r e s e n t  r e p o r t ,  r e s u l t s  of a d d i t i o n a l  packed column tes ts  on 

d i f f e r e n t  kinds of packings are presented ,  and t h e  d e a e r a t i o n  tes t  of a 

barometr ic  i n t a k e  system i s  discussed.  I n  t h e  Claude-cycle OTEC power 

system, w a r m  seawater a t  ambient pressure  i s  fed t o  a vacuum f l a s h  evapo- 

r a t o r  through a barometr ic  i n t a k e  system. The h y d r o s t a t i c  p r e s s u r e  of 

water g r a d u a l l y  decreases  i n  t h e  barometr ic  i n t a k e  pipe a s  w a r m  seawater 

f lows upward. Dissolved a i r  i n  seawater w i l l  be evolved under t h e s e  con- 

d i t i o n s .  Claude had included t h e  barometr ic  i n t a k e  d e a e r a t i o n  concept i n  

h i s  d e s i g n  of a n  OTEC open-cycle power system.2 Deaerat ion i n  a baromet- 

r i c  i n t a k e  pipe i s  a f f e c t e d  by phys ica l  and geometr ica l  parameters such 

as system p r e s s u r e  drop,  mass flow, f r i c t i o n ,  p i p e  d iameter ,  and e x i s t i n g  

n u c l e i  i n  seawater. A l i t e r a t u r e  s e a r c h  i n d i c a t e d  no previous i n v e s t i g a -  

t i o n  on t h i s  s u b j e c t .  Barometric-leg d e a e r a t i o n  should have t h e  advantage 

of p a r t i a l  predeaera t ion  and t h u s  avoid p a r t  of t h e  c o s t  pena l ty  of adding 

a n  e x t r a  component; a sys temat ic  s tudy  of  t h e  concept was i n i t i a t e d .  

This r e p o r t  documents t h e  d e a e r a t i o n  experiments on packed columns 

and t h e  barometr ic  i n t a k e  system. Resul t s  der ived  from t h e s e  tests are 

used t o  update t h e  conceptual  b a s e l i n e  d e s i g n  of t h e  d e a e r a t i o n  subsystem 

of  t h e  10031We open-cycle power system. 
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2. BACKGROUND 

Gas deso rp t ion  from water is a mass- t ransfer  phenomenon. Like any 

t r a n s f e r  process ,  t h e  movement of d i s so lved  gas  i n  t h e  l i q u i d  phase i s  
d r iven  by t h e  o v e r a l l  a v a i l a b l e  concen t r a t ion  g r a d i e n t  a c r o s s  t h e  i n t e r -  

phase and i s  r e t a r d e d  by d i f f u s i o n a l  and i n t e r f a c i a l  r e s i s t a n c e s  i n  and 

between t h e  phases. The ra te  of gas  deso rp t ion  i n  a device  can be in- 

c reased  f o r  g iven  concent ra t ion-gradien t  d i f f e r e n c e s  e i t h e r  by reducing 

t h e  d i f f u s i o n a l  and i n t e r f a c i a l  r e s i s t a n c e s  o r  by inc reas ing  the  a v a i l a b l e  

s u r f a c e  area. 

t i o n  dev ice  i n  which a h igh  mass- t ransfer  c o e f f i c i e n t  i s  maintained by re- 
ducing the  l i q u i d  f i l m  th i ckness .  Steam o r  foreign-gas s t r i p p i n g  i s  usu- 

a l l y  used i n  gas  d e s o r p t i o n  ope ra t ions  t o  main ta in  a high o v e r a l l  partial- 

pressure  d i f f e r e n c e  when t h e  column i s  opera ted  a t  h igher  t o t a l  p ressure .  

Inc reas ing  the  f low tu rbu lence  l e v e l  by dynamic a g i t a t i o n  o r  by s t a t i c  

tu rbu len t  promoters can  reduce d i f f u s i o n a l  and i n t e r f a c i a l  r e s i s t a n c e s .  

The use of packing i n c r e a s e s  t h e  i n t e r f a c i a l  area. 

F a l l i n g  f i l m  conf igu ra t ion  i s  an example of a gas  desorp- 

The mass- t ransfer  c o e f f i c i e n t  kL i s  p ropor t iona l  t o  t h e  molecular  

d i f f u s i o n  c o e f f i c i e n t  D i n  the  s t agnan t  f i l m  theory  and i s  p ropor t iona l  t o  

t h e  square  r o o t  of D i n  t h e  pene t r a t ion  and surface-renewal t h e o r i e s .  3-5 

Among the  o t h e r  t h e o r i e s ,  kL was c o r r e l a t e d  wi th  D t o  the  n t h  power f o r  

va lues  of n l y i n g  between 0.50 and 0.75, depending on t h e  f l u i d  dynamic 

cond i t ions  of t h e  experiments .  

The performance of a gas  deso rp t ion  dev ice  may involve two o r  more 

means of main ta in ing  a h igh  concen t r a t ion  g r a d i e n t :  (1) steam s t r i p p i n g  
and/or  (2)  reducing d i f f u s i o n a l  r e s i s t a n c e  and extending in t e rphase  area 
by using packed columns and s p r a y  towers. However, t h e  combination of 

t hese  e f f e c t s  and t h e  complicated geometry make t h e o r e t i c a l  a n a l y s i s  d i f -  

f i c u l t .  In Sherwood and Holloway's s tudy6 of gas  deso rp t ion  i n  a packed 

column and i n  many l a t e r  similar s t u d i e s ,  s i m p l e  t h e o r e t i c a l  models were 

unable  t o  p r e d i c t  t he  gas  desorp t ion  phenomenon. Concepts of l i q u i d  and 

gas f i l m  c o e f f i c i e n t s  (kLa, kga) ,  he ight  of t r a n s f e r  u n i t s  (HTU),  and num- 

b e r  of t r a n s f e r  u n i t s  (NTU) were introduced and used t o  c o r r e l a t e  gas  de- 

s o r p t i o n  d a t a  e m p i r i c a l l y  with va r ious  nondimensional parameters.  
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Amodi f i ed  v e r s i o n  of t h e  e m p i r i c a l  c o r r e l a t i o n  formula proposed by 

Sherwood and Holloway2 i s  commonly used i n  gas d e s o r p t i o n  s t u d i e s :  

and 

These equa t ions  are der ived  from t h e  d imens ionless  form, but  an unknown 

f a c t o r  having t h e  dimension of l e n g t h  i s  omi t ted  from t h e  le f t -hand  s i d e  

and from t h e  f i r s t  group on t h e  right-hand s i d e  of t h e  equat ions .  Because 

of t h i s  omission t h e  equa t ions  are no t  d imens ionless ,  and the  propor t ion-  

a l i t y  c o n s t a n t  a i s  expected t o  vary  wi th  the n a t u r e  of the packing mate- 

r i a l  and t h e  u n i t s  employed. 

D e g a s i f i c a t i o n  i s  a major mass- t ransfer  process  i n  i n d u s t r i a l  u n i t  

ope ra t ion .  P r a c t i c a l  a p p l i c a t i o n s  va ry  from degassing of pe t rochemica ls  

and i n d u s t r i a l  f l u i d s  t o  d e a e r a t i o n  of b o i l e r  feed  water and po tab le  l i q -  

u ids .  Many app l i ca t ion -o r i en ted  degass ing  s t u d i e s  can be found i n  the  

l i t e r a t u r e .  Because of t h e  unique OTEC c o n d i t i o n s ,  only those  s t u d i e s  in-  

vo lv ing  vacuum d e a e r a t i o n  and seawater a p p l i c a t i o n s  a r e  of re levance  t o  

t h i s  i n v e s t i g a t i o n ;  t h e  s t u d i e s  i n c l u d e  Knoedler and Bonilla’ (1954) on 

packed-column d e a e r a t i o n ,  Chambers’ (1959) on seawater spray  d e a e r a t i o n ,  

Eissenberg’s  review9 (1972)  of the performance of deaerators i n  desalina- 

t i o n  p i l o t  p l a n t s ,  and the  vacuum degass ing  a n a l y s i s  by Rasguin e t  a l .  l o  

(1977). 

Knoedler and Bon i l l a  i n v e s t i g a t e d  vacuum d e g a s i f i c a t i o n  of water i n  a 

packed column. A c losed  tes t  loop w a s  cons t ruc t ed ,  and oxygen w a s  used as 

t h e  s o l u t e  gas.  Knoedler and Bon i l l a  observed t h a t  end e f f e c t s  were ap- 

p rec i ab le  and depended p r imar i ly  on temperature.  Below t h e  loading  po in t  

of l i q u i d  flow ( i . e . ,  l i q u i d  flow rate  i s  less than 39 X lo3 kg/h*m2), 

t h e i r  vacuum d e a e r a t i o n  r e s u l t s  f o r  Stedman t r i a n g u l a r  packing were ex- 
pressed by t h e  fo l lowing  c o r r e l a t i o n :  

HTU = 1.478 (L)Oo3 (3 )  
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A spray-type vacuum d e a e r a t i o n  i n  connec t ion  wi th  seawater desa l ina -  

t i o n  w a s  i n v e s t i g a t e d  by Chambers.8 

t h e  s o l u t e  g a s  wi th  on ly  t h e  d i s so lved  oxygen c o n c e n t r a t i o n  measured by 

Winkler t i t r a t i o n .  Assumptions had t o  be made as t o  t h e  ra te  of n i t r o g e n  

r e l e a s e  i n  de te rmining  t h e  performance of t h e  vacuum d e a e r a t o r  because 

oxygen and n i t r o g e n  are both  s p a r s e l y  s o l u b l e  i n  water. The d i s so lved  a i r  

c o n t e n t  i n  t h e  water a t  reduced p res su res  was computed from t h e  d i s so lved  

oxygen measurements by us ing  Henry's l a w  of gas  d i s s o l u t i o n  and Dal ton ' s  

l a w  of p a r t i a l  p r e s s u r e  f o r  oxygen and n i t rogen .  

t h i s  method w a s  s a t i s f a c t o r y  f o r  p r e d i c t i n g  t h e  vacuum d e a e r a t o r  per for -  

mance and r epor t ed  t h a t  t h e  HTU f o r  t h e  spray-type vacuum d e a e r a t o r  t e s t e d  

i n  h i s  experiment v a r i e d  from 21.3 t o  45.7 cm (0.7 t o  1.5 f t ) .  H i s  d a t a  

showed t h a t  t h e  va lue  of HTU approached 45.7 c m  (1.5 f t )  as t h e  p re s su re  

i n  t h e  vacuum chamber w a s  reduced. No c o r r e l a t i o n  between HTU and vacuum 

p r e s s u r e  w a s  p resented .  

In  h i s  experiments,  a i r  w a s  used as 

Chambers' found t h a t  

Eissenbergg (1972) has reviewed t h e  o p e r a t i n g  expe r i ence  of vacuum 

d e a e r a t o r s  f o r  seawater d i s t i l l a t i o n  p l a n t s ;  t h e s e  d a t a  came from tests a t  

p l an t  f a c i l i t i e s  i n  San Diego, C a l i f o r n i a ;  F reepor t ,  Texas; W r i g h t s v i l l e  

Beach, North Caro l ina ;  and Oak Ridge, Tennessee. Because of t h e  s t r i n g e n t  

degass ing  requirement f o r  d e s a l i n a t i o n  p l a n t s ,  steam s t r i p p i n g  was used. 

