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ABSTRACT 

Seawater deaeration is a process affecting almost all pro- 
posed Ocean Thermal Energy Conversion (OTEC) open-cycle power 
systems. If the noncondensable dissolved air is not removed 
from a power system, it will accumulate in the condenser, re- 
duce the effectiveness of condensation, and result in deterio- 
ration of system performance. A gas desorption study is being 
conducted at Oak Ridge National Laboratory (ORNL) with the goal 
of mitigating these effects; this study is designed to investi- 
gate the vacuum deaeration process for low-temperature OTEC 
conditions where conventional steam stripping deaeration may 
not be applicable. 

The first in a series describing the O W L  studies, this 
report (1) considers the design of experiments and discusses 
theories of gas desorption, (2 )  reviews previous relevant 
studies, (3) describes the design of a gas desorption test 
loop, and ( 4 )  presents the test plan for achieving program 
objectives. 
tests and the uncertainties encountered are also discussed. 

A packed column was employed in these verification tests 
and test data generally behaved as in previous similar studies. 
Results expressed as the height of transfer unit (HTU) can be 
correlated with the liquid flow rate by HTU = 4.93LO0~~. End 
effects were appreciable for the vacuum deaeration system, and 
a correlation of them to applied vacuum pressure was derived. 

Results of the first series of verification 

1. INTRODUCTION 

Solar thermal energy stored in the form of heat between the upper 

and the lower part of the world's tropical oceans can be utilized for 

power generation. The Department of Energy (DOE) organized the Ocean 

Thermal Energy Conversion (OTEC) program in 1974 to develop means for 

exploiting this renewable resource. Analysis suggests that OTEC is far 

superior to fossil and nuclear options in terms of net energy ratio and 

is less effective than hydroelectric and geotherma1.l Power cycle con- 

cepts conceived as possible means of harnessing the ocean thermal energy 
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s o u r c e  i n c l u d e  c l o s e d ,  open (e .g . ,  C laude ) ,  and v a r i o u s  l i f t  cycles. Be- 

s i d e s  t h e  c l o s e d  c y c l e ,  i n  which a low b o i l i n g  p o i n t  secondary  working 

f l u i d  i s  employed i n  a Rankine c y c l e  f o r  power g e n e r a t i o n ,  t h e  o t h e r  OTEC 

cycle c o n c e p t s  may b e  g e n e r i c a l l y  c o n s i d e r e d  as  open c y c l e s .  In  t h e  open 

c y c l e s ,  i n c l u d i n g  t h e  Claude and l i f t  cycles,  seawater only  i s  t h e  working 

f h i d  f o r  power g e n e r a t i o n .  

While t h e  OTEC c losed -cyc le  power sys tem c l o s e l y  resembles  conven- 

t i o n a l  power g e n e r a t i o n  c y c l e s ,  t h e  open c y c l e ,  wi th  i t s  e l i m i n a t i o n  of 

a secondary working f l u i d ,  i s  c o n c e p t u a l l y  s i m p l e r .  Though t h e  OTEC open 

c y c l e  i s  s t i l l  i n  t h e  e n g i n e e r i n g  development a n d / o r  s c i e n t i f i c  f e a s i b i l -  

i t y  s t a g e s ,  f e a s i b i l i t y  s t u d i e s  2-5 have p r o j e c t e d  t h a t  t h e  Claude c y c l e  

could  b e  as  c o s t  c o m p e t i t i v e  as  t h e  c l o s e d  c y c l e ;  t h e  l i f t  c y c l e s  promise 

even b e t t e r  economics. 

I n  OTEC open-cycle sys tems,  a small amount of w a r m  seawater is  

f l a s h e d  i n t o  steam t h a t  i n  t u r n  becomes t h e  working medium f o r  conver t -  

i ng  t h e  the rma l  energy i n t o  mechanica l  work. I n  a Claude c y c l e ,  steam 

expands i n  a vapor  t u r b i n e  t o  produce s h a f t  work; i n  l i f t  c y c l e s ,  however, 

steam expands i n  ver t ical  t u b e s  t o  l i f t  l i q u i d  water t o  a h i g h e r  p o t e n t i a l  

energy s ta te .  The l i q u i d  water s e p a r a t e d  from t h e  expanding vapor  goes  

through a h y d r a u l i c  t u r b i n e  t o  produce s h a f t  work. The expanding steam 

i s  condensed t o  create low p r e s s u r e  and t o  m a i n t a i n  a p rope r  p r e s s u r e  

g r a d i e n t  i n  t h e  sys tem f o r  s u s t a i n e d  power g e n e r a t i o n .  

N a t u r a l  seawater c o n t a i n s  many d i f f e r e n t  s p e c i e s  of d i s s o l v e d  g a s e s .  

N i t rogen  and oxygen c o n s t i t u t e  t h e  bu lk  of t h e s e  g a s e s ,  b u t  measurable  

amounts of a r g o n  and f r e e  carbon d i o x i d e  are  a l s o  p r e s e n t  and w i l l  be re- 

l e a s e d  d u r i n g  t h e  f l a s h i n g  p rocess .  I f  t h e s e  noncondensable  g a s e s  are  n o t  

removed from t h e  condense r ,  they  w i l l  accumula te  t h e r e ,  b u i l d  up t h e  con- 

d e n s e r  p r e s s u r e ,  r educe  t h e  sys tem p r e s s u r e  g r a d i e n t ,  and a f f e c t  t h e  ra te  

of power gene ra  t i o n .  

To m a i n t a i n  a uni form power g e n e r a t i o n  ra te ,  t h e  noncondensable  g a s e s  

accumulated from seawater must b e  removed c o n t i n u o u s l y  from t h e  power sys-  

t e m  by d e a e r a t i o n .  Two d e a e r a t i o n  o p t i o n s  have been proposed i n  t h e  p re -  

v ious  open-cycle  sys tem s t u d i e s .  G. Claude employed a p r e d e a e r a t i o n  pro- 

c e s s  i n  h i s  open-cycle  p l a n t ,  i n  which d i s s o l v e d  g a s e s  were removed from 
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t h e  w a r m  seawater stream b e f o r e  they  reached t h e  f l a s h  e v a p o r a t o r .  I n  

t h e  Colorado School of Mines open-cycle power system, a p o s t d e a e r a t i o n  

p r o c e s s  was proposed i n  which t h e  d i s s o l v e d  g a s e s  accumulated d u r i n g  t h e  

f l a s h  process  were removed a t  t h e  condenser  a long  with any o t h e r  sys tem 

a i r  leakages .  

The advantage of t h e  p r e d e a e r a t i o n  p r o c e s s  is t h a t  t h e  d e a e r a t i o n  

o c c u r s  above t h e  s a t u r a t i o n  vapor p r e s s u r e  of t h e  seawater. Less pump- 

ing  power i s  r e q u i r e d  t o  e jec t  t h e  noncondensable g a s e s  t o  t h e  atmo- 

s p h e r e ,  b u t  a d d i t i o n a l  system components, such  a s  d e a e r a t o r s  and com- 

p r e s s o r s ,  are needed. A d d i t i o n a l  h y d r a u l i c  head i s  needed t o  o p e r a t e  

t h e  d e a e r a t o r s .  I n  t h e  p o s t d e a e r a t i o n  sys tem,  t h e  d e a e r a t i o n  o c c u r s  a t  

t h e  condenser ,  where t h e  system p r e s s u r e  i s  t h e  lowest .  More paras i t ic  

power i s  r e q u i r e d  t o  remove t h e  noncondensable g a s e s .  Although t h e  de- 

a e r a t o r  i s  n o t  needed i n  t h e  p o s t d e a e r a t i o n  system, more h e a t  t r a n s f e r  

s u r f a c e  area i s  r e q u i r e d  t o  compensate f o r  t h e  noncondensable g a s  e f f e c t  

upon condensa t ion  phenomena. 

R e s u l t s  of p r e l i m i n a r y  economic a n a l y s i s  based on c o n c e p t u a l  d e s i g n s  

of t h e  two d e a e r a t i o n  o p t i o n s  were compared i n  a r e c e n t  open-cycle power 

system d e s i g n  s t u d y  by Westinghouse;2 t h e  r e s u l t s  are shown i n  Table  1. 

The c a p i t a l  c o s t  i s  less f o r  t h e  p r e d e a e r a t i o n  o p t i o n ,  b u t  t h e  p a r a s i t i c  

power l o s s  i s  more t h a n  t h a t  of t h e  p o s t d e a e r a t i o n  o p t i o n .  

I n  t h e  c o n c e p t u a l  d e s i g n  a n a l y s i s ,  a commercially a v a i l a b l e  packed 

column vacuum d e a e r a t o r  was s e l e c t e d  f o r  t h e  p r e d e a e r a t i o n  system. I t  was 

designed t o  o p e r a t e  a t  6.89 kPa (1 p s i a )  wi th  80% s t a g e  e f f e c t i v e n e s s ;  t h e  

column w a s  packed w i t h  1.22 m ( 4  f t )  of 5.1-cm (2-in.)  Raschig r i n g s  and 

r e q u i r e d  a n  o p e r a t i n g  head of 2.71 m (8 .9  f t ) .  A t  t h e  w a r m  seawater f low 

rate  f o r  which t h e  mechanism was d e s i g n e d ,  t h e  d e a e r a t o r  h y d r a u l i c  power 

l o s s  would b e  4.68 MW, which r e p r e s e n t e d  63% of t h e  t o t a l  o p e r a t i n g  power 

requirement  of t h e  p r e d e a e r a t i o n  process .  

