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Introduction 

P o t a b l e w a t e r is the most essential a n d exotic l i q u i d t h a t exists on th i s p lanet . I t is 
a v e r y c o m m o n b u t pecu l iar l i q u i d , a n d a l l l i fe is dependent on i t . L i k e a i r , w a t e r is 
b o u n d u p w i t h m a n ' s e v o l u t i o n a n d c e r t a i n l y w i t h his des t iny . 

I t is a c o m m o n l i q u i d because i t is f a m i l i a r to everyone a n d is used extensive ly i n 
our d a i l y l ives . O f t e n , however , the i m p o r t a n c e of w a t e r is recognized o n l y w h e n the 
spigot runs d r y . I f w a t e r is no t i n the t a p , i t m u s t be i n the r e s e r v o i r ; i f not i n s ight , 
i t m u s t be jus t over the h o r i z o n ; or i f the fields are p a r c h e d , the ra ins are sure t o come. 
T h i s is a c o m m o n delus ion w h i c h shou ld be corrected , because the l a c k of f resh water 
m a y be of n a t i o n a l i m p o r t a n c e i n the near fu ture . 

W a t e r is a pecu l iar l i q u i d , since i t possesses u n i q u e propert ies a n d those propert ies 
depend o n the fact t h a t w a t e r molecules are c h e m i c a l l y ac t ive . T h e chemica l a n d 
p h y s i c a l propert ies of w a t e r are associated w i t h the t y p e of b o n d i n g i n v o l v e d i n the 
water molecule . C h e m i c a l changes, such as h y d r o l y s i s or r u s t i n g of i r o n , i n v o l v e the 
b r e a k i n g of chemica l bonds between the h y d r o g e n a n d oxygen atoms . P h y s i c a l changes, 
such as e v a p o r a t i o n i n a convers ion u n i t , or the resistance to flow i n a p ipe , i n v o l v e 
b r e a k i n g of the h y d r o g e n bonds . Because of the h y d r o g e n b o n d i n g , w a t e r molecules 
combine not o n l y w i t h molecules of o ther compounds b u t even w i t h one another . 

T h u s , w a t e r molecules c l i n g to the ions of d isso lved salt to f o r m water - encumbered 
h y d r a t e d ions a n d they c l ing to one another to f o r m entang l ing n e t w o r k s t h r o u g h 
w h i c h h y d r a t e d ions can be prope l l ed o n l y b y t e a r i n g the n e t w o r k s a p a r t . T h a t i s 
one reason w h y considerable energy s t i l l needs to be expended i n the s implest p r o ­
cedures for c onver t ing sal ine water to fresh water . I f water molecules d i d not have 
this h a b i t of c l ing ing so tenac ious ly to other molecules , a n d to one another , i t w o u l d 
be easy to p u s h salt ions past the w a t e r molecules a n d get a separat ion . B u t the 
water w o u l d not t h e n dissolve salt , so the p r o b l e m w o u l d not exist . 

P o t a b l e w a t e r is h a r d to w i n because of the v e r y propert ies t h a t m a k e i t w o r t h 
w i n n i n g . Because of i ts un ique propert ies , i t exists as a l i q u i d ins tead of a gas a n d as 
a l i q u i d i t penetrates in to a n d interacts w i t h l i v i n g tissues to m a k e possible the p r o c ­
esses of l i f e . Because i t dissolves salts a n d n u t r i e n t s , i t is essential for the m e t a b o l i s m 
of a l l l i v i n g cells. 

T h e F e d e r a l Sal ine W a t e r C o n v e r s i o n P r o g r a m is a d m i n i s t e r e d b y the D e p a r t m e n t 
of the I n t e r i o r t h r o u g h the Office of Sal ine W a t e r , a n d the p r i m a r y object ive of t h a t 
p r o g r a m is to develop low-cost processes for c onver t ing saline w a t e r to fresh water . 
T h i s is a most dif f icult p r o b l e m — n o t because of a n y i n t r i c a t e or new c h e m i s t r y , phys i cs , 
or engineering i n v o l v e d , b u t because of t h a t t e r m , "low cost!3 S o l u t i o n of th is p r o b l e m 
w i l l assure th i s n a t i o n , a n d the w o r l d , of a n inexhaust ib le s u p p l y of s p a r k l i n g potable 
water . 