To achieve  h igh  rates of deso rp t ion ,  a combination of f l a s h i n g  feed ,  sp ray  

nozz le s ,  and packed o r  t r a y  columns w a s  employed t o  i n c r e a s e  t h e  i n t e r -  

phase area and mass- t ransfer  c o e f f i c i e n t .  Eissenberg concluded t h a t  sat- 

i s f a c t o r y  d e a e r a t o r s  f o r  d e s a l i n a t i o n  p l a n t s  could be designed us ing  one 

o r  more mechanisms but  t h a t  f u r t h e r  exper imenta l  work w a s  r equ i r ed  t o  op- 

t imize  c o s t s  and t o  des ign  f u l l - s c a l e  u n i t s .  

Rasquim, Lynn, and HansonlO (1977) s t u d i e d  v a r i o u s  methods of d i s -  

solved a i r  removal from water i n  packed columns through mathematical  mod- 

e l i n g .  They s t u d i e d  c a s e s  of bo th  coun te rcu r ren t  d e s o r p t i o n  ( w i t h  and 

without steam s t r i p p i n g )  and cocur ren t  gas  deso rp t ion .  They found t h a t  

t h e  gas  removal rate i n  a two-stage cocur ren t  column was comparable t o  

t h e  coun te rcu r ren t  column with steam s t r i p p i n g  and t h a t  less energy was 

consumed. 

Very f e w  s t u d i e s  have been performed on d e a e r a t i o n  i n  a barometr ic  

i n t a k e  sys tem.  l l a rchandl l  i n d i c a t e d  t h a t ,  from t h e o r e t i c a l  c a l c u l a t i o n s ,  
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only  3% d e a e r a t i o n  w a s  p o s s i b l e  i n  t h e  barometr ic  i n t a k e  conf igu ra t ion .  

However, he d i d  not  e l a b o r a t e  on t h e  method of c a l c u l a t i o n  o r  any kind of 

phys i ca l  and geometr ica l  e f f e c t s  on h i s  c a l c u l a t i o n .  
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3. TEST LOOP D E S I G N  

The t e s t  l o o p  d e s i g n  and d e s c r i p t i o n  of t h e  equipment f o r  OTEC Gas 

Desorpt ion Test F a c i l i t y  (OTEC-GDTF) was explained i n  d e t a i l  i n  Vol. 1 

of t h e  ORNL s tudy.’  

place s i n c e  then ,  p a r t i c u l a r l y  wi th  t h e  a d d i t i o n  of a barometr ic  i n t a k e  

c o n f i g u r a t i o n  system t o  the g a s  d e s o r p t i o n  tes t  column. 

However, some m o d i f i c a t i o n s  and expansion have taken  

3.1 l l o d i f i c a t i o n  of Dissolved Oxvnen Measurement 

A s  noted i n  t h e  previous r e p o r t , ’  t h e  on-l ine dissolved-oxygen ana- 

l y z e r  (Beckman Nodel 7002) was used f o r  t h e  d i rec t -d isso lved  oxygen con- 

c e n t r a t i o n  measurement i n  water. However, t h e  performance of t h e  oxygen 

ana lyzer  sensor  i n  t h e  vacuum environment of t h e s e  experiments i s  s u b j e c t  

t o  ques t ion .  Because of t h i s  problem, water samples were c o l l e c t e d  under 

vacuum c o n d i t i o n s  i n  1-L f l a s k s ,  and they were then  brought up t o  atmo- 

s p h e r i c  c o n d i t i o n s  ( s e e  oxygen-measuring s t a t i o n  i n  t h e  fol lowing subsec- 

t i o n ) .  Samples  t h e n  were t r a n s f e r r e d  i n t o  300-cc b i o l o g i c a l  oxygen demand 

(BOD) b o t t l e s ,  and a n  oxygen ana lyzer  (Yellow Springs Instrument  ?lode1 57 )  

measured t h e  dissolved-oxygen content  of water i n  p a r t s  per m i l l i o n .  As a 

supplemental  check f o r  v e r i f i c a t i o n  and c a l i b r a t i o n  of t h e  sampling tech- 

nique,  water samples i n  BOD b o t t l e s  were p e r i o d i c a l l y  s e n t  t o  a chemical 

l a b o r a t o r y  f o r  dissolved-oxygen content  a n a l y s i s  by t h e  Winkler w e t  ti- 

t r a t i o n  method. 

3.2 Descr iDtion of EauiDment 

The OTEC-GDTF used i n  th i s  i n v e s t i g a t i o n  is shown i n  a flow diagram 

(Fig.  1) and i n  a n  o v e r a l l  view (Fig.  2). These major loop  components 

a r e  explained i n  d e t a i l  i n  Sects.  3.3 through 3.10: ( 1 )  tes t  s e c t i o n ,  

( 2 )  vacuum system, ( 3 )  lower barometric-leg water s t o r a g e  tank,  ( 4 )  upper 

water s t o r a g e  tank  and pumps, (5)  oxygen-sampling s t a t i o n s ,  and (6)  baro- 

metr ic- leg materials. 
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Fig.  1 .  Generalized f low diagram of OTEC packed column-barometic 
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3.3 General Flow Desc r ip t ion  

Flow d i r e c t i o n s  f o r  t h e  barometr ic  i n t a k e  system are i n d i c a t e d  by 

arrows i n  t h e  s i m p l i f i e d  schematic diagram (Fig.  3 ) .  The experimental  

system c o n s i s t s  of four  components: a water holding tank  equipped w i t h  

manual l e v e l  c o n t r o l  t o  main ta in  d i f f e r e n t  water h e i g h t s ,  a barometr ic  

l e g ,  a sampling s t a t i o n ,  and a water - re turn ing  system. ' h o  separa ted  

systems are used f o r  a e r a t i o n  when t h e  system i s  i n  closed-loop o p e r a t i o n  

DRAIN 

ORNL-DWG 81-7866 ETD 

OXYGEN 
SAMPLING 
STATION 

AROMETRIC LEG 

-=$SECOND FLOOR 

PROCESS WATER 

Fig. 3. Barometric i n t a k e  s i m p l i f i e d  flow diagram. 
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mode, and a b u i l d i n g  water l i n e  wi th  a hand-regulated v a l v e  d i r e c t l y  pro- 

v i d e s  source water i n  once-through opera t ions .  The loop  is  designed t o  

o p e r a t e  under vacuum c o n d i t i o n s  and up t o  310 kPa. 

In  t h e  c losed  loop ,  water s t o r a g e  tank  No. 1 (Fig.  3 )  was f i l l e d  t o  

t h e  d e s i r e d  h e i g h t  wi th  a i r - s a t u r a t e d  b u i l d i n g  water. Through t h e  use of 

a vacuum system, water was pul led  up i n t o  t h e  barometr ic  l e g .  Water sam- 

p l e s  were taken  as i t  e n t e r e d  t h e  barometr ic  l e g  and again a t  t h e  end of 

barometr ic  i n t a k e  l e g  as t h e  water l e f t  t o  go i n t o  t h e  tes t  column. From 

t h e  tes t  column, water was r e c i r c u l a t e d  i n t o  t h e  holding tank f o r  closed- 

loop  o p e r a t i o n  o r  i n t o  a b u i l d i n g  d r a i n  f o r  open-loop opera t ion .  During 

t h e  closed-loop o p e r a t i o n ,  a i r  was cont inuous ly  i n j e c t e d  i n t o  t h e  system 

by an a r r a y  of a i r  s t o n e s  (Kordon Corporat ion No. 62501). In  t h e  open- 

l o o p  o p e r a t i o n  mode, a i r - s a t u r a t e d  water w a s  cont inuous ly  f ed  from t h e  

b u i l d i n g  water supply a t  a ra te  equal  t o  t h a t  being drained.  A manually 

opera ted  v a l v e  l o c a t e d  a t  t h e  top  of holding tank  No. 1 w a s  used t o  main- 

t a i n  c o n s t a n t  l i q u i d  l e v e l  i n  t h e  tank. Excess water e n t e r i n g  t h e  tank  

w a s  d ra ined  through v a l v e s  l o c a t e d  on t h e  s i d e  of t h e  tank (F ig .  4 ) .  

Water flow w a s  measured by a t u r b i n e  flowmeter ( F L W  TECHNOLOGY) a s  i t  

e n t e r e d  tank No. 2, and i t s  temperature  was measured by t h e r m i s t o r s  

(Yellow Springs Instrument Company). 

3.4 T e s t  S e c t i o n  Packed Column 

The primary f u n c t i o n  of t h e  tes t  s e c t i o n  column i t h e  ba ometr ic- leg 

experiment i s  t o  provide a measuring s t a t i o n  f o r  temperature  and a v i s u a l  

l i q u i d  f low l e v e l .  As t h e  water l e a v e s  t h e  barometr ic  l e g ,  i t  e n t e r s  t h e  

top-head s e c t i o n  of t h e  t e s t  s e c t i o n  and passes  through t h e  main body of 

t h e  column where t h e  temperature  of t h e  l i q u i d  i s  measured. The top-head 

s e c t i o n  a l s o  provides  t h e  connect ion t o  t h e  vacuum source.  The he ight  of 
water i n  t h e  column a l s o  provides  head pressure  f o r  pump A. The column 

i s  made of clear p l a s t i c ,  and O-ring g a s k e t s  are used on a l l  removable 

connect ions.  
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Fig .  4. Water s t o r a g e  tank.  
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3.5 Flow Control  Water Pumps 

The water from t h e  column was c i r c u l a t e d  by a 3.73-kW (5-hp) cen- 

t r i f u g a l  pump ( A l l i s  Chamber 042-1-99-51) i n t o  tank No. 2 ,  which i s  used 

f o r  secondary a e r a t i o n  f o r  t h e  closed loop. Water from tank No. 2 w a s  

pumped by pump B, a 1.12-kW (1.5-hp) c e n t r i f u g a l  pump, through a t u r b i n e  

flow meter (1-in. Flow Technology Model No. FT-16) and rotameter  ( F i s c h e r  

Ser ia l  No. XII-442512) back i n t o  t h e  lower barometric-leg holding tank  

No. 1 f o r  closed-loop opera t ion .  Water was discharged t o  t h e  b u i l d i n g  

d r a i n  system d i r e c t l y  i n s t e a d  of t o  holding tank  No. 1 i n  t h e  case of 

open-loop opera t ion .  