I n  a n  open-cycle sys tem,  d e a e r a t i o n  i s  needed t o  avoid  e x c e s s i v e  con- 

denser  p r e s s u r e  bui ld-up.  A h i g h l y  e f f i c i e n t  p r e d e a e r a t i o n  p r o c e s s  i s  de- 

s i r a b l e  b u t  i s  n o t  c r i t i c a l  f o r  t h e  OTEC power g e n e r a t i o n .  I n  d e s a l i n a -  

t i o n  a p p l i c a t i o n s ,  h i g h l y  e f f e c t i v e  p r e d e a e r a t i o n  i s  essent ia l  t o  a v o i d  



Table  1. Comparison of OTEC d e a e r a t o r  c o s t  and powera 

I t e m  

Option 1: P r e d e a e r a t i o n  Option 2: P o s t d e a e r a t i o n  

Flows and Flows and 
MW c o s t  

( $  x 1 0 9  
MW r a t i o s  c o s t  

[kg/h ( l b / h )  I ( $  x 1 0 9  r a t i o s  
[kg/h ( I b / h )  1 

Vacuum d e a e r a t o r ,  p = 6.89 kPa 

A i r  removed 

( 1  p s i a ) ,  80% e f f i c i e n c y  

S t eam removed 

Steam-air  r a t i o  

A i r  removal equipment 

A i r  t o  condenser  [add 1.8 x lo3 

Condenser a i r  removal equipment 

Condenser i n l e t  steam-air r a t i o  

Condenser a r e a  i n c r e a s e ,  % 

Condenser c o s t  c o r r e c t i o n  

kg/h (4000 l b / h )  l e a k a g e ]  

T o t a l s  

2.84 

6.03 103 
(13.3 103) 

3.63 103 
(8.0 103) 

0.6 

2.17 

3.58 x lo3  
(7.9 i o 3 )  

3.51 

547 

40 

4.68 

1.3 

9.8 x 103 
(21.6 x 103) 

1.49 9.6 4.1 

200 

48 

0.98 

8.52 7.47 10.58 4.1 

aCond i t ions :  Open c y c l e  power system 
W a r m  seawater f low = 4.53 X lo8 kg/h ( 1  x lo9  l b m / h )  
S u r f a c e  condenser  
Axial compressors  
Condenser e x i t  s team-a i r  r a t i o  - 4.0 
Condenser s a t u r a t i o n  t empera tu re  - 7 . 7 8 " C  (46°F) 
Condenser c o s t  - $12.26 X lo6 
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c o r r o s i o n  and scale b u i l d u p  (99.93% oxgyen and 99%'carbon d i o x i d e  c a p a b i l -  

i t y  i s  r e q u i r e d ) ;  a d e a e r a t o r  d e s i g n  with 80% removal was found s u f f i c i e n t  

i n  t h e  Westinghouse s tudy .  

Although low-head-loss d e a e r a t o r s  are n o t  r e a d i l y  a v a i l a b l e ,  many 

s t a t e - o f - t h e - a r t  vacuum d e a e r a t i o n  c o n c e p t s  may conce ivably  be developed 

t o  f i t  t h e  p a r t i c u l a r  OTEC needs where low o p e r a t i n g  power i s  more c r i t i -  

cal  t h a n  h i g h  e f f i c i e n c y .  F a l l i n g  f i l m s ,  r o t a t i n g  d i s k  s p r a y s ,  and s h a l -  

low t r a y s  wi th  t u r b u l e n t  promoters  are among t h e  advanced vacuum deaera-  

t i o n  concepts  that may f i n d  a p p l i c a t i o n  i n  OTEC. U t i l i z i n g  t h e  seawater 

i n t a k e  p ipe  f o r  p r e d e a e r a t i o n  i s  a n o t h e r  promising o p t i o n ;  a l t h o u g h  t h i s  

was proposed i n  t h e  o r i g i n a l  Claude open-cycle power d e s i g n ,  t h e  e f f e c -  

t i v e n e s s  of t h e  concept  h a s  n o t  been i n v e s t i g a t e d .  

The o b j e c t i v e  of t h i s  g a s  d e s o r p t i o n  s t u d y  is  t h u s  t o  i n v e s t i g a t e  

t h e  t e c h n i c a l  f e a s i b i l i t y  of v a r i o u s  d e s i g n  concepts  of vacuum d e a e r a t i o n  

a t  l a b o r a t o r y  scale so t h a t  low-head-loss d e a e r a t o r s  with r e a s o n a b l e  c o s t  

may b e  developed f o r  OTEC a p p l i c a t i o n s .  Performance s c r e e n i n g  t o  i d e n t i f y  

promising d e s i g n s  w i l l  be  conducted i n  a small g a s  d e s o r p t i o n  loop.  De-  

t a i l e d  c h a r a c t e r i z a t i o n  of t h e  b e s t  of t h e s e  d e a e r a t o r  d e s i g n s  and devel -  

opment of a recommended d e v i c e  are l e f t  t o  o t h e r  phases  of t h e  o v e r a l l  

OTEC e f f o r t .  

This  f i r s t  i n  a series of planned r e p o r t s  documenting t h e s e  d e a e r a t o r  

s c r e e n i n g  exper iments  (1)  rev iews  r e l e v a n t  p r e v i o u s  e f f o r t s ,  ( 2 )  d e s c r i b e s  

t h e  test loop  d e s i g n ,  ( 3 )  d i s c u s s e s  o p e r a t i o n  and a n a l y s i s  p r o c e d u r e s ,  and 

( 4 )  p r e s e n t s  r e s u l t s  ( i n c l u d i n g  problems and  u n c e r t a i n t i e s )  and conclu- 

s i o n s  from a n  i n i t i a l  test series. 
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2. PREVIOUS WORK 

2.1 Gas Desorption Studies 

Gas desorption from water is a mass transfer phenomenon. Like any 

transfer process, the movement of dissolved gas in the liquid phase is 

driven by the overall available concentration gradient across the inter- 

phase and is retarded by diffusional and interfacial resistances in and 

between the phases. The rate of gas desorption in a device can be in- 

creased for gradient differences for a given concentration either by re- 

ducing the diffusional and interfacial resistances or by increasing the 

available surface area. Falling film configuration is an example of a gas 

desorption device in which high mass transfer coefficient is maintained 

by reducing the liquid film thickness. 

usually used in gas desorption operations to maintain high overall partial 

pressure differences when the column is operated at higher total pressure. 

Increasing the flow turbulence level by dynamic agitation and by static 

turbulent promoters can reduce diffusional and interfacial resistances. 

The use of packing increases the interfacial area. 

Steam or foreign gas stripping is 

Many gas desorption/absorption studies have investigated the effect 

of controlling factors upon mass transfer with the goal of deriving or 

verifying theoretical predictive equations. Thus , Emmert and Pigford6 
(1954), Lynn et al.7 (1955), and Lamourella and Sandall’ (1972) studied 

gas desorption/absorption in falling film and wetted-wall columns. The 

data obtained were compared with such theoretical mass transfer rate mod- 

els as Lewis and Whitman’s stagnant film theory,’ Higbie’s penetration 

theory,” Danckwerts‘ surface renewal theory,” and Levich‘s eddy diffu- 

sivity theory. l 2  

film-penetration theories were also developed to fit and interpret the 

diversified experimental results. 

A few combinations of penetration-surface-renewal and 

The mass transfer coefficient kL (m/h or ft/h) is linearly propor- 

tional to the molecular diffusion coefficient D (m2/h or ft2/h) in the 

stagnant film theory and is proportional to the square root of D in the 

penetration and surface-renewal theories. Among the other theories, kL 
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was correlated with D to the nth power for values of  n lying between 0.50 

and 0.75, depending on the fluid dynamic conditions of the experiments. 

The performance of a gas desorption device may involve two or more 

means of maintaining a high concentration gradient: (1) steam stripping 

and/or ( 2 )  reducing diffusional resistance and extended interphase area by 

using packed columns and spray towers. However, the combination of these 

effects and the complicated geometry make theoretical analysis difficult. 

In Sherwood and Holloways's study13 of gas desorption in a packed column 

with air stripping and in many later similar studies, simple theoretical 

models were unable to depict the gas desorption phenomenon. Concepts of 

liquid and gas film coefficients (kLa, kga), HTU, and number of transfer 

unit (NTU) were introduced and used to correlate the data empirically with 

various nondimensional parameters. 

A modified version of the empirical correlation formula proposed by 

Sherwood and Holloway13 is commonly used in gas desorption studies: 

and 

These are derived from the dimensionless form, but an unknown factor hav- 

ing the dimension of length is omitted in the left side and in the first 

group on the right in both equations. Because of this omission the equa- 

tion is not dimensionless, and the proportionality constants a and 6 may 
be expected to vary with the nature of the packing material and the units 

employed . 
2.2 Vacuum Deaeration Studies 

Degasification is a major mass transfer in industrial unit opera- 

tion. Practical applications vary from degassing of petrochemicals and 

industrial fluids to deaeration of boiler feed water and potable liquids. 

Many applications-oriented degassing studies can be found in the litera- 

ture. Because of the unique OTEC conditions, only those studies involv- 

ing vacuum deaeration and seawater applications are of relevance t o  this 
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investigation; the studies include Knoedler and Bonilla14 ( 1954) on 

packed-column deaeration, Chambers' 

tion, Eissenberg's review16 (1972) of the performance of deaerators in 

desalination pilot plants, and the vacuum degassing analysis by Rasguin 

et a d 7  (1977). 

(1959) on seawater spray deaera- 

- 
Knoedler and Bonilla investigated vacuum degasification of water in 

a packed column. A closed test loop was constructed, and oxygen was used 

as the solute gas. Water enriched with oxygen was pumped into the top of 

a packed-column test section and directed to a liquid distributor through 

a screen covered with a holding plate. Water entered the packed column 

section through distributor orifices. The desorption of oxygen took place 

in a 15.24-cm-diam (6-in.) column filled with 61 cm (2 ft) of Stedman tri- 

angular packing. The evolved oxygen in the test section flowed counter- 

currently through four vapor risers that penetrated the distributor sec- 

tion and was ejected to the atmosphere by a vacuum pump. The degassed 

water went through the main circulating pump, was again enriched with oxy- 

gen in the absorber, and was returned to the test column. The packing 

heights were varied from 0 to 61 cm (2 ft), water temperature from 11.11 

to 44.45'C (52 to 112'F), liquid rate from 16.6 X lo3 to 63.5 X lo3 

kg/(h*m2) (3,400 to 13,000 lb/h*ft2), noncondensable gas pressure from 

0.135 to 12.5 kPa (0.04 to 3.7 in. Hg), and concentration of oxygen in 

the incoming liquid from 3 to 12.7 ppm by weight. 
Column flooding was observed when the liquid flow rate was about 

73.23 x lo3 kg/(hem2) [15,000 lb/(h-ft2)]; and mass transfer resistance 

was liquid-side controlled. The liquid film coefficient for the packing 

depended only on liquid flow rate and not on packing height, oxygen con- 

centration, gas pressure, or temperature. Knoedler and Bonilla also ob- 

served that end effects were appreciable and depended primarily on tem- 

perature. Below the loading point, their vacuum deaeration results could 

be expressed by the following correlations: 

HTU = 1.478 ( L ) 0 * 3  

and 

- -  kLa - 48.85 x lo3 ( L ) 0 * 7 7  ( ~ / P D ) ~ * ~ ~  . 
D 
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A spray-type vacuum deaeration in connection with seawater desalina- 

tion was investigated by Chambers.15 

test loop is shown in Fig. 1. 

a 3.66-m-diam (12-ft) hemispherical vacuum chamber. 

dispersed in the vacuum chamber through twenty 2.58-cm-diam (1-1/64-in.) 

hollow-cone spray nozzles. The water level in the vacuum chamber bottom 

was maintained constant at 76.2 cm (30 in.) below the nozzle outlets. The 

average cross-sectional area between nozzles and water level was 9.75 m2 

(105 ft2). 