L o w - c o s t sal ine w a t e r convers ion is a p r o b l e m w h i c h has no t been sa t i s fac tor i l y 
so lved to date . N e w ideas, new processes, innovat i ons , a n d i m p r o v e m e n t s on ex is t ing 
processes are needed a n d can be ach ieved o n l y t h r o u g h cont inued research. T h e de ­
v e l o p m e n t of sal ine w a t e r convers ion processes has a d v a n c e d i n a n u m b e r of b r o a d 
fields, each of w h i c h incorporates a n u m b e r of different processes. These fields c a n be 
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2 ADVANCES IN CHEMISTRY SERIES 

c o n v e n i e n t l y classified as (1) d i s t i l l a t i o n , (2) processes u t i l i z i n g membranes , (3) sep­
a r a t i o n b y freezing, a n d (4) other p h y s i c a l , chemica l , e l ec t r i ca l , or b io log i ca l processes. 

T h e Office of Sa l ine W a t e r , i n cooperat ion w i t h the N a t i o n a l A c a d e m y of Sc iences -
N a t i o n a l R e s e a r c h C o u n c i l , c onducted a S y m p o s i u m on Sal ine W a t e r C o n v e r s i o n i n 
1957. A v e r y s u b s t a n t i a l a m o u n t of w o r k i n th i s field has been comple ted since t h a t 
t i m e a n d the state of the a r t has advanced cons iderably . T h e m a t e r i a l i n c o r p o r a t e d 
i n th i s v o l u m e is a c o m p i l a t i o n of the papers presented at the S y m p o s i u m on Sal ine 
W a t e r C o n v e r s i o n sponsored b y the A m e r i c a n C h e m i c a l Soc iety i n 1960. T h u s the i n ­
f o r m a t i o n a n d d a t a presented u p d a t e those of the 1957 s y m p o s i u m a n d represent the 
current state of knowledge i n th is field. 

W. SHERMAN GILLAM, Chairman 

Symposium on Saline Water Conversion 
Office of Saline Water 
U . S. Department of the Interior 
Washington 25, D . C. 
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Objectives and Status of the Federal 
Saline Water Conversion Program 

J. W. O'MEARA 

Office of Saline Wafer, U. S. Department 

of the Inferior, Washington 25, D. C. 

The objective of the saline water conversion pro­
gram, need for continuing research, status of the 
research and development, and the demonstration 
activities are briefly highlighted. 

The experience of the D e p a r t m e n t of the I n t e r i o r over the past years has c l ear ly re­
-vealed one basic f a c t — w a t e r prob lems , i n one f o r m or another , t o u c h a l l 50 states of 
the u n i o n . These prob lems v a r y f r o m area to area , rang ing f r o m shortage to excess. 
Regardless of the cause, as a n a t i o n we can no longer regard w i t h indif ference the in­
-creasing imba lance between the s u p p l y a n d d e m a n d for w a t e r i n the U n i t e d States . 

A b o u t 290 b i l l i o n gal lons of w a t e r per d a y are n o w be ing used , a n d th is rate of 
d e m a n d is causing increas ing ly severe w a t e r prob lems i n m a n y sections of the c o u n t r y . 
I n 1957, a s t u d y conducted b y the U . S. Geo log i ca l S u r v e y revealed t h a t i n over 1000 
cities a n d communi t i e s , represent ing one seventh of the nat ion ' s ent ire p o p u l a t i o n , w a t e r 
shortages of v a r y i n g degrees requ i red the i r c it izens to endure res t r i c ted use of w a t e r . 

I f the present rate of d e m a n d can cause a p r o b l e m of th is m a g n i t u d e i n a year of 
moderate drought , w h a t w i l l be the scope of the prob lems one m a y have to face i n just 
20 years w h e n , accord ing to the U . S. Geo log i ca l S u r v e y the d e m a n d for water w i l l more 
t h a n double , reaching the immense t o t a l of 497 b i l l i o n gal lons per d a y ? T h e y e a r 1980 
does not m a r k the peak of d e m a n d ; the c o n s u m p t i o n c u r v e is expected to cont inue to 
rise as the p o p u l a t i o n cont inues to grow. 

T h e p o p u l a t i o n g a i n has a l ready created a n increas ing imba lance between the 
s u p p l y a n d d e m a n d for w a t e r i n the U n i t e d States . A l t h o u g h there is a g r o w i n g p u b l i c 
awareness of the prob lems t h a t m u s t be faced to m a i n t a i n adequate suppl ies of w a t e r , 
the a v a i l a b i l i t y of water for every need has l ong been t a k e n for g r a n t e d . O n l y i n recent 
years has the p u b l i c rea l ized t h a t w a t e r sui table for man ' s use m a y be a l i m i t e d 
c o m m o d i t y . 