3.6 Oxvgen-Measuring S t a t i o n  

The oxygen-measuring s t a t i o n  c o n s i s t s  of a l -L  f l a s k  connected t o  t h e  

t o p  of t h e  barometr ic  l e g  by 0.95-cm-ID Tygon hose (Fig.  1 ) .  The f l a s k  i s  

a l s o  connected and valved t o  t h e  vacuum system, atmosphere, and a BOD bot- 

t l e  d r a i n  poin t .  These connect ions g i v e  t h e  s t a t i o n  f l e x i b i l i t y .  The 

vacuum l i n e  e q u a l i z e s  t h e  pressure  of t h e  f l a s k  t o  t h a t  of t h e  barometr ic  

l e g  whi le  under vacuum. The atmospheric connect ion enables  t h e  water 

sarnple i n  t h e  f l a s k  t o  be brought t o  a tmospheric  pressure  without  adding 

any oxygen t o  t h e  sample, and f i n a l l y  t h e  valved d r a i n  enables  t h e  f l a s k ' s  

conten t  t o  empty i n t o  a BOD b o t t l e .  This sanpl ing  procedure i s  s i m i l a r  t o  

t h e  one employed by Knoedler and Bonil la '  i n  t h e i r  s tudy  of vacuum deaera- 

t i o n .  The b o t t l e s  can be analyzed by e i t h e r  t h e  Winkler w e t  t r i t r a t i o n  

method o r  an oxygen a n a l y z e r  (Yellow Springs Model 57 Oxygen Analyzer).  

All v a l v e s  a re  318-in. tubing-connected vacuum bellow v a l v e s  (Hoke Model 

No. 4213464). A l l  tub ing  i s  Tygon 318-in. I D  and 518-in. OD. 

3.7 Vacuum Svstem 

I n  t h e  g a s  removal system, a 10.2-cm-diam (4-in.) s t ee l  l i n e  followed 

by a 15.24-cm-diam (6-in.) pipe connects  t h e  top  of t h e  d e s o r p t i o n  column 

t o  t h e  vacuum equipment. An e x i s t i n g  two-stage steam-jet e j e c t o r  i n  t h e  

b u i l d i n g  s e r v e s  as t h e  vacuum source.  

i t y  of removing 13.6 kg/h (30  l b / h )  of water vapor and 1.36 kg/h ( 3  l b l h )  

The e j e c t o r  has  a name p l a t e  capac- 
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of a i r  a t  1.35 kPa a b s  (0.4 in .  Hg abs ) .  The vacuum pressure  i s  con- 

t r o l l e d  by a vacuum p r e s s u r e  r e g u l a t o r .  It i s  necessary  t o  bleed a small 

amount of a i r  i n t o  t h e  vacuum piping system t o  o b t a i n  s a t i s f a c t o r y  c o n t r o l  

of  t h e  vacuum p r e s s u r e  under varying test  c o n d i t i o n s .  

3.8 Barometric-Leg Water Holding Tank 

The barometr ic- leg water s t o r a g e  tank  (F ig .  4 )  was f a b r i c a t e d  from 

1.27-cm s t a i n l e s s  s t ee l  p l a t e  r o l l e d  i n t o  a drum 1.04 m i n  diameter  and 

1.83 m i n  h e i g h t .  This  tank  serves a s  a s t o r a g e  r e s e r v o i r  f o r  t h e  water 

a t  f u l l  a i r  s a t u r a t i o n  j u s t  before  i t  e n t e r s  t h e  v e r t i c a l  barometr ic  l e g .  

The tank i s  equipped w i t h  t h r e e  d r a i n  p o r t s  a t  11.4, 76.20, and 137.2 c m  

from t h e  bottom. Two of t h e s e  t h r e e  are  valved l i n e s ,  and t h e  t h i r d  i s  

s imply a n  overf low p r o t e c t i o n  d r a i n .  These two d r a i n  l i n e s  enable  t h e  

tank  t o  main ta in  a c o n s t a n t  l e v e l ,  while  t h e  o u t s i d e  b u i l d i n g  water e n t e r s  

t h e  tank  from a 3.81-cm process  water l i n e  l o c a t e d  a t  t h e  top  of t h e  tank  

and r e g u l a t e d  by a globe valve.  The tank  is  a l s o  a place of water aera-  

t i o n  and c o n t a i n s  a n  a r r a y  of a i r  s t o n e s  (Kordon Corporat ion)  t h a t  a r e  

connected t o  t h e  b u i l d i n g  a i r  supply a t  SO0 kPa. 

3.9 Barometric I n t a k e  System 

A s tandard  s t a r t - u p  procedure w a s  implemented f o r  each day of ex- 

per imenta l  tes ts .  A l l  d r a i n s  on s t o r a g e  tank  No. 1 were c l o s e d ,  and t h e  

b u i l d i n g  water f i l l  l i n e  was opened. Af te r  a c l o s e l y  es t imated  water 

l e v e l  w a s  ach ieved ,  t h e  vacuum v a l v e  w a s  opened and set on i t s  d e s i r e d  

pressure  f o r  t h a t  d a y ' s  run. As t h e  barometr ic  l e g  began t o  d i s c h a r g e  

water i n t o  t h e  t es t  column, pump A w a s  tu rned  on and t h e  water l e v e l  i n  

t h e  colurm was se t  t o  zero. In  open-loop o p e r a t i o n s ,  a l l  water w a s  t o  be 

dra ined  a f t e r  one pass through t h e  loop;  t h e  b u i l d i n g  water f i l l  l i n e  

aga in  w a s  tu rned  on and r e g u l a t e d  t o  main ta in  a c o n s t a n t  l e v e l  i n  water 

s t o r a g e  tank  No. 1. 
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3.10 Steady-State Operat ion 

A f t e r  s t a r t - u p ,  a c o n s t a n t  l e v e l  w a s  maintained i n  both water tank  

No. 1 i n  t h e  packed column. Temperature and vacuum pressures  were moni- 

t o r e d  t o  determine when s teady-s ta te  c o n d i t i o n s  e x i s t e d .  

Steady s ta te  w a s  assumed when t h e r e  w a s  no s i g n i f i c a n t  change i n  t e m -  

p e r a t u r e  ( & 0 . l o C )  and flow rate  changes were less than  +2% throughout t h e  

system over a 10-nin span. Once s teady  s ta te  was achieved)  t h e  fol lowing 

data were recorded:  (1)  f low ra te  through t h e  barometr ic  l e g ,  ( 2 )  t e m -  

p e r a t u r e  of t h e  water i n  t h e  barometr ic  l e g ,  ( 3 )  par t s  per m i l l i o n  of oxy- 

gen c o n t e n t  of t h e  water i n  s t o r a g e  tank  No. 1, ( 4 )  water samples taken a s  

i t  reached t h e  t o p  of t h e  barometr ic  l e g  (7.8 t o  8.8 m from t h e  water l e v e l  

i n  tank No. 2 )  ) and ( 5 )  t h e  system vacuum pressure .  These experimental  

d a t a  were f ed  t o  a computer t o  c a l c u l a t e  t h e  d e a e r a t i o n  e f f e c t i v e n e s s  of 

barometr ic  i n t a k e  c o n f i g u r a t i o n .  

Af te r  a l l  d a t a  were recorded and water samples were taken f o r  analy-  

s i s ,  t h e  water f low rate  through t h e  barometr ic  l e g  w a s  changed; a d j u s t -  

ments were made u n t i l  a new s t e a d y  s t a t e  c o n d i t i o n  was achieved. Experi- 

mental  d a t a  were a g a i n  recorded ,  and t h e  procedure was repeated.  
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4. RESULTS AND DISCUSSION 

4.1 R e s u l t s  of Vacuum Deaera t ion  i n  a Packed Column 

Vacuum d e a e r a t i o n  of water w a s  s t u d i e d  i n  a 28-cm-ID tower f i l l e d  

wi th  two k inds  of packings: ceramic Raschig r i n g  and p l a s t i c  p a l l  r i n g s .  

Packing h e i g h t s  were v a r i e d  from 0 t o  90 cm,  l i q u i d  rates from 34,000 t o  

146,000 kg/h*m2, and t h e  column vacuum pressure  from 3.4 t o  34 kPa abs.  

Liquid s a m p l e s ,  t aken  a t  t h e  t o p  of t h e  packing and a t  t h e  o u t l e t  of t h e  

tower, were analyzed by an oxygen ana lyzer  t o  determine t h e  c o n c e n t r a t i o n  

of  d i s s o l v e d  oxygen. 

The f i r s t  series of r u n s  (110 i n  a l l )  was completed, and t h e  r e s u l t s  

were presented i n  Vol. 1 of t h i s  r e p o r t . '  

t h e  packing was 3.81-cm ceramic Raschig r i n g s ,  and t h e  measured d e a e r a t i o n  

used f o r  c a l c u l a t i o n  of c o e f f i c i e n t s  included d e a e r a t i o n  t h a t  t a k e s  p lace  

on t h e  packing as w e l l  as between t h e  sensor  of t h e  oxygen ana lyzer  and 

t h e  t o p  of t h e  packed column. Because of t h e  end e f f e c t ,  t h a t  i s ,  t h e  

a d d i t i o n a l  d e a e r a t i o n  t h a t  occurs  i n  t h e  i n l e t  d i s t r i b u t o r  and t h e  deaer-  

a t e d  water r e s e r v o i r  of t h e  packed column, d a t a  obta ined  i n  t h e  f i r s t  

ser ies  should apply  only  t o  t h e  p a r t i c u l a r  c o n d i t i o n s  of t h e  tes t  se tup .  

I n  t h i s  f i r s t  series of r u n s ,  

A new group of r u n s  (121 i n  a l l )  w a s  t h e n  made i n  which t h e  l i q u i d  

e n t e r i n g  t h e  packing w a s  sampled a t  t h e  top  of t h e  packing by using t h e  

c o l l e c t i n g  f l a s k  and BOD b o t t l e  as descr ibed  previously.  These runs  w e r e  

nade wi th  2.54-cm p l a s t i c  p a l l  r i n g s  (Tes t  Series 2 )  and 3.81-cm p l a s t i c  

p a l l  r i n g s  ( T e s t  Series 3) .  Although t h e  method of c o r r e l a t i o n  presented 

i s  based on t h e  f i r s t  ser ies  r u n s ,  t h e  q u a n t i t a t i v e  b a s i s  f o r  t h e  predic-  

t i o n  of mass- t ransfer  c o e f f i c i e n t s  i s  t h e  new group of 121 runs.  Data 

obtained i n  t h e  l a t t e r  group are presented i n  Tables 1 through 4. Data on 

t h e  l i q u i d  f i l m  c o e f f i c i e n t  of t h e  d e s o r p t i o n  of a i r  from water f o r  2.54- 

and 3.81-cm p l a s t i c  p a l l  r i n g s  are shown i n  Figs .  5 and 6 .  Most of t h e  

tes t  d a t a  were obta ined  a t  temperatures  w i t h i n  a few degrees  of 25"C, and 

t h e  v a l u e s  r e p o r t e d  have been c o r r e c t e d  t o  25°C by t h e  use of e m p i r i c a l  

r e l a t i o n .  6 

The e f f e c t  of vacuum pressure  i s  i n d i c a t e d  by t h e  d a t a  of Fig.  7 ,  

t a k e n  from T e s t  Series 3 w i t h  3.81-cm p l a s t i c  p a l l  r i n g s .  
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Tab le  1. T e s t  Series 2 (1-in. p a l l  rings)n 