48.9OC (80 to 120'F) in ten intervals and over a pressure range extend- 

ing from atmospheric pressure to water saturation pressures correspond- 

ing to the water temperature of the test. 

31.55 liters/s (500 gpm) was used in the tests. 

A flow schematic of his deaeration 

The deaeration of seawater took place in 

Aerated water was 

Tests were made at five water temperatures from 26.67 to 

A fixed water flow rate of 

In Chambers' experiments, air was used as the solute gas with only 

the dissolved oxygen concentration measured by Winkler titration. 

tions had to be made as to the rate of release of nitrogen in determining 

the performance of the vacuum deaerator, since oxygen and nitrogen are 

Assump- 

WATER 
STORAGE 

TANK 
L 

[r 
w c- 

I 
5 

Fig. 1. Schematic flow diagram of a spray deaeration test system. 
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both sparsely soluble in water. The dissolved air content in the water 

at reduced pressures was computed from the dissolved oxygen 'measurements 

by using Henry's law of gas dissolution and Dalton's law of partial pres- 

sure for oxygen and nitrogen. Chambersl5 found that this method was 

satisfactory for predicting the vacuum deaerator performance and reported 

that the HTU for the spray-type vacuum deaerator tested in his experiment 

varied from 2 1 . 3  to 45.7 cm (0 .7  to 1.5  ft). His data showed that the 

value of HTU approached 45.7 cm ( 1 . 5  ft) as the pressure in the vacuum 

chamber was reduced. No correlation between HTU and vacuum pressure was 

pres ent ed . 
Eissenberg16 ( 1 9 7 2 )  has reviewed the operating experience of vacuum 

deaerators for seawater distillation plants; these data came from tests 

at plant facilities in San Diego, California; Freeport, Texas; Wrights- 

ville Beach, North Carolina; and Oak Ridge, Tennessee. Because of the 

stringent degassing requirement for desalination plants, steam stripping 

was used. In order to achieve high rates of desorption, a combination of 

flashing feed, spray nozzles, and packed or tray columns was employed to 

increase the interphase area and mass transfer coefficient. Eissenberg 

concluded that satisfactory deaerators for desalination plants could be 

designed using one or more mechanisms but that further experimental work 

was required to optimize costs and to design full-scale units. 

Rasquim, Lynn, and Hanson17 ( 1 9 7 7 )  studied various methods of dis- 

solved air removal from water in packed columns through mathematical 

modeling. 

and without steam stripping) and cocurrent gas desorption. They found 

that the gas removal rate in a two-stage cocurrent column was comparable 

to the countercurrent column with steam stripping and that less energy 

was consumed. 

They studied cases of both countercurrent desorption (with 
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3. TEST LOOP DESIGN 

The ORNL gas desorption test loop consists of water storage tank, 

gas removal system, liquid recirculating system, and a desorption test 

section. A schematic of the gas desorption system, including tempera- 

ture, pressure, and oxygen measuring instrumentation in addition to the 

air absorption unit, is shown in Figs. 2 and 3. The desorption column 

is constructed of Plexiglas; all other equipment in the system is made 

of stainless steel or corrosion-resistant materials. 

The preliminary specifications of the gas desorption test loop have 

been established as follows: 

Operating water flow range 0 . 3 1 . 8 9  liters/s (5-30 gpm) 
Operating temperature lo-26.7"C (50-80"F) 
Loop design pressure 308 kPa ( 3 0  psig) 
Desorption vacuum pressure range 3.45-34.5 kPa (0.5-5 psia) 

ORNL-DWG 80-5651 ETD 

Q 

WATER 
STORAQE TANK 

VACUUM 
SYSTEM 

PUMP B 

TO 0UWlNG 
COOUWO WATER 
__h_ 

Fig. 2. Gas desorption test l oop .  
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ORNL-DWG 79-20933 VACUUM SYSTEM 

R O T A M E T E R  8 

Fig. 3. Gas desorption test facility. 

3.1 Test Facility 

The major components of the test facility are described as follows. 

1. Desorption column. Deaeration takes place in the section labeled 

"desorption column" in Fig. 3. Its diameter is 30.48 cm (1 ft), and the 
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total height is 1.83 m ( 6  ft). 

serves as a reservoir for deaerated water. Figure 4 shows a cut-away view 

of the vertical packed column test section. At the top of the test sec- 

tion is a removable distributor plate located 10.2 cm ( 4  in.) above the 

packing. The plate contains 11 orifices for the liquid flow and 4 vapor 

risers which project upward so that the water will not overflow through 

the risers. The pressure in the gas desorption system is measured at four 

locations by mercury manometers: in the vapor line, above the distributor 

plate, and just above and below the packing. Thermistors are used to mea- 

sure the temperature of the fluid in the test section. 

Below the packing support is a well that 

2. Gas removal system. A 10.2-cm-diam (4-in.) steel line followed 

by a 15.24-cm-diam (6-in.) pipe connects the top of the desorption column 

to the vacuum equipment. 

building is employed to serve as the vacuum source. 

capacity of removing 13.6 kg/h (30 lb/h) of water vapor and 1.36 kg/h 

( 3  lb/h) of air at 1.35 kPa abs (0.4 in. Hg abs). The vacuum pressure 

is controlled by means of a vacuum pressure regulator. A small amount 

of air must be bled into the vacuum piping system to obtain satisfactory 

control of the vacuum pressure under varying test conditions. 

An existing two-stage steam-jet ejector in the 

It has a nameplate 

3. Dissolved oxygen sampling. Oxygen analyzers at three locations 

measure the dissolved oxygen in the liquid. Oxygen sensor 1 measures the 

oxygen of the water flowing into the desorption column. Sensors 2 and 3 

measure the oxygen below the distributor plate and the main discharge line 

from the desorption column respectively. The oxygen analyzers installed 

are Beckman Model 7002 Oxygen Monitors. Direct dissolved oxygen concen- 

tration readings can be obtained from these analyzers, and they are also 

supplemented by Wrinkler’s wet titration of liquid samples for calibra- 

tion and verification. 

4.  Liquid recirculating system. The deaerated water leaving the 

test section flows through a 10.2-cm (4-in.) stainless steel pipe to a 

3.73-kW (5-hp) centrifugal pump. This pump forces the water to flow 

through the air ejection unit (where compressed air is injected into the 

water flow s o  that it can be enriched with dissolved air) and the water 

storage tank. A side stream from the pump discharge flows through a 

3.81-cm (1.5-in.) pipe and branches into two loops. The first loop is a 
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Fig .  4 .  Desorber test section. 
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bypass around the pump for proper flow control. The flow rate through 

the water storage tank is controlled by adjusting the valve across the 

bypass line. The second loop is for system cooling. It is presently 

connected to a 208-liter (55-gal) drum where excess heat (such as that 

generated by the pump) is removed through a heat exchange using the build- 

ings cooling water. 

The aerated water leaving the water storage tank flows through a 

7.62-cm (3-in.) pipe to a 1.12-kW (1.5-hp) centrifugal pump. The main 

stream of water flows through the oxygen analyzer bypass valve, turbine 

flowmeter, and rotameter before entering the desorption test column. The 

flow rate through the desorption column can also be controlled by adjust- 

ing the valve across the bypass line around the 1.12-kW (1.5-hp) pump. 

3 . 2  Test Scheme 

Two possible geometrical configurations, vertical and horizontal, 

are proposed to be tested for water desorption. The first to be consid- 

ered is the vertical configuration. Many different deaeration concepts 

can be tested in a vertical column that contains various packings, fall- 

ing film, and spray. A Raschig-ring packing was tested first, and data 

obtained were used to verify the loop performance, since relevant data for 

this kind of packing are available. A s  the characteristics of the test 

loop performance are investigated, tests with Pall rings and with falling 

film and spray concepts shown in Fig. 5 will be followed. 

The idea of horizontal desorption configurations is relatively new. 

There has been no previous investigation on the design or feasibility of 

horizontal columns. Figure 6 shows the proposed configurations of hori- 

zontal arrangements. The performance of channel level-baffled feed, chan- 

nel sloped-bottom feed, channel stepped-baffled feed, and any additional 

innovative design configurations will be explored in the horizontal ar- 

rangement. 

The proposed gas desorption test is intended to test various deaera- 

tor design configurations and to identify the promising ones f o r  OTEC ap- 

plication. Only the promising deaerator configurations will be subject 



16 

ORNL-DWG 80-5652 ETD 

(a )  

Fig. 5 .  P e r p e n d i c u l a r  d e s o r b e r  c o n f i g u r a t i o n .  
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Fig. 6. Horizontal desorber configuration: (a) channel level- 
baffled feed; ( b )  channel sloped-bottom feed; (c )  channel stepped- 
baffled feed. 
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to further test runs to define OTEC candidate deaerators and to obtain 

engineering design data. 

3.3 Instrumentation 

Instruments used for monitoring the desorption test loop include 

thermistors, well-type mercury manometers, flowmeters, and oxygen ana- 

lyzers. 

Water temperatures are measured at six locations by means of thermo- 

linear probe (Yellow Spring Instrument model YSI 710X). The first point 

is located just before the entrance of the column. The second and third 

points are at 38.1-cm (15-in.) intervals deep in the packing. The fourth 

point is located in the water accumulator, below the packing. The fifth 

and sixth are positioned at the pump discharge and at the water storage 

tank accordingly. 