W a t e r is cheap. I n most U n i t e d States cities one can purchase a t o n of c lear , p u r e , 
fresh water , de l ivered to the home or fa c to ry , for about 5 cents—or 20 cents per 1000 
g a l l o n s — b u t w a t e r is used i n such t remendous quant i t i es t h a t i t requires vas t sums of 
m o n e y to p r o v i d e the fac i l i t ies to collect i t a n d p u t i t to benef ic ial use wherever i t is 
needed. N a t u r a l l y , w a t e r suppl ies nearest the po in t of d e m a n d were the first to be 
developed. A s these sources become inadequate to meet g r o w i n g demands , cities are 
forced to reach considerable distances to t a p a d d i t i o n a l sources of s u p p l y , a t sites more 
expensive t o develop . 

L o n g ago, S o u t h e r n C a l i f o r n i a outgrew i ts l oca l suppl ies a n d h a d to reach 240 mi les 
across deserts a n d m o u n t a i n s to the C o l o r a d o R i v e r for i t s w a t e r suppl ies . T h i s pro ject , 
once c r i t i c i zed as a waste fu l overdeve lopment , w i l l soon be inadequate . I n the 1960 
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4 ADVANCES IN CHEMISTRY SERIES 

general e lect ion the c it izens of C a l i f o r n i a w i l l vote on the most expensive p r o p o s i t i o n 
ever p l a c e d o n a b a l l o t . T h e y are be ing asked to a p p r o v e a $1.75 b i l l i o n b o n d issue t o 
harves t the fresh w a t e r of the F e a t h e r R i v e r i n N o r t h e r n C a l i f o r n i a , t r a n s p o r t i t over 
400 mi les , l i f t i t about 4000 feet over the T a h a c h a p i M o u n t a i n s , a n d de l iver i t to the 
M e t r o p o l i t a n L o s Ange les area . 

T h e increas ing ly complex p r o b l e m of p r o v i d i n g adequate suppl ies of w a t e r is no t 
l i m i t e d to a few hot a n d a r i d areas of the S o u t h a n d Southwest , b u t also embraces regions 
i n the h u m i d E a s t . 

Sources of Water 
T h e task of p r o v i d i n g a m p l e suppl ies of fresh water for the A m e r i c a of t o m o r r o w 

m a y indeed be our N o . 1 domest ic p r o b l e m . A t least one i m p l i c a t i o n of the ever -
increas ing use of w a t e r is u n m i s t a k a b l e : W e m u s t find new sources of fresh water , a n d 
t w o of the most l i k e l y sources are the great oceans a n d the vast reserves of b r a c k i s h 
i n l a n d waters . 

M a n has been t r y i n g for a l ong t i m e to b r e w a d r i n k of fresh w a t e r f r o m the sea, 
p r o b a b l y a l o t longer t h a n most people real ize . F o r centuries people general ly have 
k n o w n h o w to t u r n the t r i c k : J u s t d i s t i l l i t . T h e basic concept of the science is p r o b ­
a b l y as o ld as the teaket t le . B u t w h a t the w o r l d is s t i l l searching for is the answer to 
the quest ion : H o w does one do th is on a large scale at a cost cheap enough to subst i tute 
for or augment w a t e r f r o m convent i ona l sources? 

T h e first p r a c t i c a l convers ion u n i t s came w i t h the advent of the s teamship a n d i t s 
requirement of fresh w a t e r for bo i lers . T o d a y , most of the large ocean-going vessels 
have t h e i r b a t t e r y of evaporators . T h e F o r r e s t a l class carr iers of the U n i t e d States 
N a v y , for example , c a r r y four 50 ,000-gal lon-per -day evaporators to s u p p l y the w a t e r 
needs of those huge ships a n d t h e i r large crews. 

W h i l e s h i p b o a r d suppl ies of w a t e r are v i t a l to navies a n d the m a r i t i m e i n d u s t r y , 
the sal ine water convers ion p r o g r a m of the D e p a r t m e n t of the I n t e r i o r is interested i n 
a different phase of the o v e r - a l l p r o b l e m . A b o a r d sh ip the p r i m a r y interest is a re l iab le 
s u p p l y of w a t e r ; the cost of the w a t e r is of secondary cons iderat ion . T h e interest of 
the Office of Sal ine W a t e r is centered o n land -based p lants t h a t can produce fresh w a t e r 
f r o m the sea at l o w cost, the l a t t e r be ing the i m p o r t a n t fac tor . 

L a n d - B a s e d Plants . T h e U n i t e d States G o v e r n m e n t ' s w o r k i n th i s field goes b a c k 
to 1952, w h e n Congress passed the Sa l ine W a t e r A c t to p r o v i d e for research a n d d e v e l ­
opment of p r a c t i c a l methods of p r o d u c i n g fresh w a t e r f r o m saline sources. T h e 1952 
A c t a u t h o r i z e d $2,000,000 for a 5-year p r o g r a m . I n 1955, the A c t was amended b y i n ­
creasing the a u t h o r i z a t i o n t o $10,000,000 a n d extending the l i f e of the p r o g r a m t h r o u g h 
fiscal y e a r 1963. 