'TEST L TEHP PAIR X I  X I  XE NTU X D SC PACKING HEIGHT 

701 .176E+05 82.1 5.86 4.46 4.43 1.53 .01 0.67 .934E-04 .351E+03 0.0 
702 .176E+05 82.1 5.86 4.68 3.46 1.57 .50 26.07 .934E-04 .350E+03 11.0 
703 .172E+05 82.1 5.81 4.35 2.72 1.56 .88 37.47 .933E-04 .351E+03 22.0 
704 .175E+05 82.0 5.81 4.63 2.36 1.56 1.34 49.03 .932E-04 .351E+03 33.0 

705 .210E+05 81.9 5.83 4.83 4.39 1.57 . I 4  9.11 .932E-04 .352E+03 0.0 
706 .210E+05 82.0 5.83 4.96 3.21 1.57 - 7 2  35.28 .932E-04 .352E+03 22.0 
707 .210E+05 82.0 5.83 5.08 3.46 1.57 .62 31.89 .932E-04 .352E+03 11.0 
708 .210E+05 82.1 5.89 4.82 2.46 1.58 1.30 48.96 .934E-04 .351E+03 33.0 

709 .242E+05 81.7 5.88 5.51 4.60 1.58 .26 16.52 .929E-04 .354E+03 0.0 
710 .242E+05 81.6 5.97 5.63 3.74 1.61 .63 33.57 .927E-04 .355E+03 11.0 
711 .242E+05 81.6 5.97 5.40 3.11 1.61 .93 42.41 .927E-04 ,355Ei.03 22.0 
712 .242E+05 81.7 5.88 5.59 2.75 1.58 1.23 50.81 .929E-04 .354E+03 33.0 

713 .273E+05 81.7 5.86 5.59 4.78 1.58 .23 14.49 .929E-04 .354E+03 0.0 
714 .273Et05 81.8 5.86 5.52 3.68 1.58 .63 33.33 .930E-04 .353E+03 11.0 
715 .273Et05 81.7 5.86 5.31 3.07 1.58 .92 42.18 .929E-04 .354E+03 22.0 
716 ,273Et05 81.8 5.86 5.51 2.80 1.58 1.17 49.18 .929E-04 .354E+03 33.0 

721 .179E+05 83.6 3.97 4.03 3.80 1.05 .08 5.71 .953E-04 .338E+03 0.0 
722 .179E+05 83.6 3.97 3.95 2.9? 1.05 .41 24.81 .953E-04 .338E+03 11.0 
723 .179E+05 83.6 3.91 4.01 2.25 1.03 .90 43.89 .952E-04 .338E+03 22.0 
724 .179E+05 83.6 3.91 4.00 1.90 1.03 1.23 52.50 .952E-04 .338E+03 33.0 

725 .210E+05 83.5 3.90 5.05 4.08 1.03 .28 19.21 .952E-04 .338E+03 0.0 
726 .210Et05 83.5 3.90 5.05 3.05 1.03 .69 39.60 .952E-04 .338E+03 1 I .O 
727 .210E+05 83.4 3.92 5.12 2.30 1.04 1.17 55.08 ,950E-04 .339E+03 22.0 
728 .210Et05 83.4 3.90 4.99 1.95 1.03 1.46 60.92 .951E-04 .339E+03 33.0 

729 .242E+05 83.8 3.90 5.08 3.95 1.03 .33 22.24 .955E-04 .336E+03 0.0 
730 .242E+05 83.8 3.90 5.03 3.00 1.03 .71 40.36 .955E-04 .336E+03 11.0 
731 ,242Et05 83.8 3.90 5.05 2.40 1.03 1.08 52.48 .955E-04 .336E+03 22.0 
732 ,242Et05 83.8 3.92 4.95 2.00 1.03 1.40 59.60 .955E-04 .336E+03 33.0 

742 .179E+05 82.0 7.70 5.60 5.16 2.07 -13 7.86 .932E-04 .351E+03 0.0 
743 .1?9E+05 82.0 7.70 5.30 3.67 2.07 .70 30.75 .932E-04 .351E+03 14.0 
744 .179E+05 81.9 7.71 5 .56  2.90 2.07 1.44 47.84 .932E-04 .352E+03 33.0 

745 .210E+05 82.1 7.67 5.98 5.90 2.06 .O? 1.34 .933E-04 .351E+03 0.0 
746 .210E+05 82.1 7.70 5.72 3.76 2.06 .77 34.27 .934E-04 .351E+03 14.0 
747 .210E+05 81.9 7.71 5.65 2.99 2.07 1.36 47.08 .931E-04 .352E+03 33.0 

748 .242E+05 81.6 7.72 5.99 5.02 2.08 .29 16.19 .927E-04 .355E+03 0.0 
749 .242E+05 81.7 7.71 5.55 3.75 2.08 .73 32.43 .929E-04 .354E+03 14.0 
750 .242E+05 81.7 7.71 5.85 3.12 2.08 1.29 46.67 .929E-04 .354E+03 33.0 

751 .271E+05 81.6 7.83 5.68 4.97 2.11 .22 12.50 .92?E-04 .355E+03 0.0 
752 .273E+05 81.4 7.86 5.64 3.88 2.12 .69 31.21 .926E-04 .356E+03 14.0 
753 .273E+05 81.4 7.86 5.95 3.20 2.12 1.27 46.22 .926E-04 .356E+03 33.0 
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Tab le  1 (con t inued)  

TEST L TENP P A I R  X I  Xd XE NTU X D S C  PACKING HEIGHT 

757 .200E+05 82.4 2.03 4.27 3.87 0.54 .11 9.31 .937E-04 .348E+03 0.0 
758 .200E+05 82.2 1.92 4.20 2.37 0.52 - 6 9  43.57 .935E-04 .350E+03 14.0 
759 .200E+05 82.3 1.92 3.96 1.50 0.51 1.25 62.12 .936E-04 .349E+O3 33.0 

760 .231E+O5 82.2 1.88 4.66 3.80 0.50 .23 18.45 .935E-04 .350E+03 0.0 
761 .231E+05 82.2 1.95 4.53 2.40 0.52 .76 47.02 .935E-04 .350E+03 14.0 

.95 4.61 1.60 0.52 1.33 65.29 .935E-04 .350E+03 33.0 762 .231E+05 82.2 

763 .261E+05 82.1 
764 .263E+05 82.1 
765 .261E+05 82.2 

.90 4.85 3.68 0.51 .31 24.12 .934E-04 .350C+03 0.0 

.88 4.56 2.40 0.50 .76 47.37 .934E-04 .350E+03 14.0 

.89 4.57 1.50 0.51 1.41 67.18 .935E-04 .350E+03 33.0 

766 .210E+05 83.1 2.07 4.43 3.70 0.55 .21 16.48 .947E-04 .341E+03 0.0 
767 .210E+05 82.6 2.29 4.44 2.36 0.61 .78 46.85 ,940E-04 .346E+03 14.5 
768 .210E+05 82.6 2.29 4.45 1.42 0.61 1.56 68.09 .940E-04 .346E+03 33.0 

769 .242E+05 82.6 2.19 4.68 3.85 0.58 .23 17.74 .940E-04 .346E+03 0.0 
770 .242E+05 82.7 2.19 4.53 2.32 0.58 .82 48.79 .941E-04 .345E+03 14.5 
771 .242E+05 82.7 2.29 4.46 1.50 0.61 1.46 64.37 .941E-04 .345E+03 33.0 

772 ,273Et05 81.6 2.22 4.83 3.80 0.60 .28 21.33 ,928E-04 .355E+03 0.0 
773 .273Et05 81.6 2.08 4.72 2.39 0.56 .82 49.36 .927E-04 .355E+03 14.5 
774 .273E+05 81.6 2.05 4.73 1.52 0.55 1.46 67.86 .928E-04 .355E+03 33.0 

775 .368Et05 81.8 2.16 4.77 3.78 0.58 .27 20.75 .929E-04 .354E+03 0.0 
776 .365Et05 81.7 2.04 4.76 2.50 0.55 .77 47.48 .929E-04 .354E+03 14.5 
777 .365E+05 81.6 2.02 4.67 1.64 0.54 1.33 64.88 ,927E-04 .355E+03 33 .0  

UVar iab le s  are expres sed  i n  t h e  f o l l o w i n g  u n i t s :  

L = l b / h * f t 2  

Temp = O F  

Pair  = i n .  Hg 

D = f t ' / h  

Packing h e i g h t  = i n .  



. . 

Table 2. T e s t  S e r i e s  2a 

HTU HTU25 HU KLA L/HU K/DSC TEST SERIES 

7 0 1  - 7 0 4  
705 - 7 0 8  
7 0 9  - 7 1 2  
7 1 3  - 7 1 6  
7 2 1  - 7 2 4  

7 2 9  - 7 3 2  
7 4 2  - 7 4 4  
7 4 5  - 7 4 7  
7 4 8  - 750 
7 5 1  - 7 5 3  
757 - 7 5 9  
760 - 762 
7 6 3  - 765 
766 - 768 
7 6 9  - 7 7 1  
7 7 2  - 7 7 4  
775 - 777 

725 - 728 

L 

. 1 7 5 E + 0 5  

. 2 1 0 E + 0 5  
, 2 4 2 E t 0 5  
.273E+05  
. 1 7 9 E + 0 5  
. 2  1 OE+05 
. 2 4 2 E + 0 5  
, 1 7 9 E t 0 5  
.210E+05  
.242E+05  
, 2 7 2 E t 0 5  
. 2 0 0 E + 0 5  
.231 E t 0 5  
. 2 6 1 E + 0 5  
.210E+05  

.273E+05  

. 3 6 6 E + 0 5  

, 2 4 2 E t 0 5  

PAIR 

5 .84  
5.65 
5 . 9 2  
5.86 
3 .94  
3 .90  
3.91 
7 .70  
7 . 6 9  
7.72 
7.85 
1 .96  
1 . 9 3  
1 .89  
2 - 2 2  
2.22 
2.11 
2.07 

TEnP 

82 .1  
82.0 
8 1 . 7  
81 .8  
83.6 
83.5 
83.8 
82.0 
82.0 
81.7 
81.5 
8 2 . 3  
8 2 . 2  
82.2 
82.8 
82 .7  
8 1 . 6  
81 .7  

2 .093 
2.560 
2 . 8 6 5  
2 . 9 4 2  
2 . 3 2 9  
2 . 2 6 8  
2 .556  
2 . 1 1 5  
2 .083 
2.756 
2 . 6 3 9  
2 .436 
2 , 5 1 0  
2.507 
2 .036 
2.228 
2 . 3 2 9  
2 . 6 1 0  

2.23 2 . 0 4  
2.72 2 . 0 4  
3.03 2.05 
3 .12  2 . 0 4  
2 . 5 2  2.00 
2.46 2.00 
2 . 7 8  2.00 
2.25 2 .04  
2.21 2 .04  
2.92 2.05 
2.79 2.05 
2.60 2 . 0 3  
2.67 2 . 0 3  
2.67 2 .03  
2.19 2 .02 
2 .39  2.02 
2.46 2.05 
-.. 7 76 2 .05  

aVar iab les  are expressed i n  t h e  fo l lowing  u n i t s :  

L = l b / h * f t 2  

P a i r  = i n .  Hg 

Temp = O F  

HTU = f t  

HTU25 = f t  

c1 = l bm/ f t*h  

kLa = lb rnole / (h*f t3)  ( l b  rnole / f t3)  

L/U = I / f t  

k/DSc = l / f t 2  

End Eff = i n .  