The thermolinear probe network is a composite device consisting of 

resistors and precise thermistors that produce an output voltage linear 

with temperature or a resistance linear with temperature. 

The temperature probe, digital ohmmeter (Data Precision Multimeter 

Model 3500), and associated components were selected as a system to en- 

sure compatibility. The temperature range, accuracy, and interchange- 

ability of the system is -1.11-37.78"C (30-100°F) ? 0.09"C. Maximum 

recommended time constant is 1.5 s for a probe diameter of 0.397 cm 

(5/32 in.) with single hex National Pipe Thread (NPT) mounting. 

signals are processed by digital multimeter to yield the temperature, and 

a strip chart recorder is used to record and monitor the temperatures. 

The probe 

Well-type mercury manometers (Meriam, model 30EB25) measure the pres- 

sure in the gas desorption system at four locations: 

above the distributor plate, and just above and below the packing. 

in the vapor line, 

The water flow rate into the desorption column is measured by two in- 

struments, a turbine flow transducer (Flow Technology model FT-16) and a 

rotameter (Fischer and Porter serial No. X11-4425/2). (These two instru- 

ments are in series.) The turbine flow transducer (Flow Technology model 

FT-16) was installed to facilitate operation. The range of the meter is 

18.93-189.3 liters/min (5.0-50 gpm), and its accuracy is 20.05% at all 
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points. The flow signal is processed by flow rate-monitors (Flow Tech- 

nology model PRI-102D) to yield the mass flow rates. 

The dissolved oxygen in the liquid is measured by oxygen analyzers 

at three locations: upstream of the desorption column, below the dis- 

tributor plate, and downstream of the desorption column. A dissolved 

oxygen monitor (Beckman model 7002) is employed to measure the parts per 

million (ppm) of dissolved oxygen in the water. The operating ranges of 

the meter are 0 to 2, 0 to 10, and 0 to 20 ppm by weight of dissolved 

oxygen. The analyzer performs between 0 and 43.3"C (32 and l l O " F ) ,  and 

its accuracy is +1% of full scale at any given temperature. The polar- 

ographic oxygen sensor responds only to the partial pressure of oxygen, 

remaining insensitive to sample flow as long as the flow velocity is at 

least 45.72 cm/s (1.5 ft/s). A two-pen strip chart recorder (Brown model 

Y15402836) is used to record and monitor the dissolved oxygen. 

In addition to the instruments listed above, a manual needle valve 

(Ridge Valve model B18VF8-Vec) is employed to control the vacuum pres- 

sure. Two 4000-W heaters (GE model 3A367G20) are installed in the water 

storage tank to replace the heat dissipated by the deaeration process. 

Building cooling water is used to remove the heat generated by the cir- 

culating pump. These procedures are necessary for a steady-state operat- 

ing condition. 

3.4 Vacuum Keeping 

The existing two-stage steam-jet ejectors in the building served as 

the vacuum source. At an earlier stage of testing the system showed a 

seriously impaired performance. Its function became normal when the 

secondary stage nozzle and the vacuum and steam gauges were replaced by 

new ones. The ejector's vacuum pressure is 844 Pa (0.25 in. Hg) abs; how- 

ever, better than 6.75 kPa ( 2  in. Hg) could not be obtained at an earlier 

stage of the operation. The vacuum pressure was improved to 1.69 kPa 

(0.5 in. Hg) by tightening the steam-line valve packing, stuffing boxes, 

and replacing the union at the first-stage ejector nozzle. 
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3.5 A i r  Leakage 

Dry and w e t  vacuum tests on t h e  l o o p  were performed t o  de t e rmine  t h e  

a i r  l eakage  rate. A i r  l eakage  of t h e  e n t i r e  sys tem under  vacuum w a s  i m -  

proved t o  1.8 g /h  (0.004 l b / h )  (see Appendix f o r  c a l c u l a t i o n  of a i r  l eak -  

age  r a t e ) .  

T h i s  improvement w a s  brought  abou t  by t i g h t e n i n g  a l l  j o i n t s  and 

cove r ing  them w i t h  t h e  s e a l a n t  Apiezon s o  t h a t  wh i l e  t h e  sys tem i s  under  

vacuum, Apiezon i s  drawn i n t o  c r e v i c e s .  
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4. ANALYSIS 

4.1 Basic Design of Vacuum Desorber 

When starting to design a vacuum degasser, one must have all data on 

1. the liquid [e.g., for water (sea water inclusive): flow, temperature, 

and density]; 

2. type and quantity of gases in solution in ppm in the liquid phase un- 

der standard conditions (at the inlet to the vacuum desorber) (when 

surface or sea water is used without any chemical treatment, the solu- 

bility values of 02 and N2 for the given temperature will be chosen); 

3.  the imposed outlet concentration in ppm of the undesirable gas or 

gases ; 

4.  some other helpful information such as local conditions - available 

height (mostly for off-shore platforms) and local economic conditions 

(if some chemical treatment is involved, such as acid for bicarbonate 

reduction, possible chemical reactions and the resulting influences on 

gas volumes must be established). 

4.2 Principles of Vacuum Degasification 
in a Packed Column 

The transfer of mass (air from water) in a packed column takes place 

throughout the column at the interface between the liquid and gas. Both 

liquid and gas are moving countercurrently, with the liquid making its 

way through the maze of passages in and around the packing to the bottom 

of the column and air rising through the same passages to the top of  the 

column. 

When the temperature and vacuum pressure of the test media remain 

constant, then the equilibrium concentration of solute gas is constant. 

The concentration of the liquid in the test section decreases continuously 

as the liquid flows through the test section. 

The equilibrium concentration of solute gas and the concentration of 

liquid in the test section are plotted against the height of the column in 

Fig. 7. The horizontal line represents the equilibrium concentration of 
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Fig. 7. Concentration-height of test section. 

solute gas, and the curved line above it is the declining concentration 

of the liquid in the test section. In Fig. 7, the inlet and outlet liquid 

concentrations are xi and xo, respectively, and the constant equilibrium 

concentration of solute is Xe. At a length L from the entrance end of the 

test section, the liquid concentration is xc, and the local difference be- 

tween the equilibrium concentration and liquid is (xc -Xe). This concen- 

tration difference is called a point concentration difference. At the in- 

let of the test section, the point concentration difference is (Xi - Xe); 
and at the exit end, it is (xo - x,). 

In the vacuum desorption unit, no gas is fed into the tower. The 

partial pressure of the undesirable gas is decreased by the vacuum created 

in the desorption unit. The gas phase consists of a mixture of gases (un- 

desirable and others) plus the vapor. 
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I n  b o t h  o p e r a t i o n s  , d e c r e a s i n g  t h e  p a r t i a l  p r e s s u r e  of t h e  u n d e s i r -  

a b l e  g a s  i n  c o n t a c t  w i t h  t h e  l i q u i d  phase c a u s e s  a n  i n c r e a s e  i n  t h e  mass 

t r a n s f e r  c a p a c i t y  of t h e  g a s  t o  b e  e l i m i n a t e d  and t h u s  accelerates i t s  

passage from t h e  l i q u i d  t o  t h e  g a s  phase.  

The t r a n s f e r  between phases  i s  c a r r i e d  o u t  a c r o s s  t h e  i n t e r f a c e ;  

t h u s ,  t h e  l a r g e r  t h e  s u r f a c e  of t h e  i n t e r f a c e ,  t h e  h i g h e r  t h e  e f f i c i e n c y  

of t h e  u n i t .  The vacuum d e s o r b e r  i s  a h e r m e t i c a l l y  c l o s e d  tower.  It may 

be f i l l e d  wi th  s o l i d  packed material o r  c o n t a i n  a number of p l a t e s ,  i t  may 

be a n  empty tower i n t o  which t h e  l i q u i d  under t r e a t m e n t  is  s p r a y e d ,  o r  i t  

may be a combinat ion of t h e  above systems. 

The choice  among t h e  d i f f e r e n t  t y p e s  of vacuum d e s o r p t i o n  depends,  

among o t h e r  f a c t o r s ,  on  (1) t h e  type  of l i q u i d  t o  be t r e a t e d  (e .g .  v i s -  

c o s i t y ) ,  ( 2 )  t h e  g r a d e  of d e s o r p t i o n  t o  be o b t a i n e d ,  and (3)  t h e  r e l a t i v e  

c o s t .  

I f  t h e  l i q u i d  t o  be t r e a t e d  i s  water ( i n c l u d i n g  sea w a t e r )  and  i f  t h e  

c o n c e n t r a t i o n  of t h e  remaining ( u n d e s i r a b l e )  g a s  h a s  t o  be very low (some- 

times 10 t o  15 ppb o n l y ) ,  t h e  packed tower combined with a t o p  s p r a y  ar- 
rangement on t h e  incoming water l i n e  i s  a n  a t t r a c t i v e  s o l u t i o n .  

The c a l c u l a t i o n s  c r i t e r i a  f o r  a vacuum desorber  are based on t h e  

as  sump t i on t ha t 

1. t h e  l i q u i d  t o  b e  t r e a t e d  i s  water, 
2. t h e  s o l u b l e  g a s e s  ( a i r )  t o  be e l i m i n a t e d  are n o t  r e a c t i n g  chemica l ly  

wi th  t h e  water, 

3. t h e  laws of p e r f e c t  g a s e s  are a p p l i c a b l e ,  
4. t h e  tempera ture  i n  t h e  tower i s  c o n s t a n t  and e q u a l  t o  t h e  tempera ture  

of t h e  water, 

5. t h e  vacuum d e s o r b e r  i s  a packed tower (Raschig,  P a l l  r i n g s ) .  

The t h e o r i e s  and l a w s  t h a t  govern t h e  pract ical  d e s i g n  c r i t e r i a  of 

d e a e r a t i o n  equipment i n c l u d e  t h e  i d e a l  g a s  l a w ,  Henry 's  l a w  of g a s  d i s s o -  

l u t i o n ,  and D a l t o n ' s  l a w  of p a r t i a l  p r e s s u r e .  Thus, 

pV = nRT , ( 4 . 1 )  
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and for continuous flow, by replacing V by QG and n = m/M with 

m = QL(C - C') , 

we obtain 

10-3 QL(C - c ' )  
RT . PM QG = 

( 4 . 2 )  

( 4 . 3 )  

4.2.1 Solubility of gases in a liquid (Henry's law) 

Henry's law is applicable to solutions in equilibrium, with rela- 

tively low concentrations and low total pressure. At a constant tempera- 

ture, the partial pressure of a constituent of a gas mixture in contact 

with a liquid phase is proportional to the concentration of that constitu- 

ent in the liquid phase. Thus the solubility of a gas in a liquid is pro- 

portional to its partial pressure in the gas phase. In a given tempera- 

ture, the molar fraction of a gas i s  divided between the liquid and gas 

phases according to a constant ratio H known as Henry's constant: 

where x is the mole fraction of the gas in the liquid phase. The mole 

fraction is the ratio of the number of moles contained in a given weight 

of the solution to the total moles of all constituents. Thus 

n 
x =  n + n L '  

( 4 . 5 )  

n is very small if compared with nL. We admit that 

(symbol L for liquid); thus 

m mL n =-and nL = - .  
M ML 

( 4 . 7 )  
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By r e p l a c i n g  Eqs. ( 4 . 5 ) ,  ( 4 . 6 ) ,  and ( 4 . 7 )  i n  E q .  ( 4 . 4 )  w e  o b t a i n  

p * m ~ = M  
pa m * M L '  H =  

where 

mL = QL p~ and m = QL C '  . ( 4 . 9 )  

Henry 's  l a w  a p p l i e s  t o  a s o l u t i o n  i n  equ i l ib r ium.  In a vacuum de- 

s o r p t i o n  f e a t u r i n g  con t inuous  o p e r a t i o n ,  we have t o  ma in ta in  a n  i n t e r f a c e  

c o n c e n t r a t i o n  (Ci) lower  t h a n  ( C ' )  and a g a s  p r e s s u r e  ( p )  lower t h a n  

( p i )  t o  r each  t h e  d e s i r e d  c o n c e n t r a t i o n  (C ' )  i n  t h e  l iqu id-phase .  Thus 

m = QL Ci , 

and by r e p l a c i n g  Eqs. ( 4 . 9 )  and ( 4 . 1 0 )  i n  Eq. ( 4 . 8 )  we o b t a i n  

p 103 p M 
P a  H *L 

ci = - .  -. - .  

4.2.2 D a l t o n ' s  l a w  

The p r e s s u r e  of a mix tu re  

each  of t h e  gases  would exert 

v e s s e l .  The re fo re ,  

( 4 .  l o )  

( 4 . 1 1 )  

of  g a s e s  i s  t h e  sum of t h e  p r e s s u r e s  t h a t  

f i t  a l o n e  were p r e s e n t  i n  t h e  c o n t a  n i n g  

Y ( 4 . 1 2 )  

where p i s  t o t a l  p r e s s u r e  i n  t h e  v e s s e l  and pL, pr ,  px, and p 

s p e c t i v e l y  p a r t i a l  p r e s s u r e s  of l i q u i d  vapor ,  r e f e r e n c e  gas  ( g a s  t o  be 

e l i m i n a t e d ) ,  x ,  y ,  and o t h e r  gases .  

a r e ,  re- Y 

4.3 Mass T r a n s f e r  Fundamentals 

The packed column i s  u s e f u l  i n  c a r r y i n g  o u t  mass t r a n s f e r  between 

g a s  and l i q u i d  when the two f l u i d s  p a s s  c o u n t e r c u r r e n t  t o  each  o t h e r .  A 

packed column i s  used i n  t h e  f i r s t  pa r t  of t h i s  i n v e s t i g a t i o n  t o  v e r i f y  

t h e  t es t  loop  performance. The r e l a t i o n  between t h e  g a s  and l i q u i d  f i l m  
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r e s i s t a n c e s  and t h e  t o t a l  r e s i s t a n c e  t o  mass t r a n s f e r  i s  e x p r e s s e d  as  
f o l l o w s  : 

- = -  1 1 + - = - .  1 1 
%a kGa HkLa HKLa (4.13) 

4.4 Development of T r a n s f e r  Uni t  

C h i l t o n  and Colburn l*  advanced a n  a l t e r n a t i v e  concept  of a t r a n s f e r  

u n i t  t h a t  i s  u s e f u l  f o r  i n t e r p r e t i n g  and c o r r e l a t i n g  m a s s - t r a n s f e r  d a t a .  

I t  i s  based on t h e  i d e a  of d i v i d i n g  t h e  mass t r a n s f e r  medium (packed sec- 

t i o n )  i n t o  two p a r t s .  The f i r s t  p a r t  i s  a d i m e n s i o n l e s s  f u n c t i o n  of con- 

c e n t r a t i o n s  and c o n c e n t r a t i o n  d r i v i n g  f o r c e  o n l y ,  c a l l e d  t h e  number of 

t r a n s f e r  u n i t s  (NTU). The second p a r t ,  t h e  d e p t h  of t r a n s f e r  media (pack- 

i n g )  r e q u i r e d  by a s i n g l e  t r a n s f e r  u n i t ,  i s  c a l l e d  t h e  h e i g h t  of one 

t r a n s f e r  u n i t  (HTU). The t o t a l  h e i g h t  of t r a n s f e r  media (packed)  s e c t i o n  

i s  

h = (NTU)(HTU) . (4.14) 

The HTU is  c l o s e l y  r e l a t e d  t o  t h e  mass t r a n s f e r  c o e f f i c i e n t ,  and t h e  two 

q u a n t i t i e s  are  e s s e n t i a l l y  e q u i v a l e n t .  However, t h e  HTU i s  s i m p l e r  t o  

v i s u a l i z e ,  because i t s  dimension i s  s imply l e n g t h  and i t  i s  measured i n  

meters ( f e e t ) .  The u s u a l  o r d e r  of magnitude of t h i s  q u a n t i t y  i s  0.15 t o  

1.52 m (0.5 t o  5 f t ) .  

complex, and numer ica l  magni tudes vary widely.  

The u n i t s  of t h e  mass- t ransfer  c o e f f i c i e n t  are more 

I n  mass t r a n s f e r  t h e  d r i v i n g  f o r c e  i s  t h e  numer ica l  va lue  of NTU. 

The t o t a l  d e p t h  of packing ,  of c o u r s e ,  i s  t h e  same; t h u s ,  by Eq. ( 4 . 1 4 ) ,  

t h e  product  of NTU and HTU i s  always c o n s t a n t .  

The d e f i n i t i o n  of t r a n s f e r  u n i t  i s  completed by a d o p t i n g  t h e  fo l low-  

i n g  g e n e r a l  e q u a t i o n  f o r  vacuum d e a e r a t i o n :  

(4.15) 
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o r  

I n  a vacuum column deae r  t o r ,  t h e  HTU and NTU are r 

( 4 . 1 6 )  

l a t e d  as fo l lows :  

( 4 . 1 7 )  

where h i s  t h e  a c t u a l  h e i g h t  of the '  packing and bend i s  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  packing h e i g h t  t h a t  would produce t h e  mass t r a n s -  

f e r  which occur s  i n  t h e  i n l e t  d i s t r i b u t o r  and i n  A 1 1  o t h e r  p a r t s  of t h e  

column except  t h e  packing. 
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5. RESULTS OF I N I T I A L  TESTS 

The f i r s t  series of r u n s ,  110 i n  a l l ,  w a s  completed.  Liquid samples 

taken  from t h e  t o p  of  t h e  packing were ana lyzed  by t h e  Winkler t i t r a t i o n  

method t o  d e t e r m i n e  t h e  c o n c e n t r a t i o n  i n  p a r t s  p e r  m i l l i o n  of oxygen; a n  

oxygen a n a l y z e r  was used t o  de te rmine  t h e  oxygen c o n c e n t r a t i o n  l e a v i n g  

t h e  d e s o r p t i o n  column. 

used. The e f f e c t i v e  packing h e i g h t  w a s  v a r i e d  from 25.4 t o  81.28 c m  (10  

t o  32 i n . )  by o p e r a t i n g  t h e  system a t  d i f f e r e n t  l i q u i d  l e v e l s  i n  t h e  

packing. 

134 

(2.18 t o  10.07 in .  Hg a b s )  r e s p e c t i v e l y .  

Raschig-r ing packing of 3.81 c m  (1-1/2 i n . )  w a s  

L iquid  f low rates and vacuum p r e s s u r e s  v a r i e d  from 26 x 103 t o  

lo3  kg/(m2h) [5,350 t o  27,400 l b / ( h * f t 2 ) ]  and from 7.36 t o  34 lcPa 

The NTU v a l u e s  were p l o t t e d  a g a i n s t  packing h e i g h t ,  a s  i n  Fig.  8, 

f o r  each group of r u n s  f o r  which a l l  o t h e r  o p e r a t i n g  v a r i a b l e s  were con- 

s t a n t .  From Eq. (4 .16) ,  t h e  n a t u r a l  l o g a r i t h m  of each  s l o p e  i s  t h e  NTU 

f o r  t h e  c o r r e s p o n d i n g  o p e r a t i n g  c o n d i t i o n s .  These were found t o  f a l l  on 

s t r a i g h t  l i n e 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  in-  

t e r f a c i a l  area. From Eq. (4.17),  t h e  s l o p e  of  each  of  t h e s e  l i n e s  i s  t h e  

r e c i p r o c a l  of t h e  HTU of t h e  packing a l o n e  f o r  t h e  cor responding  o p e r a t -  

i n g  c o n d i t i o n s .  

E x t r a p o l a t i n g  the l i n e s  of Fig.  8 t o  z e r o  NTU g i v e s  t h e  h e i g h t  of ad- 

d i t i o n a l  packing t h a t  would be e q u i v a l e n t  t o  t h e  end e f f e c t .  I n  t h e  f i r s t  

series of tests t h e  end e f f e c t s  were l o c a l i z e d  above t h e  packing t o  t h e  

d r i p  below t h e  d i s t r i b u t i o n  p l a t e  and t h e  l i q u i d  l i n e  l e a d i n g  t o  t h e  de- 

s o r p t i o n  column. The end e f f e c t  w i l l  be  minimized by p l a c i n g  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 h e  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 s o  t h a t  water comes down through t e n  15-cm-long t u b e s  and a c t u a l l y  

touches  t h e  t o p  of  t h e  packing. 

o u t  f a l l i n g  through t h e  a i r  a t  a l l  and s p r e a d s  o u t  w i t h  no s p l a s h i n g .  