. 1 3 4 E + 0 3  

. 1 3 2 E + 0 3  

. 1 3 6 E + 0 3  . t 4 9 E + 0 3  

.123E+03  

. 1 4 9 E + 0 3  

. 1 5 2 E + 0 3  

. 1 3 6 E + 0 3  

. 1 6 2 E + 0 3  

.14 1 E t 0 3  

. 1 6 6 E t 0 3  

. 1 3 2 E + 0 3  

. 1 4 8 E + 0 3  

. 1 6 7 E + 0 3  

. 1 6 6 E + 0 3  

. 1 7 4 E + 0 3  

. 1 8 9 E + 0 3  

. 2 2 5 E + 0 3  

.857E+04  

. 1 0 3 E + 0 5  . 1 1 8 E t 0 5  
, 1 3 4 E t 0 5  
.892E+04  
. 1 0 5 E + 0 5  

. 8 7 6 E + 0 4  

.l U3E+05 . 1 1 8E+05  

. 1 3 3 E + 0 5  

. 9 8 2 E + 0 4  . 1 1 4E+05 

. 1 2 8 E + 0 5  

. 1 0 4 E + 0 5  

. 1 2 0 E + 0 5  

. 1 3 3 E + 0 5  

. 1 7 8 E + 0 5  

. 1 2 1 E t 0 5  

,643Et .05  
. 6 3 4 E + 0 5  
.65  1 E t 0 5  
. 7 1 6 E + 0 5  
. 5 9 1  E t 0 5  
. 7 1 4 E + 0 5  

.65 1 E t 0 5  

. 7 2 9 E + 0 5  

.77?E+05  

.677E+ 05 

.798E*  05 

. 6 3 2 E + 0 5  

. ? 1 1 E + 0 5  

.802E+05 . ? 9 4 E + 0 5  

. 8 3 7 E + 0 5  

. 9 0 5 E + 0 5  

.108E+Ob 

END EFF 

0.640 
4.932 
9 . 7 7 3  
9 .433 

7 . 9 9 8  
1 0 . 4 3 1  

3 . 5 3 2  
2.227 
9 .687  
7 .363  
4 .322 
7.659 
9 .234  
4 .935  
6.559 
8.025 

1 .m 

8. a 6 3  
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Table 3. OTEC gas desorption test loop Test Series 3 (1.5-in. pall rings)a 

TEST 

900 
90 1 
902 
903 

904 
905 
906 
907 

908 
909 
910 
91 1 

912 
913 
91 4 
91 5 

916 
917 
91 8 

919 
920 
921 
922 
923 
924 
925 
926 
927 

928 
929 
930 
931 

932 
933 
934 
935 

936 
937 
938 
939 

L TEflP P A I R  X I  XB XE #TU X u SC PACKING HEIGHT 

.179E+05 71.4 1.09 3.96 3.96 0.32 .OO 0.00 .798E-04 .469E+03 0.0 

.179E+05 71.4 1.09 4.09 3.10 0.32 .30 24.21 .798E-04 .469E+03 11.0 

.179E+05 71.4 1.09 4.00 2.26 0.32 .64 43.50 ,798E-04 .469E+03 22.0 

.179E+05 71.5 1.09 3.79 1.60 0.32 1.00 57.78 .799E-04 .469E+03 33.0 

.368E+05 70.1 1.06 4.88 4.41 0.32 .11 9.63 .784E-04 .486E+O3 0.0 

.368E+05 70.1 1.06 4.87 3.51 0.32 .35 27.93 .784E-04 .486E+03 11.0 

.368E+05 70.2 1.22 5.10 2.75 0.36 .69 46.08 .784E-04 .485E+03 22.0 

.368E+05 70.2 1.12 4.82 2.18 0.33 .89 54.77 .784E-04 .485E+03 33.0 

.395E+05 71.4 1.09 4.64 4.11 0.32 .13 11.42 .798E-04 .470E+03 0.0 

.395E+O5 71.4 1.09 3.36 2.37 0.32 .39 29.46 .798E-04 .469E+03 11.0 

.395E+05 71.4 1.09 4.75 2.50 0.32 .71 47.37 .798E-04 .469E+03 22.0 

.395E+05 71.4 1.09 4.76 2.11 0.32 .91 55.67 .?98E-04 .469€+03 33.0 

.210E+05 72.1 4.32 6.02 4.39 1.27 .42 27.08 .805E-04 .462E+03 11.0 

.210E+05 72.1 4.40 6.06 2.95 1.29 1.06 51.32 .806E-04 .461E+03 33.0 

.210E+05 73.4 4.46 5.95 4.35 1.29 .42 26.89 .822E-04 .445E+O3 11.5 

.210E+05 73.4 4.58 5.91 2.96 1.33 1.03 49.92 .821E-04 .446E+03 33.0 

.242E+05 72.0 4.39 6.12 4.46 1.29 .42 27.12 .805E-04 .462E+03 11.0 

.242E+05 72.0 4.40 6.12 3.48 1.29 .79 43.14 .805E-04 .462E+03 22.0 

.242E+05 72.0 4.44 6.29 3.07 1.31 1.04 51.19 ,805E-04 .462E+03 33.0 

.315E+05 

.315E+05 

.315E+05 

.315E+05 

.315E+05 

.315E+05 

.315E+05 

.315E+05 

.315E+05 

73.3 
73.4 
73.4 
71.2 
71.2 
71.2 
73.9 
73.8 
73.9 

4.36 
4.36 
4.40 
4.39 
4.39 
4.49 
4.36 
4.56 
4.56 

6.39 
6.29 
6.01 
6.47 
6.39 
6.40 
6.10 
6.09 
6.04 

4.55 
3.52 
3.11 
4.56 
3.52 
3.11 
4.32 
3.39 
2.96 

1.27 .44 
1.26 . 80  
1.28 .95 
1.30 .46 
1.30 .83 
1.33 1.05 
1.26 .46 
1.32 .83 
1.32 1.06 

28.79 
44.04 
48.25 
29.52 
44.91 
51.41 
29.18 
44.33 
50.99 

.820E-04 

.821E-04 

.E21 E-04 

.796E-04 

.796E-04 

.?96E-04 

.827€-04 

.826E-04 

.827E-04 

.446E+03 

.4 46E +03 

.446E+03 

.472E+03 

.472E+03 

.4?2E+03 

.439E+O3 

.440E+03 

.439E+03 

11.0 
22.0  
33.0 
11.0 
22.0 
33.5 
11.0 
22.0  
33.0 

.242E+05 72.5 8.25 6.39 5.12 2.41 .38 19.87 .811E-04 .456E+03 12.3 

.242E+05 72.5 8.31 6.?0 4.08 2.43 .95 39.10 .811E-04 .456E+03 33.0 

.242E+05 72.4 8.28 6.41 5.15 2.42 .38 19.66 ,809E-04 .457E+03 10.5 

.242E+05 72.4 8.28 6.55 4.43 2.42 .72 32.37 .809E-04 .457E+03 22.0 

.273E+05 73.4 8.26 6.31 5.12 2.40 .36 18.86 .821E-04 .446Et03 11.5 

.273E+05 73.4 8.38 6.40 4.00 2.43 .93 37.50 .821E-04 .446E+03 33.0 

.273E+05 72.4 8.28 6.98 5.33 2.42 .45 23.64 .810E-04 .457E+03 "1.0 

.273E+05 72.4 8.28 6.69 3.89 2.42 1.07 41.85 ,810E-04 .45?E+03 33.0 

.315E+05 73.6 8.38 6.72 5.15 2.43 .46 23.36 .824E-04 .443E+03 11.0  

.315E+05 73.6 8.40 6.70 4.35 2.43 . 80  35.07 .824E-04 .443E+03 23.0 

.315E+05 72.4 8.28 6.91 5.11 2.42 .51 26.05 .809E-04 .457E+03 11.0 

.315E+05 72.5 8.26 7.00 3.93 2.42 1 . 1 1  43.86 .8 t IE-O4 .456E+O3 34.0 



2 1  

Table  3 (cont inued)  

'TEST L TENP P A I R  X I  X f l  XE NTU 7. D SC PACKING HEIGHT 

940 .368E+05 73 .6  8 . 4 0  6 . 9 1  5 . 2 0  2 .43  . 4 8  24 .75  ,824E-04 .443E+03 11.0 
941 .368E+05 73 .6  8 . 4 0  6 .65  4.36 2 .43  . 7 8  34.44 .823E-04 .443E+03 22 .0  
942 .368E+05 7 3 . 6  8 . 4 0  6 . 6 8  3 . 9 6  2 .43  1 . 0 2  4 0 . 7 2  ,823E-04 .443E+03 33 .0  

943 .158E+05 6 7 . 4  8.38 6 .81  5 . 4 0  2 .57  .40  20.70 .749E-04 .529E+U3 11.0 
944 .158E+05 67 .4  8 . 3 8  6 . 8 6  4 .40  2 . 5 7  . 8 5  35 .86  .749E-04 .529E+03 2 2 . 0  
945 .158Et05  67 .4  8 . 3 8  6 . 9 0  4 .05  2 .57  1.07 41 .30  .749E-04 .529E+03 33 .5  

% a r i a b l e s  a r e  expressed i n  t h e  fol lowing u n i t s :  

L = l b / h * f t 2  

Temp = O F  

P a i r  = i n .  Hg 

D = f t 2 / h  

Packing h e i g h t  = i n .  

The v a l u e s  of HTU scat ter  between 70 t o  100 c m  a t  t h e  t e s t i n g  vacuum 

pressure  range. The same conclus ion  was obta ined  from t h e  d a t a  of t h e  

f i r s t  series w i t h  3.81-cm ceramic Raschig r i n g s .  The p r a c t i c a l  conclu- 

s i o n  i s  t h a t  HTU i s  independent of vacuum pressure.  The d a t a  on HTU of  

d e a e r a t i o n  i n  2.54- and 3.81-cm p l a s t i c  p a l l  r i n g s  are shown i n  Figs.  8 

and 9 ,  r e s p e c t i v e l y .  These f i g u r e s  a r e  p l o t t e d  on log-log scale, and t h e  

p o i n t s  scatter around a s t r a i g h t  l i n e  up t o  q u i t e  h igh  v a l u e s  of t h e  l i q -  

uid flow rate.  

Because of channel ing of l i q u i d  near  t h e  w a l l s  of t h e  packed column, 

i t  i s  d e s i r a b l e  t o  use a n  experimental  column wi th  a r a t i o  of diameter  t o  

packing dimension of a t  l eas t  8 : l  i f  t h e  r e s u l t s  a re  t o  be considered rep- 

r e s e n t a t i v e  of l a r g e  scale o p e r a t i o n  ( e s p e c i a l l y  i f  t h e  packed depth i s  

s u f f i c i e n t l y  g r e a t  t o  p e r m i t  channel ing t o  develop) .  With t h e  12-in. 

(30-cm) tower of t h i s  i n v e s t i g a t i o n ,  t h e  minimum r a t i o  w a s  exceeded f o r  

a l l  packings used. 