I n  t h i s  case, t h e  l i q u i d  f lows  down with-  

A s  s e e n  i n  Fig.  9, t h e  HTU i n c r e a s e d  w i t h  t h e  water f low rate. 

Sherwood and Holloway' i n v e s t i g a t e d  l i q u i d  f i l m  r e s i s t a n c e  i n  t h e  desorp-  

t i o n  of oxygen, hydrogen,  and carbon d i o x i d e  from water  by a stream of 

a i r .  For  1.5-in. Raschig r i n g s ,  s t r a i g h t  l i n e  M i n  Fig.  9 r e p r e s e n t s  

t h e  r e s u l t s .  I n  t h e  f i r s t  series of tes ts  t h e  HTU of t h e  p r e s e n t  s t u d y ,  
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straight line M', is somewhat higher than the HTU of Sherwood and Hollo- 

way's work. The difference between curves M and M' may be caused by the 

end effect and the nature of vacuum deaeration. Previous investigators 

have not discussed the effect of the vacuum pressure in a packed-column 

deaeration study. 

At low water flow rate [i.e., below 41.5 x l o3  kg/(h-m2)], the com- 

puted HTU results deviate from the line M', as can be seen in Fig. 9. 

even flow distribution, together with the eccentric end effect at vacuum 

condition, is suspected as the cause of the increase in HTU values. 

Un- 

Data obtained in the first series are presented in Tables 2 and 3 .  
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Table 2. Data of  f t r s t  s e r i e s  oxygen desorpt ion  i n  column packed 
wi th  3.81-cm (1 .5- in . )  Qasch ig  r i n g "  . 

Because o f  end e f f e c t s  the data of t h i s  s e r i e s  should 
not be used d i r e c t l y  f o r  d e s i g n  purposes.  

Packing I n l e t  Outlet  Equilibrium 
he ight  Test Packing Temperature 

xi XO *e NTU ( " C )  s e r i e s  
(cm) (ppm) (ppm) (PPm) 

101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 

121 
122 
123 
124 
125 
126 
127 
128  
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
I50  
151 
152 
153 

120 

25.4 
53.34 
81.28 
20.32 
55.9 
81.28 

0 
20.32 
50.8 
81 .28  

0 
20.32 
50.8 
81.28 

0 
20.32 
50.8 
81.28 

0 
20.32 
50.8 
81.28 

0 
17.78 
50.8 
81 .28  

0 
17.78 
50.8 
81.28 

0 
20.32 
50.8 
81 .28  

0 
20.32 
50.8 
81.28 

0 
20.32 
50.8 
81 .28  

0 
20.32 
50.5 
81.28 

0 
20.32 
50.8 
81.28 
30.48 
55 .9  
81 .28  

4 .45  
4.40 
4.63 
4.97 
4.97 
4.63 
5 .06  
4 .88  
4.85 
4.74 
5.37 
5.12 
4 .90  
4 .83  
4 .08  
3.75 
3.61 
3.61 
3.66 
3. 52 

3.30 
4.97 
4.92 
4.60 
4.60 

4.01 
3.81 
3.84 
6.32 
6. 16 
6.00 
5.80 
6. 33 
6.39 
6. 14 
5.05 
6.25 
6.07 
5.64 
5 .73  
6 .03  
5.76 

6.12 
6. 19 
6. 14 
5.82 
5.85 
5.36 
5.27 
5. 19 

6. n9  

3.1 
2.6 
2.4 
3.45 
2.85 
2.45 
4.05 
3.45 
2.75 
2.35 
4.15 
3.55 
2.95 
2.50 
3.75 
2.95 

1.80 
3.4 
2.7 
2.0 
1.60 
4.58 
3.95 
3.00 
2.50 
4.51 
3.30 
2.55 
2.37 
5.35 
4.80 
4.30 
3.85 
4.60 
4.23 
3.80 
3.55 
5.1 
4.85 
3.55 
3.75 
4.3 
4.05 
3.75 
3.35 
4.55 

3.70 
3.35 
3.75 
3.40 
3.10 

2.30 

4. i n  

1 .42  
1.42 
1.42 
1.44 
1.44 
1.44 
1.66 
1.66 
1.66 
1.66 
1.43 
1.43 
1 .43  
1.43 
0.634 
0.634 
0.634 
0.634 
0.627 
0.627 
0.635 
0.635 
1.03 
1 .03  
1.03 
1.03 
0.769 
0.769 
0 .769  
0.769 
2.952 
2.952 
2.952 
2.952 
2.851 
2.851 
2.851 
2.851 
2.61 5 
2.615 
2.51 5 
2.615 
2.7 
2.7 
2.7 
2.7 
2.65 
2.65 
2.65 
2.65 
1.9 
1.9 
1.9 

0.65 
1.05 
1.36 
0.57 
0.94 
1. 32 
0.352 
0.587 
1.074 
1.496 
0.371 
0.554 
0.825 
1.156 
0.1 
0.297 
0. 58 

0.09 
0 .33  

1.02 
0.104 
0.287 
0.595 
0.887 

0.247 
0.535 
0.651 
0. 340 
0.552 
0.816 
1.154 
0.688 
0.942 
1.243 
1. 521 
0. 38 
0.436 
0.896 
1.01 
0. 733 

1.17 
1.67 
n. 622 

n. 94 

n. 8?  

n. 878  
I .  i n 5  
1. 52 
0.626 
0.809 
1. @09 

21.8 
21.8 
21 .8  
21.73 
21.73 
21.73 
21.92 
21.92 
21.92 
21.92 
21.83 
21.83 
21.83 
21.83 
22.89 
22.89 
22.89 
22.89 
23. 1 
23. 1 
23. 1 
23. 1 
21.44 
21.44 
21.44 
21.44 
21.76 
21.76 
21.76 
21.76 
22.4 
22.4 
22 .4  
22.4 
21.8 
21.8 
21.8 
21.8 
22.3 
22.3 
22.3 
22.3 
21.82 
21.82 
21.52 
21.82 
21 .73  
11.73 
21.73 
21.73 
21.83 
21.83 
21.83 
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Table 2 ( cont inued)  

154 
155 
1 5 6  
157 
1 5 8  
159 
1 6 0  
1 6 1  
162 
163 
164 
165 
1 6 6  
167 
1 6 8  
1 6 9  
1 7 0  
1 7 1  
172 
173 
174 
175 
176 
177 
1 7 8  
1 7 9  
180 
1 8 1  
182 
1 8 3  
184 
185 
186 
187 
188 
189 
1 9 0  
191 
192 
193 
194 
195 
1 9 6  
197 
198 
1 9 9  
200 
2 0 1  
202 
203 
204 
205 
206 
207 

209 
2 n a  

2 1 0  

30.48 
55.9 
81.28 
30.48 
55.9 
81.28 
30.48 
55.9 
81.28 
30.48 
55.9 
81.28 
30.48 
55.9 
81.28 
30.48 
55.9 
81.28 
30.48 
55.9 
81.28 
30.48 
55.9 
81.28 
30.48 
55.9 
81.28 
30.48 
55.9 

30.48 
55.9 

30.48 
55.9 
81.28 
30.48 
55.9 

30.48 
55.9 
81.28 
30.48 
55.9 
81.28 
30.48 
55.9 

30.48 
55.9 
81.28 
30.48 
55.9 
81.28 

55.9 
81.28 

81.28 

81.28 

a i .  28 

81.28 

30.48 

5.11 
5.10 
4.91 
5.01 
4.97 
4.99 
5.1 
5.27 
5.25 
4.82 
4.59 
4.40 
4.79 
4.76 
4.63 
5.01 
4.94 
4.91 
4.92 
5.08 

6.27 
5.91 
5.97 
5.28 
5.07 
5.10 
4.83 
4.76 
4.72 
5.62 
5.60 
5.73 
5.73 
5; 29 
5.71 
4.83 
4.23 
4.51 
4.85 
5.05 
4.76 
5.71 
5.80 
5. 71  
5. 58 
5.71 
5.40 
5.65 
5.94 
6.91 
5.68 
5.87 
5.44 
6.12 
4.87 
5.76 

4. a 

3.35 
3.05 
2.90 
3.37 
3.0 
2.65 
3.5 
3.05 
2.8 
3.5 
3.1 
2.75 
3.4 
2.95 
2.45 
3.35 
2.90 
2.45 
3.45 
3.00 
2.72 
3.8 
3.45 
3.25 
3.5 
3.0 
2.65 
3.25 
2.91 
2.55 
3.85 
3.41 
3. 25 
3.55 
3.35 
2.95 
2.9 
2.39 
2. 17 
3.42 
3.00 
2.55 
3.75 
3.55 
3.20 
3.63 
3.25 
2.95 

3.60 
3. 25 
3.55 
3.42 
3.10 
3.91 
3.66 
3. 30 

3. a5 

1.85 
1.85 
1.85 
1.85 
1.85 
1.85 
1.95 
1.95 
1.95 
1.58 
1.58 
1.58 
1.57 
1.57 
1.57 
1.81 
1.81 
1.81 
1.8 
1.8 
1.8 
2.645 
2.645 
2.645 
1.64 
1.64 
1.64 
1.72 
1.72 
1.72 
2.57 
2.57 
2.57 
2.43 
2.43 
2.43 
1.425 
1.425 
1.425 
1.27 
1.27 
1.27 
2.48 
2.48 
2.48 
1.98 
1.98 
1.98 
2.4 
2.4 
2.4 
2. 17 
2.17 
2. 17 
2.46 
2.46 
2.46 

0.776 
0.996 
1.07 
0.732 
0.998 
1.367 
0.709 
1.105 
1.356 
0. 524 
0.685 
0.882 
0.55 
0.84 
1.24 
0.73 
1.06 
1.58 
0.636 
1.003 
1.18 
1.144 
1.40 
1.704 
0.671 
0.925 
1.231 
0.709 
0.937 
1.283 
0. R68 
1.283 
1.536 
1.081 
1.134 
1.84 
0.837 
1.007 
1.421 
0. 51 
0.782 
1.003 
0.933 
1.132 
1. 5 
0.781 
1.08 
1.26 
0.81 
1.08 
1.42 

1.08 
1.26 

1.099 
1.37 

n. 933 

0.928 

22.4 
22.4 
22.4 
22.25 
22.25 
22.25 
22.2 
22.2 
22.2 
23. 3 
23.3 
23.3 
23.0 
23.0 
23.0 
23.0 
23.0 
23.0 
22.92 
22.92 
22,92 
21.94 
21.94 
21.94 
21.9 
21.9 
21.9 
22.03 
22.03 
22.03 
21.94 
21.94 
21.94 
22.92 
22.92 
22.92 
22.92 
22.92 
22.92 
22.6 
22.6 
22.6 
22.6 
22.6 
21.2 
21.2 
21.2 
21.2 
21.2 
21.2 
21.2 
19. 5 
19.5 
19.5 
20.11 
20.11 
20.11 
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Table 3. Data of f i r s t  series oxygen d e s o r p s i o n  i n  column 
packed wi th  3.81-cm (1.5-in.) Raschig r i n g  

HTU Packing T e s t  L io3 P a i r  Temperature by use of 
HTU e m p i r  i c a  1 

(cm> va h e  s a  
series [kg/(h*m2>1 (kPa) ( " C )  

101-1 03 
104-106 
107-1 10 
11 1-1 14 
115-1 18 
119-122 
123126 
12 7-1 30 
130-134 
135-138 
139-142 
143-146 
147-1 50 
15 1-1 53 
154-1 56 
157-159 
160-1 62 
163-165 
166-1 68 
169-171 
17 2-1 7 4 
175-177 
178-180 
1 8 1-1 83 
184-1 86 
187-189 
190-1 92 
193-1 95 
196-1 98 
198-201 
202-204 
205-207 
208-2 10 

61.6 
97.64 
66.8 
97.64 
97.8 
61.75 
82.3 
37.4 
26.1 
88.3 
26.3 
87.6 
117.3 
25.7 
41.4 
56.8 
72.05 
30.5 
50.4 
66.7 
87 .O 
67.1 
65.8 
49.2 
49.3 
43.7 
43.7 
133.5 
133.8 
66.1 
65.9 
41.2 
41.2 

16.2 
16.4 
18.98 
16.3 
7.4 
7.4 
11.6 
8.75 
34 .O 
32.8 
30.0 
30.7 
30.2 
21.7 
21.3 
21.2 
22.3 
18.6 
18.3 
21.14 
20.9 
30.2 
18.7 
19.65 
29.3 
28.3 
16.6 
16.6 
28.7 
22.3 
27.0 
23.6 
27.1 

21.8 
21.73 
21.92 
21.83 
22.89 
23.1 
21.44 
21.76 
22.40 
21.8 
22.3 
21.82 
21.73 
21.83 
22.4 
22.25 
22.2 
23.3 
23 .O 
23 .O 
22.92 
21.94 
21.90 
22.03 
21.94 
22.92 
22.92 
22.6 
22.6 
21.2 
21.2 
19.5 
20.11 

79.25 
82.3 
69.8 
104.8 
97.5 
87.8 
104.5 
160.0 
101.5 
98.75 
115.8 
86.26 
94.2 
131.1 
171.3 
80.5 
78.94 
141.7 
73.1 
59.74 
93.3 
90.8 
90.83 
88.4 
76.5 
67.1 
87.2 
103.3 
89.92 
105.5 
83.82 
156.4 
115.2 

64.6 
71.63 
65.84 
71.63 
69.8 
62.5 
69.5 
57.9 
52.7 
61.3 
54.2 
70.1 
74.98 
53.34 
58.5 
62.8 
66.14 
53.6 
60.0 
64.0 
68.0 
65.53 
65.5 
60.96 
60.96 
58.52 
58.52 
75.3 
75.3 
66.75 
66.75 
62.5 
61.3 

K. Sherwood and A. L. Holloway, "Performance of Packed 
Towers - Liquid  Fi lm Data f o r  S e v e r a l  Packing ,"  T~an6. AICHE 
36, 39 (1940). 



6. PROBLEMS AND UNCERTAINTIES 

The HTU and NTU are r e l a t e d  a c c o r d i n g  t o  Eq. ( 4 . 1 4 ) ,  and t h e  NTU i s  

determined as f o l l o w s :  

where x i  and xo are  ppm of oxygen e n t e r i n g  and l e a v i n g  t h e  t es t  column re- 

s p e c t i v e l y ,  and x, i s  t h e  ppm of oxygen a t  t h e  e q u i l i b r i u m  t e s t  c o n d i t i o n .  

Cor rec t  measurement of x i  and xo i s  impor t an t  i n  t h e  a n a l y s i s .  

The d a t a  a v a i l a b l e  from t h e s e  l i m i t e d  v e r i f i c a t i o n  expe r imen t s  i n d i -  
1 3  cate  an  HTU v a l u e  h i g h e r  t han  t h a t  o b t a i n e d  by Sherwood and Holloway. 

Th i s  d i sc repancy  cou ld  o r i g i n a t e  e i t h e r  i n  t h e  o p e r a t i n g  c o n d i t i o n s  of 

t h e  OWL tests o r  i n  t h e  performance of t h e  measuring i n s t r u m e n t a t i o n .  

6.1 ODera t iona l  F a c t o r s  

The o p e r a t i o n a l  f a c t o r s  t h a t  cou ld  cause  t h e  d i sc repancy  are  as 

fo l lows .  

1. V e r i f i c a t i o n  r u n s  i n d i c a t e  t h a t  t h e  s y s t e m  performs b e t t e r  i n  a 

moderate vacuum t h a n  i n  a h igh  vacuum p r e s s u r e ,  p a r t l y  because  a p o r t i o n  

of d e a r e a t i o n  t a k e s  place i n  t h e  l i n e  l e a d i n g  t o  t h e  d e s o r p t i o n  column. 

The OWL d a t a  were o b t a i n e d  a t  a l i q u i d  f low ra te  of 111 x l o3  2. 

kg/(h-m2) [22,750 l b / ( h - f t 2 ) ]  o r  1.9 l i t e r s / s  (30 gpm) i n  t h e  t e s t  s e c t i o n ;  

t h i s  i s  h i g h e r  t h a n  t h e  l o a d i n g  l i m i t  of 97.6 x l o3  kg/(h*m2) [20,000 l b /  

( h * f t 2 ) ]  recommended by p r e v i o u s  i n v e s t i g a t o r s .  

3. Another area of concern  i n  t h e  c l o s e d  t es t  loop  i s  t h e  a i r  abso r -  

The degassed  water from t h e  t es t  s e c t i o n  i s  r e a e r a t e d  by i n j e c t i n g  ber .  

compressed a i r  i n t o  t h e  r e t u r n e d  water i n  t h e  water  s t o r a g e  tank .  

ave rage  r e s i d e n c e  t i m e  of water  i n  t h e  a b s o r b e r  i s  -5 min. 

system cou ld  b r i n g  i n  t h e  d i s s o l v e d  oxygen a t  as much as 7 0 4 0 %  of i t s  

s a t u r a t i o n  va lue .  Although t h e  r e s u l t s  of t h e  vacuum d e a e r a t i o n  tests 

shou ld  n o t ,  i n  t h e o r y ,  be  a f f e c t e d  by t h e  pe rcen tage  of a i r  s a t u r a t i o n  of 

t h e  f e e d  water, i n  p r a c t i c e ,  t h i s  s a t u r a t i o n  does  impose a h ighe r -o rde r  

s e n s i t i v i t y  requi rement  on t h e  d a t a  a c q u i s i t i o n  procedure.  

The 

This a e r a t i o n  
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6.2 Measurement F a c t o r s  . t  

The performance of t h e  oxygen a n a l y z e r  s e n s o r  i n  t h e  vacuum envi ron-  

ment of t h e s e  exper iments  i s  s u b j e c t  t o  q u e s t i o n .  The impact of t h i s  un- 

c e r t a i n t y  i n  oxygen c o n c e n t r a t i o n  measurement i s  apparent  from Eq. ( 4 . 1 7 ) ,  

r e l a t i n g  HTU t o  oxygen c o n c e n t r a t i o n .  The s e n s o r  i s  composed of a g o l d  

cathode and a s i l v e r  anode, e l e c t r i c a l l y  connected by potassium c h l o r i d e  

e l e c t r o l y t e .  A c o n s t a n t  e l ec t r i ca l  p o t e n t i a l  t h u s  i s  p r e s e n t  a c r o s s  t h e  

two e l e c t r o d e s .  

A gas-permeable T e f l o n  membrane, f i t t e d  f i r m l y  a g a i n s t  t h e  g o l d  c a t h -  

ode,  s e p a r a t e s  t h e  e l e c t r o d e s  from t h e  p r o c e s s  stream. Oxygen from t h e  

sample d i f f u s e s  through t h e  membrane and i s  reduced a t  t h e  gold ca thode .  

The r e s u l t a n t  e lec t r ica l  c u r r e n t  f low between anode and cathode i s  pro-  

p o r t i o n a l  t o  t h e  p a r t i a l  p r e s s u r e  of oxygen i n  t h e  sample. The s e n s o r  

was i n s t a l l e d  i n  a p o r t i o n  of t h e  loop  where i t  w a s  exposed t o  p r e s s u r e s  

as low as 1.4 kPa (-14.5 p s i g ) .  Under t h e s e  c o n d i t i o n s ,  t h e  T e f l o n  mem- 

b rane  may f i t  l o o s e l y  a g a i n s t  t h e  gold ca thode ,  c a u s i n g  i n a c c u r a t e  read-  

i n g  of ppm of oxygen. The vendor a d v i s e d  t h a t  a p i n  h o l e  i n  t h e  p r e s s u r e -  

compensating diaphragm i n  t h e  f i l l  p o r t  of t h e  oxygen s e n s o r  could e l i m i -  

n a t e  t h i s  problem. However, very  l i t t l e  improvement w a s  observed a f t e r  

t h e  pin-hole  m o d i f i c a t i o n .  