The packed h e i g h t  w a s  l i k e w i s e  a compromise and was u s u a l l y  less t h a n  

common i n  i n d u s t r i a l  p r a c t i c e .  A l a r g e  packed h e i g h t  r e s u l t s  i n  more de- 

s o r p t i o n  and g r e a t e r  accuracy i n  measuring t h e  r a t e  of d e a e r a t i o n ,  but  t h e  

d r i v i n g  f o r c e  a t  t h e  bottom of t h e  column i s  then  very  small and d i f f i c u l t  
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VACUUM AIR PRESSURE (kPa) 
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VACUUM AIR PRESSURE (in. Hg) 

Fig. 7. E f f e c t  of vacuum pressure  on HTU a t  c o n s t a n t  temperature .  

t o  measure wi th  accuracy. A very  s h o r t  packed he ight  r e s u l t s  i n  l a r g e  

d r i v i n g  f o r c e s  a t  both  ends of t h e  column, but  t h e  amount of a i r  trans- 
f e r r e d  i s  small and an a p p r e c i a b l e  f r a c t i o n  of t h e  t o t a l  t r a n s f e r  may t a k e  

p l a c e  a t  t h e  t o p  and bottom of t h e  packing i n  t h e  r e g i o n s  of spray  and 

sp lash ing .  I n  our i n v e s t i g a t i o n ,  t h e  packing h e i g h t  w a s  v a r i e d  from 15 t o  

90 cm. 

The e f f e c t  of packed he ight  on NTU w a s  i n v e s t i g a t e d  i n  our s t u d i e s  by 

t a k i n g  l i q u i d  samples j u s t  above and below t h e  packing. That end e f f e c t s  

have indeed been minimized i s  evident  from Fig.  10 ( T e s t s  701 through 704 

and 900 through 903); i t  shows a n e g l i g i b l e  v a r i a t i o n  of NTU a t  zero in- 

t e r c e p t  with packing h e i g h t s ,  i n d i c a t i n g  uniform l i q u i d  d i s t r i b u t i o n  and 

l i q u i d - g a s - i n t e r f a c i a l  area. 
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Fig .  8. E f fec t  of l i q u i d  f low rate on HTU f o r  2.54-cm (1-in.) 
p l a s t i c  pall r ing .  
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1 1 1 
TESTS 184- 186 701 -704 900-903 

SYMBOL 0 0 a 

1 AIR PRESSURE (kPa) 29.3 19.74 3.68 

25.4 50.8 
PACKING HEIGHT (cm) 

76.2 88.9 

Fig. 10. Re la t ionsh ip  between NTU and packing he igh t  a t  d i f f e r e n t  
l i q u i d  flow rates and packing. 

Ex t r apo la t ing  t h e  l i n e  ( T e s t s  184 through 186) of Fig. 10 t o  zero  NTU 

g i v e s  t h e  he igh t  of a d d i t i o n a l  packing t h a t  would be equ iva len t  t o  t h e  end 

e f f e c t .  This l i n e  ( T e s t s  184 through 186) i s  from t h e  f i r s t  series of t h e  

tests i n  which end e f f e c t  w a s  a problem. 

our r e c e n t  d a t a  by p l ac ing  a p a r t i t i o n  i n  t h e  upper p o r t i o n  of t he  test 
s e c t i o n  and by improving t h e  d i s t r i b u t o r  system so t h a t  water comes down 

through t e n  15-cm-long tubes  t h a t  a c t u a l l y  touch t h e  t o p  of t h e  packing. 

In  t h i s  case, t h e  l i q u i d  flows down without  f a l l i n g  through t h e  a i r  a t  a l l  

and spreads  out  w i th  no sp lash ing .  

The end e f f e c t  w a s  minimized i n  

c 
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As desc r ibed  p rev ious ly ,  t h e  f i r s t  series of 110 runs1  w a s  made un- 

d e r  exper imenta l  c o n d i t i o n s  a l lowing  measurement of some deso rp t ion  i n  t h e  

sp ray  s e c t i o n  above t h e  packing and t h e  water l i n e  l ead ing  t o  t h e  column. 

With t h e  r e v i s e d  sampling technique and improvement of t h e  d i s t r i b u t o r  

sys t em,  t h e  va lues  of t h e  new group are be l i eved  t o  be more r ep resen ta -  

t i v e  of t h e  packing e f f i c i e n c y  under vacuum d e s o r p t i o n  of a i r .  

Data from t h e  new group of runs wi th  d e s o r p t i o n  of a i r  on 2.54- and 

3.81-cm p l a s t i c  p a l l  r i n g s  are presented  i n  F igs .  11 and 12. In each 

case ,  t h e  d a t a  have been c o r r e c t e d  t o  25°C. 

4.2 C o r r e l a t i o n  of Data 

The method of Sherwood and Holloway' on c o r r e l a t i o n  of d a t a  i n  a 

packed column i s  adapted i n  t h i s  i n v e s t i g a t i o n .  

and HTU may be expressed  as power f u n c t i o n s  of L f o r  d e a e r a t i o n  tests on 

va r ious  packing materials as KLa a L1-n and (HTU)L cx Ln. The va lue  of n 

v a r i e s  wi th  both packing s i z e  and type ;  f o r  t h e  t h r e e  s i z e s  of r i n g s  

t e s t e d ,  i t  i s  0.25 f o r  3.81-cm ceramic Raschig r i n g ,  0.34 f o r  2.54-cm 

plast ic  p a l l  r i n g ,  and 0.28 f o r  3.81-cm p las t ic  p a l l  r i ngs .  

They have shown t h a t  KLa 

The e f f e c t i v e n e s s  of mass t r a n s f e r  can a l s o  be c o r r e l a t e d  t o  Schmidt 

number i n  t h e  fo l lowing  r e l a t i o n s :  

1 
HTU = - ( L / ~ ) " ( S C > ~  . 

U 
(5) 

These r e l a t i o n s  are der ived  from t h e  d imens ionless  form similar t o  

t h a t  used by G i l l i l a n d  and Sherwood12 i n  c o r r e l a t i n g  d a t a  on v a p o r i z a t i o n  

i n  a wetted-wall column, b u t  a n  unknown f a c t o r  w i th  t h e  dimension of 

l e n g t h  i s  omi t ted  i n  t h e  le f t -hand  s i d e  and i n  t h e  f i r s t  group on t h e  

right-hand s i d e  of bo th  equat ions .  

t i o n s  are no t  d imens ionless ,  and t h e  p r o p o r t i o n a l i t y  cons t an t  a may be 

expected t o  vary wi th  t h e  n a t u r e  of t h e  packing m a t e r i a l  and t h e  u n i t s  

employed. 

Because of t h i s  omission, t h e  equa- 
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Fig.  11. Co r e l a t i o n  of d a t a  on vacuum d e s o r p t i o n  of a i r  i n  2.54-cm 
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Data from t h e  f i r s t  series are c o r r e l a t e d  by a va lue  of 0.50 f o r  s ,  

i n d i c a t i n g  t h a t  KLa v a r i e s  as the  0.50 power of t h e  l i q u i d  d i f f u s i v i t y  f o r  
t h e  3.81-cm ceramic Raschig r ing .  

t h a t  f o r  mass t r a n s f e r  i n  a packed column the  s va lue  i s  0.50 f o r  a l l  

s i z e s  and types  of packing. Therefore,  Eqs. ( 4 )  and (5)  would become 

Sherwood and Holloway6 have concluded 

1 
HTU = ; ( L / P ) ~ ( S C ) ~ * ~ ~  . 
Table 5 summarizes va lues  of a and n f o r  t h r e e  packing materials 

f o r  which d a t a  are presented. 

Table 5. Values of a and n f o r  t h r e e  
d i f f e r e n t  packings ( s  = 0.50)a 

Packing ab  n 

3.81-cm ceramic Raschig r i n g  19.57 0.25 
2.54-cm p l a s t i c  p a l l  r i n g  113.6 0.34 
3.81-cm p l a s t i c  p a l l  r i n g  34.86 0.28 

aThe ( 1 3 )  values  are the s lope  of l i n e s  i n  
Figs.  11 and 12. The a va lues  are t h e  i n t e r c e p t  
of l i n e s  wi th  t h e  x-axis. 

be  expressed i n  m*kg*h u n i t s  i f  t h e s e  va lues  of 
a are used. 

b A l l  t h e  q u a n t i t i e s  i n  Eqs. ( 6 )  and (7 )  must 

'Data presented i n  Vol. 1 (Ref.1). 

4.3 Maximum Flow of Water Through Packed Column 

(7 )  

I n  t h e  vacuum deae ra t ion ,  loading  is known as t h e  cond i t ion  where 

(1) l i q u i d  holdup i n c r e a s e s  r a p i d l y  wi th  l i q u i d  flow rate,  ( 2 )  t h e  f r e e  
area f o r  gas  flow becomes smaller, and (3)  t h e  pressure  drop rises more 
r ap id ly .  Packed columns are operated b e s t  below t h i s  loading  poin t .  
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Flooding and loading  v e l o c i t i e s  i n  random packings are w e l l  cor re -  

l a t e d  by Treybal.  l 3  

mine t h e  maximum l i q u i d  ( load ing  po in t )  f low rates f o r  each type of pack- 

ing. 

kg/h*m2) and a t  t h e  maximum l i q u i d  flow rate are l i s t e d  i n  Table 6. 

H i s  method i s  adopted i n  t h i s  i n v e s t i g a t i o n  t o  de t e r -  

The cor responding  HTU va lues  a t  a cons t an t  l i q u i d  flow ra te  (122,000 

Table 6. Elaximum l i q u i d  flow rates f o r  
d i f f e r e n t  types  and s i z e s  of packing 

Packing 
b L a  Lmax 

n i  u 

( 4  
Maximum l i q u i d  

flow, L a x  
S i z e  

(cm) [ l o 3  kg/(h'm2)] 

Ceramic Raschig 3.81 122.0 92.0 92.0 
r i n g  

5.08 146.5 72.5' 76.5' 