A d d i t i o n a l  tes ts  have shown t h a t  (1) when d e a e r a t i o n  t a k e s  place i n  

a low vacuum environment ,  t h e  f low r a t e  through t h e  oxygen s e n s o r  drops  

below t h e  minimum f low requi rement ,  w i t h  a r e s u l t  of i n a c c u r a t e  r e a d i n g s  

of 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, and ( 2 )  t h e  s e n s o r  i s  i n s e n s i -  

t i v e  t o  sample f low rate as l o n g  as t h e  f low r a t e  p a s s i n g  t h e  s e n s o r  

chamber i s  a t  least  95 m l / s  (1.5 gpm). 

To a l l e v i a t e  t h i s  problem of u n c e r t a i n t y  i n  t h e  s e n s o r  r e a d i n g s  of 

d i s s o l v e d  oxygen under  vacuum c o n d i t i o n s ,  t h e  s e n s o r  chambers have been 

moved t o  a tes t  l o o p  l o c a t i o n  where t h e y  w i l l  be exposed t o  p o s i t i v e  

p r e s s u r e  and be guaranteed  minimum water  f low rate  through t h e i r  f low 

chambers. 
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7 .  CONCLUSIONS 

The f o l l o w i n g  c o n c l u s i o n s  may b e  drawn from t h e  e x p e r i m e n t a l  d a t a  

of t h e  OTEC g a s  d e s o r p t i o n  s tudy .  

1. I n  t h i s  s t u d y ,  t h e  HTU w a s  found t o  be somewhat g r e a t e r  t h a n  

t h a t  r e p o r t e d  by ear l ie r  i n v e s t i g a t o r s  Sherwood and Holloway. Thus, 

from t h e  p r e s e n t  exper iment ,  a t  25°C t h e  HTU f o r  a i r  d e s o r p t i o n  from 

water on 1.5-in. Raschig r i n g s  can be e x p r e s s e d  as a f u n c t i o n  of water 

f low r a t e  L by 

HTU = 4.93 ; (7 .1)  

t h i s  i s  shown as l i n e  M '  i n  Fig.  9. I n  c o n t r a s t ,  t h e  Sherwood and Hol- 

loway r e s u l t s  ( l i n e  M ,  F ig .  9 )  f o r  oxygen, hydrogen,  and carbon d i o x i d e  

d e s o r p t i o n  from water a t  25°C on 1.5-in.  Raschig r i n g s  i s  d e s c r i b e d  by 

HTU = 5.38 L o * 2 2  . (7 .2)  

The observed d i s c r e p a n c y  may be due t o  d i f f e r e n c e s  i n  end e f f e c t s  and i n  

vacuum v e r s u s  a t m o s p h e r i c  p r e s s u r e  o p e r a t i o n .  

2. A t  a low water f l o w  r a t e ,  below 41.5 x l o 3  kg/ (h-m2) ,  t h e  HTU re- 
s u l t s  d e v i a t e  from t h e  l i n e  M '  ( F i g .  9 ) .  Uneven f l o w  d i s t r i b u t i o n ,  accom- 

panied  by t h e  e c c e n t r i c  end e f f e c t  a t  vacuum c o n d i t i o n ,  i s  t h e  s u s p e c t e d  

cause  of t h e  h i g h  e x p e r i m e n t a l  HTU v a l u e s .  

3.  The HTU a p p e a r s  t o  be independent  of vacuum p r e s s u r e .  The val-  

ues  of HTU, p l o t t e d  i n  Fig.  10 as a f u n c t i o n  of p r e s s u r e ,  scat ter  between 

60 t o  105 c m  (2.0 t o  3.5 f t )  a t  any vacuum p r e s s u r e .  Most of t h e  d a t a  

(Table  3 )  were o b t a i n e d  a t  t e m p e r a t u r e s  w i t h i n  a few d e g r e e s  of 25"C, 

and t h e  v a l u e s  used i n  F ig .  10 have been c o r r e c t e d  t o  25°C by e m p i r i c a l  

r e l a t i o n s .  

4. The end e f f e c t  depends c o n s i d e r a b l y  on vacuum p r e s s u r e  and 

s l i g h t l y  on f l o w  rate  o r  tempera ture .  

The d a t a  i n  Fig.  11 r e l a t e  t h e  d e a e r a t o r  vacuum p r e s s u r e  t o  t h e  c o r -  

responding  end e f f e c t ;  a i r  p r e s s u r e  and end e f f e c t  are c o r r e l a t e d  as  
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(f t)  (cm) 

(in. Hg) 0 1 2 3 4 5 6 7 8 9 10 11 

Pair 

Fig. 10. E f f e c t  of  vacuum p r e s s u r e  on h e i g h t  of t r a n s f e r  u n i t  a t  
c o n s t a n t  tempera ture .  

The end e f f e c t  bend i s  t h e  a d d i t i o n a l  mass t r a n s f e r  t h a t  occu r s  i n  t h e  

i n l e t  d i s t r i b u t o r  and i n  a l l  o t h e r  p a r t s  e x c e p t  t he  packing. 

p o r t i o n  of t h e  end e f f e c t  t a k e s  p l a c e  i n  t h e  water l i n e  l ead ing  t o  t h e  

d e s o r p t i o n  column. 

t r a n s f e r  u n i t s  NTU,. 

shown i n  Fig.  12 ,  i s  expres sed  by 

The major 

The end e f f e c t  could  be r e p r e s e n t e d  by t h e  number of 

The r e l a t i o n  between a i r  p r e s s u r e  (vacuum) and  NTU,, 

P a i r  = 36.97 (NTUo)o*624 . 
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8. NOMENCLATURE 

a = effective area of liquid gas interface per unit volume m2/m3 

( C  - C') = concentration of gas to be eliminated in the liquid phase, 
mg /1 i t er 

D = coefficient of diffusion - solute gas in liquid, m2/h 
kg 

(h)(m2) 
G = inert gas flow rate, 

h = height of packing, cm 

bend = height of packing equivalent to end effects, cm 

(kmol/m3) 
kPa H = Henry's law constant, 

HTU = height of transfer unit, using liquid, cm 

kmo 1 
(h) (m3 1 (kPa) 

k a  = overall coefficient based on partial pressure, 

kmo 1 

(h 1 (m3 1 (kPa 1 kGa = gas film coefficient, 

KLa = overall coefficient based on concentration, 

kmo 1 
(h) (m3 ) [kg- (mole/m3) 1 

kmol 
(hI(rn3) [kg-(mole/m3)1 

kLa = liquid film coefficient, 

L = liquid flow rate, kg/(h*m2) 

M = mass of gas, g-mole 

m = gas mass flow rate, kg/h 

q = liquid mass flow rate, kg/h 

N T U  = number of transfer units 

NTU, = number of transfer units corresponding to end effect 

n = number of moles to be transfered in unit time, kmol/h 

p = pressure of gas in the gas phase, kPa 

Pa - - atmospheric pressure, Pa = 100 kPa at sea level 

pair = absolute vacuum air pressure, kPa 

QG, QL = gas and liquid flow rate, respectively, m3/h 

r = empirical constant 

R = gas constant, (kPa*m3)/(0K*kmol) 

s = empirical constant 
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XL = c o n c e n t r a t i o n  of s o l u t e  i n  l i q u i d  e n t e r i n g  tower,  ks  g a s  

xo = c o n c e n t r a t i o n  of s o l u t e  i n  l i q u i d  l e a v i n g  tower,  ks g a s  
kg water 

kg water (lo6) (ppm) 

(lo6) (ppm) 

xe = c o n c e n t r a t i o n  of s o l u t e  i n  l i q u i d  i n  equi lbr ium w i t h  g a s  phase 

y = e m p i r i c a l  c o n s t a n t  

z = e m p i r i c a l  c o n s t a n t  

a = e m p i r i c a l  c o n s t a n t  

B = e m p i r i c a l  c o n s t a n t  

1.1 = v i s c o s i t y ,  Pa's  

p = d e n s i t y ,  kg/m3 
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APPENDIX 

C a l c u l a t i o n  of A i r  Leakage Rate  

T o t a l  volume of d e s o r p t i o n  t e s t  s e c t i o n  and p i p i n g  system under t h e  

vacuum i s  as f o l l o w s :  

V i  = t es t  s e c t i o n  volume; 

V 2  = 4-in. p i p i n g  volume, 6.5 f t  a t  t h e  top  and 2 f t  a t  t h e  bottom of 
t h e  tes t  s e c t i o n ;  

V 3  = 1.5-in. p i p i n g  volume; 

V i  = Alhl = - 4" 
V 2  = A2h2 = - 4" [(&)2 f t 2 ] ( 8 . 5  f t )  = 0.742 f t 3 ;  

V 3  = A3h3 = - 4 ' [(F)2 f t 2 ] ( 5  f t )  = 0.061 f t 3 ;  

f t 2 ] ( 6  f t )  = 3.96 f t 3 ;  

CV = V i  + V 2  + V 3  = 3.96 + 0.742 + 0.061 = 4.763 f t 3 .  

Using t h e  i d e a l  gas  l a w  t o  calculate  t h e  numbers of a i r  mole t r a n s f e r r e d  

from t h e  tes t  s e c t i o n  t o  t h e  atmosphere,  when s u b s c r i p t  1 i s  vacuum and 

s u b s c r i p t  2 i s  atmosphere,  

(1 atm)(4.763 f t 3 )  
= 0.0122 mole . p2v2 - 

RT2 1.31 atm-ft3 

"K-mo 1 e 
) (298 K )  

..n2 = - - 

A t o t a l  of 82 h w a s  r e q u i r e d  f o r  t h e  gauge p r e s s u r e  of t h e  tes t  s e c t i o n  

t o  drop from 72.85 t o  31.75 c m  Hg: 

P I  abs  = 76 - 72.85 = 3.15 c m  Hg ; 

P2 a b s  = 76 - 31.75 = 44.25 c m  Hg ; 

A = -  nl 3.15 "1 . o r  ~ = 
P2 n2 44.25 0.0122 ' 
nl = 0.0009 ; 

An = n2 - n1 = 0.0122 - 0.0009 = 0.0113 ; 
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m = (M) (APn)  = (29) (0.0113) = 0.328 l b  ; 

0*328 Ib = 0.004 l b / h  . Leakage rate = 82 h 
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