Plas t ic  pall 2.54 171.0 80.8 90.2 

3.81 220.0 88.4 103.9 

8.89 293.0 126.5d 133.8d 

r i n g  

~~~~ ~ ~ 

&I, = 122 x lo3 [kg/(h*m2)].  

'L = L a x  [kg/(h*m2>1- 
'The HTU v a l u e s  presented are from t h e  model of Sherwood 

and Holloway. 

method shown i n  t h e  Appendix. 
v a l u e s  are der ived  from e x t r a p o l a t i o n  by t h e  

4.4 R e s u l t s  of Deaera t ion  i n  t h e  Barometric Leg 
of t h e  I n t a k e  System 

Vacuum d e a e r a t i o n  i n  a barometr ic  water- intake system r e q u i r e s  bub- 

b l e s  t o  grow i n  dep res su r i z ing  flow. The format ion  of bubble popula t ion  

i n  a flow f i e l d  i s  s t r o n g l y  inf luenced  by t h e  i n i t i a l  n u c l e i  con ten t .  Be- 

cause t h e r e  i s  no s o l i d  s u r f a c e  o t h e r  than  t h e  pipe w a l l  f o r  vacuum deaer-  

a t i o n  i n  a barometr ic  i n t a k e  p ipe ,  i t  is  hypothesized t h a t  t h e  rate of de- 

a e r a t i o n  may be a f f e c t e d  by t h e  i n i t i a l  n u c l e i  con ten t  i n  t h e  incoming 

water as w e l l .  The q u a n t i t a t i v e  de t e rmina t ion  of t h e  concen t r a t ion  and 
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s i z e  d i s t r i b u t i o n  of bubble n u c l e i  i n  t h e  incoming water i s  beyond t h e  

scope of t h i s  s tudy  but  i s  being s t u d i e d  elsewhere by H y d r o n a ~ t i c s . ’ ~  

However, a q u a l i t a t i v e  a t t e m p t  t o  c l a s s i f y  t h e  n u c l e i  con ten t  i n  t h i s  

s t u d y  inc luded  t h r e e  cases: low, moderate,  and h igh  n u c l e i  concentra- 

t i o n s .  

I n  t h e  case of i n i t i a l  low n u c l e i  c o n t e n t ,  t h e  tes t  water i s  l e f t  

ove rn igh t  t o  e l i m i n a t e  as many bubble n u c l e i  as p o s s i b l e ,  and t h e  t e s t  

l oop  can on ly  be opera ted  i n  a once-through mode. In t h e  moderate n u c l e i  

con ten t  c a s e ,  a e r a t i o n  i s  app l i ed  only  a f t e r  t h e  barometr ic  i n t a k e  tes t  

i n  water t ank  No. 2 (Fig.  3); a e r a t i o n  i s  app l i ed  t o  both  water tank  

Nos. 1 and 2 i n  t h e  case  of h igh  n u c l e i  con ten t  experiments. The vacuum 

d e a e r a t i o n  i n  a barometr ic  water-intake sys tem was t e s t e d  i n  a 5-cm-diam 

(2-in.) v e r t i c a l  pipe.  

s u r e .  

Water w a s  l i f t e d  through t h e  p ipe  by vacuum pres-  

The water v e l o c i t y  v a r i e d  from 60 t o  180 cm/s. A series of runs  f o r  

t h e  barometr ic  i n t a k e  sys t em w a s  completed, and r e s u l t s  are presented  i n  

Tables 7 th rough 9. In t h e s e  r u n s ,  t h e  water samples  were taken  a t  t h e  

Table 7. Data of barometric system, 8.8-m intake 
with moderate nucleia 

TEST L TEHP PAIR U X I  XB XE x RE 

801 28 .8  79.6 1.33 3.51 7.98 6 .52  . 3 7  18.3 .635E+05 
803  28.8 79.2 2.13 2.82 8 .00  6.80 . 5 9  15.0 . 5 0 8 E + 0 5  
805  28.8 79.1 2.04 3.12 8 .11  6.99 .56  13.8 .561E+05  
807  28.8 74.9 2.49 2.68 8 .29  7.27 .71  12.3 .456E+05  
8 0 9  28 .8  77.1 1.63 3.37 8.14 6.98 .46  14 .3  .591E+05 
8 1 3  28.8 78.1 1.45 3.73 8 .10  6.50 . 4 0  1 9 . 8  .663E+05  
814  28 .8  78 .1  2 . 3 9  2.59 8 .10  7.00 .66 13.6 .459E+05  
815 28 .8  77 .8  1.87 3.28 8 .10  6.95 .52  14.2 . 5 8 0 E + 0 5  
8 1 6  28.8 78.7 1.82 3.10 8 .22  7.26 .50 11.7 .555E+05  
8 1 7  28.8 78 .8  1.10 3.86 8 .32  6.63 .30 20.3 .691E+05  
8 1 9  28 .8  78.9 2.22 2.55 8.24 6.98 .61  15.3 .457E+05  

NPD 

. 192E+00  

. 1 6 2 E + 0 0  

.148E+00  

.135E+00  

.208E+00  

.148E+00  

. 1 5 2 E + 0 0  

.124E+00  
, 2 1 1  E t 0 0  
.165E+00  

.151E+00  

=Variables are expressed in the following units : 

L = ft 

Temp = OF 

Pair = in. Hg 

v = ftls 

D = ft2/h 



Table 8. Data of 

TEST L TEHP P A I R  V 

800 28.3 70.4 
804 28.3 66.1 
808 28.3 70.2 
720 28.3 70.0 
727 28.3 71.1 
728 28.3 71.4 
731 28.3 71.7 
732 28.3 72.1 
733 28.3 73.8 
734 28.3 73.6 
735 28.3 72.1 
739 28.3 74.9 
747 28.3 75.7 

2.81 
3.00 
4.60 
2.33 
4.43 
3.43 

.82 
2.48 
1.16 
1.86 
3.02 
3.67 
2.33 

3.95 
4.02 
2.28 
3.13 
2.90 
2.37 

3.75 
5.10 
3.35 
3.95 
3.02 
4.02 

5.85 
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barometric i n t a k e  w i t h  no nuclei" 

X I  XB XE 

8.00 7.25 .84 
9.29 8.22 .93 
8.78 7.97 1.38 
8.03 7.50 .70 
8.32 7.80 1.31 
8.32 7.69 1.01 
8.30 7.25 .24 
8.30 7.53 .73 
8.41 6.90 -34 
8.41 7.10 .54 
8.20 7.50 .89 
8.12 7.49 1.05 
8.10 7.20 .66 

x 
9.4 

11.5 
9.2 
6.6 
6.3 
7.6 

12.7 
9.3 

18.0 
15.6 
8.5 
7.8 

11.1 

"Variables are expressed i n  t h e  fo l lowing  u n i t s  : 

L = f t  

Temp = O F  

P a i r  = in.  Hg 

v = f t / s  

D = f t 2 / h  

RE 

.636Et05 

,367Et05 
,502Et05 
.471Et05 

.609Et05 

.386Et05 
,956Et05 

.856Et05 

.561Et05 

.616EtO5 

.649EtO5 
-51  4Et05 
.691 E+05 

NF D 

. 1 OSEtBO 
,128Et130 
.109Et00 
.723E-01 
.742E-0 1 
.862E-01 
,130EtOQ 
.102E to0  

.166Et00 
P57E-0 1 

.891 E-01 

.187Et08 

,121Et00 

e n t r a n c e  t o  t h e  barometric l e g  and aga in  a t  t h e  end of barometric i n t a k e .  

Tables 7 and 9 are f o r  t h e  cond i t ion  of moderate n u c l e i  when t h e  i n t a k e  

h e i g h t s  are 8.8 and 7.8 m,  r e s p e c t i v e l y .  Table 8 shows t h e  r e s u l t s  of 

barometr ic  i n t a k e  when few n u c l e i  e x i s t  i n  t h e  water. In t h i s  ca se ,  water 
remains ove rn igh t  i n  t h e  tank  undis turbed .  

The barometr ic  i n t a k e  system d e a e r a t i o n  i s  presented  according t o  t h e  

fo l lowing  equa t ions :  

PDA = a ( v ) b  , 
NPD = c ( v ) ~  , 
NPD = e(Relf . 

Table 10 summarizes v a l u e s  a through f f o r  v a r i o u s  i n t a k e  h e i g h t s  and 

amounts of n u c l e i .  The percentage of d e a e r a t i o n  (PDA) and normalized 

percentage  d e a e r a t i o n  (NPD) vs water v e l o c i t y  (V) and Reynolds number 

( R e )  are shown i n  Figs.  13 through 22. 
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TEST 

71 1 
712 
713 
714 
715 
716 
717 
718 
721 
722 
723 
724 
725 
729 
730 
736 
737 
740 
74 1 
742 
744 
745 
746 
748 
749 
750 

Table  9. Data of barometr ic  system 7.8-m i n t a k e  
w i t h  moderate nuc le i a  

L TENP PAIR U X I  X f l  XE x RE NPD 

25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 
25.5 

74.2 1.69 5.48 8.45 7.59 .49 10.2 
78.3 4.47 2.49 7.80 7.10 1.24 9.0 
78.5 4.29 2.90 7.71 7.28 1.19 5.6 
78.1 3.87 3.38 7.78 7.17 1.08 7.8 
77.1 3.12 4.14 7.80 6.95 .87 10.9 
78.7 2.25 4.91 7.65 6.90 .62 9.8 
78.6 1.27 5.46 7.70 6.50 .35 15.6 
78.9 1.74 5.15 7.60 6.70 .48 11.8 
76.5 3.13 3.73 8.25 7.42 .88 10.1 
77.1 1.75 4.61 8.18 7.50 .49 8.3 
77.2 5.05 2.38 8.20 7.63 1.42 7.0 
77.9 4.59 3.12 8.12 7.50 1.28 7.6 
77.6 3.56 4.14 8.10 7.45 .99 8.0 
77.6 1.09 5.91 8.30 7.10 .31 14.5 
77.9 2.41 5.13 8.40 7.40 .67 11.9 
75.4 4.78 2.45 8.24 7.60 1.36 7.0 
75.8 4.53 3.30 8.22 7.63 1.29 7.2 
78.4 2.74 4.29 7.97 7.35 .76 7.8 
78.4 2.02 4.98 8.16 7.10 .56 13.0 
78.8 1.48 5.54 8.00 6.79 .41 15.1 
77.9 1.45 5.64 8.19 7.28 .40 11.1 
78.1 2.20 5.23 8.15 7.31 .61 10.3 
78.3 2.83 4.56 8.21 7.39 .78 10.0 
77.2 3.70 3.79 8.20 7.60 1.04 7.3 
77.4 4.13 3.34 8.05 7.45 1.15 7.5 
77.4 4.59 2.82 8.05 7.35 1.28 8.7 

aVar i ab le s  are expressed i n  the  fo l lowing  u n i t s  : 

L = f t  

Temp = O F  

P a i r  = i n .  Hg 

v = f t / s  

D = f t 2 / h  

.925E+05 

.443E+05 

.518Et05 

.600E+05 

.725Et05 

.878Et05 

.976Et05 

.924EtO5 
,649Et05 
.807E+05 
.418Et05 
.553Et05 
.730E+05 
.104Et06 
.909Et05 
.4 19EtO5 
.58 1 Et05 
.765E+05 
.888Et05 
.993E+05 
.998Et05 

.8 1 3Et05 
,666Et05 
.587E+05 

.928Et05 

.496E+05 

,108Et00 . 107E to0  
.659E-01 
. 9 l  OE-01 
.123E to0  
.10?Et00 
.163E to0  
.126E to0  
.113Et00 
.885E -0 1 
.840E-0 1 
.906E-0 1 
.915E-0 1 

,129Et00 
.930E-01 
.85 1 E-01 
.860E-0 1 
.139E+00 

159Et00 
. 1 1  ?E to0  
,111Et00 
. 1 1  O E t O O  
.838E-0 1 
.870E-01 
.103Et00 

,150EtoO 
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Table 10. Empirical values for barometric intake systema 

Variables 

a b C d e f 
Intake system 

7.8 m and moderate 0.340 0.691 0.843 0.525 0.03 0.523 
nuclei  

nuclei  

no nuclei  

nuclei  

8.8 m and moderate 0.314 0.85 0.552 0.74 0.0048 0.74 

Variable height with 0.325 0.727 0.662 0.597 0.015 0.599 

8.4 m and high 0.027 1.33 0.067 0.26 

aEqs. (8) through (10). 

Fig. 13. OTEC barometric intake configuration. 
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4.5 A p p l i c a t i o n  t o  OTEC Open-Cycle P l a n t  
and Economic Eva lua t ion  

The exper imenta l  r e s u l t s  and de r ived  d a t a  from t h e  gas  a b s o r p t i o n  

t e s t s  were a p p l i e d  t o  t h e  Westinghouse d e a e r a t o r  subsystem des ign”  t o  

compute t h e  d e a e r a t o r  c o s t  and t h e  pumping power f o r  va r ious  packings. 

The d e a e r a t o r  c o s t  i s  based on t h e  fo l lowing:  

z = c o s t  of packing, $353/m3 f o r  ceramic Raschig r i n g s  and $141/m 3 

f o r  p l a s t i c  p a l l  r i n g s ;  

x = c o s t  of packing suppor t  p l a t e s ,  $215.30/m2; 

y = c o s t  of l i q u i d  d i s t r i b u t o r s ,  $269.10/m . 2 

The c o s t  of t h e  d e a e r a t o r  enc losu re  i s  not  inc luded  i n  t h i s  summation 

because i t  i s  cons idered  t o  be p a r t  of t h e  h u l l .  Evident ly ,  l a r g e r  l i q u i d  

flow rates y i e l d  a lower-cost d e a e r a t o r  because t h e  v a r i a t i o n  of t h e  HTU 

w i t h  l i q u i d  rate is  s m a l l  i n  t h e  range t e s t e d .  

The c o s t  of t h e  column i n t e r n a l  de r ived  by Westinghouse’’ is  repre- 

sen ted  as 

where 

E = s t a g e  e f f i c i e n c y ,  

Whs, = warm seawater flow, kg/h, 
Lax = maximum l i q u i d  flow rate f o r  a g iven  packing, 

HTU = h e i g h t  of t r a n s f e r  u n i t ,  cm. 

The i t e m s  t h a t  c o n t r i b u t e  t o  t h e  t o t a l  d e a e r a t o r  he ight  and t h e  mag- 

n i t u d e  of each c o n t r i b u t i o n  are g iven  i n  t h e  Westinghouse study. ’’ 
h e i g h t  of major d e a e r a t o r  components exc luding  t h e  packing he igh t  i s  
147.2 cm; t h i s  va lue  i s  a r ea l i s t i c  estimate. 

The 

The t o t a l  h e i g h t  i n  c e n t i m e t e r s  of t h e  packed column i s  then  

h = 147.2 + h i  , 
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where the  he igh t  of packing i s  

Therefore ,  Eq. (12) can be expressed as 

h = 147.2 - [(HTU)ln(l - E ) ]  . 
The pumping power i n  megawatts i s  

- - whsw x [147.2 + (HTU)ln(l - E)-’] . (15) 
whsw riw = 

36.65 x 109Q 36.650 

The pump combined e f f i c i e n c y  was assumed t o  be 0.715. 

Resu l t s  of deae ra t ion  c o s t  and the  pumping power f o r  va r ious  packings 
and f o r  the barometr ic  i n t ake  system (8.4- he ight  i n t a k e )  are t abu la t ed  
i n  Table 11. 

warm ( 2 7 O C )  seawater .  
Resul t s  are shown f o r  t h e  cond i t ion  of 455 x lo6 kg/h of 

Table  11. Deaerator c o s t  and pumping power f o r  va r ious  
packings and f o r  barometr ic  i n t a k e  system* 

Barometric i n t a k e  deae ra t ion  e f f e c t  

Without w i t h  Packing Size 
(cm) h a e r a t o r  Pumping & a e r a t o r  Pumping 

c o s t  power c o s t  power 
( $  x 1 0 9  (Mw) ($  x 106) 

Ceramic Raschig 3.81 2.58 5.10 2.40 4.57 

Plastic p a l l  3.81 1.50 5.43 1.38 4.83 
r i n g  5.10 2.85 4.68 2.56 4.23 

r i n g  8. 90 1.22 6.26 1.12 5.49 

%arm seawater flow rate = 455 x lo6 kg/h; deae ra to r  e f f ec -  
t i v e n e s s  = 0.80. 
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Resu l t s  i n d i c a t e  t h a t  use of t h e  l a r g e r  p l a s t i c  p a l l  r i n g  has  a ve ry  

f a v o r a b l e  impact on t h e  c o s t ,  bu t  t h e  power consumption i s  inc reased  some- 

what . 
The d e a e r a t o r  c o s t  estimates and the  pumping power needs f o r  baromet- 

r i c  i n t a k e  and a d e a e r a t o r  packed wi th  d i f f e r e n t  types  and s i z e s  of pack- 

i n g  were computed accord ing  t o  Eqs. (8), ( l l ) ,  and (15) and are l i s t e d  i n  

Table 11. 
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5 . CONCLUS I O N S  

The fo l lowing  conclus ions  were drawn from t h e  exper imenta l  s tudy  f o r  

vacuum d e a e r a t i o n  i n  a packed column and i n  a barometr ic  i n t a k e  conf igura-  

t i o n :  

1 .  Vacuum d e a e r a t i o n  HTU informat ion  f o r  two s i z e s  of p l a s t i c  p a l l  r i n g s  

w a s  ob ta ined  because t h e r e  was no mass-transfer/HTU in fo rma t ion  i n  t h e  

l i t e r a t u r e  f o r  t h e  p las t ic  p a l l  r i n g s .  

2. We found t h a t  d e a e r a t i o n  occurs  i n  barometr ic  i n t a k e  t o  a packed col-  

umn. In  t h e  system t e s t e d ,  d e a e r a t i o n  of up t o  27% w a s  found f o r  a 
water f low ra te  of 1.8  m / s  w i th  h igh  n u c l e i  con ten t .  

i n t a k e  w i l l  have the  advantage of achiev ing  a p a r t i a l  p redeae ra t ion  

and thus  reduce the  c o s t  of a f u l l  d e a e r a t i o n  system. Deaera t ion  i n  a 
barometr ic  i n t a k e  may be a f f e c t e d  by phys ica l  parameters such as water 

f low rate,  t h e  e x i s t e n c e  of n u c l e i  i n  t h e  water, and the  vacuum pres- 

su re .  

The barometr ic  

3. Our s tudy  i n d i c a t e s  t h a t  wi th  t h e  barometr ic  i n t a k e  d e a e r a t i o n  e f f e c t ,  

-10% r e d u c t i o n s  both i n  c o s t  and pumping power can  be achieved when 

barometr ic  i n t a k e  i s  combined wi th  t h e  packed column. 

I 

c 
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Appendix 

ESTINATED VALUE OF HTU FOR 8.89-cm (3.5-in.) 
PLASTIC PALL RING 

As expla ined  earlier,  t h e  r a t i o  of t h e  column diameter  t o  packing 

dimension should be a t  least 8:l. Because t h e  diameter  of t h e  column 

being i n v e s t i g a t e d  i s  30.48 cm, 8.89-cm p l a s t i c  p a l l  r i n g s  could not  be  

used. Therefore ,  expe r imen ta l ly  obta ined  d a t a  were ex t r apo la t ed  t o  esti- 
mate t h e  HTU f o r  8.89-cm p a l l  r ings .  

The Sherwood and Holloway HTU v a l v e s  f o r  va r ious  s i z e s  of ceramic 
Raschig r i n g s  and d i f f e r e n t  l i q u i d  flow rates i n  kilograms per hour per  

squa re  meter are g iven  i n  Table A.1. The r a t i o  of one HTU va lue  t o  the  

p r i o r  va lue  i s  1.11 (Table  A.1). Therefore ,  t h i s  t a b l e  can be extrapo-  

l a t e d  f u r t h e r  by m u l t i p l y i n g  t h e  las t  HTU va lue  by 1.11, t h u s  y i e l d i n g  

t h e  next  HTU va lue  when t h e  r i n g  s i z e  i s  incremented by 1.27 cm. This  

same method has  been used t o  extrapolate f o r  p l a s t i c  pall r ings .  

Table A.2 shows exper imenta l ly  determined HTU va lues  f o r  two r i n g  s i z e s  

and f low rates. 

The HTU r a t i o  f o r  t h e  p l a s t i c  p a l l  r i n g s  a t  a flow rate of  9.76 x l o 4  

kg/h*m2 is  1.105, and t h e  HTU r a t i o  a t  a f low rate of 1.71 x 105 kg/h*m2 

i s  1.075. Using t h e s e  va lues ,  t h e  HTU f o r  an 8.89-cm plast ic  p a l l  r i n g  

can  be e x t r a p o l a t e d  as shown i n  Table A.3. 

HTUs can be de f ined  by the  fol lowing equa t ion :  

HTU = a (L)b  , (A. 1) 

where a and b are changing wi th  each r i n g  and L is  t h e  l i q u i d  flow rate. 
Consider t h e  c o n d i t i o n  of t h e  8.89-cm p a l l  r i n g  i n  Table  A.3: 

L = 9.76 x l o 4  HTU = 123.6 

L = 1.71 x 105 HTU = 129.54 

S u b s t i t u t i n g  t h e s e  v a l u e s  i n t o  Eq. (A.1) y i e l d s  t h e  fol lowing s imultaneous 

equat ions  : 

123.6 = a(9.76 x 104)b 

129.54 = a(1.71 x 105)b 
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Table A. l .  HTU v a l u e s  f o r  v a r i o u s  
s i z e s  of ceramic Raschig r i n g  

2.54 35.11 41 . 48 

3.81 39.01 46.02 

5.08 43.29 51.22 

1.11 1.11 

1.11 1.11 

aL = 85.4 x l o 3  kg/h*m2. 

'L = 17.9 x l o4  kg/hom2. 

Table A.2. HTU v a l u e s  f o r  p l a s t i c  p a l l  r i n g  

Ring s i z e s  HT@ R a t i o  of HTUb Rat io  of 
( 4 (cm) HTU2/HTUla (cm) HTU2/HTUlb 

2.54 75 90.22 
1.105 1.105 

3.81 82.91 97.0 
~ ~~ ~ 

aL = 9.76 x l o 4  kg/hom2. 

bL = 1.71 x l o5  kg/hom2. 

Table A.3. HTU v a l u e s  f o r  
p l a s t i c  p a l l  r i n g  obtained 
by e x t r a p o l a t i o n  method 

5.08 91 62 104.27 

6.35 101.23 112.1 

7.62 111.9 120.5 

8.89 123.6 129.54 
~~~ ~ ~ 

aL = 9.76 x lo4  kg/h*m2. 

bL = 1.71 x l o 5  kg/h*m2. 
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Solving t h i s  system of equations y ie lds  a - 47.08 and b = 0.084, giving 
the following equation for  8.89-cm plast ic  p a l l  r ings:  

HTU = 47.08(L)0*084 . (A. 2) 

Substituting a flow rate of 2.93 x lo5 kg/hom2 into  Eq. (A.2) g ives  an HTU 

of 135.5 cm. 
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