A p l a n t o n the I s l a n d of A r u b a , i n the C a r i b b e a n , is n o w p r o d u c i n g 2,700,000 g a l ­
lons of fresh w a t e r per d a y a t a cost of about $2 per 1000 gal lons . O f the l and -based 
p lants scattered a r o u n d the globe, w i t h a c o m b i n e d c a p a c i t y of about 20,000,000 gal lons 
of fresh w a t e r per d a y , the p l a n t at A r u b a is the most efficient. B a s e d o n present cost 
s tandards , these p l a n t s are expensive producers , b u t t h e y are i n existence because the 
cost of w a t e r f r o m a l t e r n a t i v e sources is even h igher . O v e r the past several years the 
d e p a r t m e n t has b a r g e d over 100,000,000 gal lons of fresh w a t e r f r o m P u e r t o R i c o t o 
s u p p l y the m i n i m u m requirements of the people of S t . T h o m a s , V i r g i n I s lands , a t a cost 
of about $6 per 1000 gal lons . 

P u b l i c L a w 85-883, a p p r o v e d b y Pres ident E i s e n h o w e r o n September 2, 1958, added 
a new respons ib i l i t y to the office. I t author izes $10,000,000 f or the design, c o n s t r u c t i o n , 
a n d opera t i on of five saline w a t e r convers ion p lants to demonstrate the r e l i a b i l i t y , 
engineering, opera t ing , a n d economic potent ia l s of sea or b r a c k i s h w a t e r convers ion 
processes. 

T h e l a w prov ides t h a t three of these p l a n t s s h a l l be for the convers ion of sea w a t e r 
to f resh w a t e r — o n e each to be l o ca ted o n the E a s t C o a s t , the W e s t C o a s t , a n d the G u l f 
C o a s t . A t least t w o of these p l a n t s s h a l l h a v e a c a p a c i t y of 1,000,000 gal lons o f f resh 
w a t e r per d a y . T w o of the p l a n t s w i l l be designed to conver t b r a c k i s h w a t e r to fresh 
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O'MEARA—FEDERAL PROGRAM 5 

w a t e r — o n e to be located i n the N o r t h e r n G r e a t P l a i n s a n d the o ther i n the a r i d areas o f 
the Southwest . One of these p lants m u s t have a c a p a c i t y of at least 250,000 gal lons per 
d a y . E a c h p l a n t m u s t u t i l i z e a different process. 

A n accurate barometer of the n a t i o n w i d e interest i n the saline w a t e r convers ion 
p r o g r a m is p r o v i d e d b y the n u m b e r of requests received f r o m c iv i c bodies, p u b l i c of ­
ficials , i n d u s t r i a l organizat ions , a n d p r i v a t e c it izens a s k i n g cons iderat ion for t h e i r area 
as a site for one of the a u t h o r i z e d p l a n t s . N e a r l y 200 app l i ca t i ons have been rece ived 
f r o m cit ies a n d communi t i es i n every state on the coastal per imeter , f r o m 12 i n l a n d 
states, a n d f r o m A l a s k a a n d H a w a i i . 

Secre tary Seaton has selected five processes a n d four sites for the d e m o n s t r a t i o n 
p l a n t p r o g r a m . Severa l of those processes are descr ibed i n considerable de ta i l i n the 
papers t h a t fo l low. 

T h e f irst d e m o n s t r a t i o n p l a n t w i l l be located a t F r e e p o r t , T e x . U t i l i z i n g the l o n g -
tube v e r t i c a l mult ip le -e f fect d i s t i l l a t i o n process, i t w i l l be designed to produce fresh 
w a t e r f r o m the sea at the rate of 1,000,000 gal lons per d a y . W . L . B a d g e r Assoc iates , 
Inc . , A n n A r b o r , M i c h . , p e r f o r m e d the a r c h i t e c t u r a l a n d engineering services. I n v i t a ­
t ions for c o n s t r u c t i o n b ids were issued o n M a r c h 14 a n d the Office o f Sa l ine W a t e r so ld 
over 125 sets of p lans a n d specif ications for th is p l a n t , w h i c h prov ides a second i n d i c a ­
t i o n of the s h a r p interest i n the saline w a t e r convers ion p r o g r a m . B i d s were opened o n 
M a y 24. O n J u n e 8, a contrac t for $1,246,250 was a w a r d e d to the successful l o w b idder , 
the C h i c a g o B r i d g e & I r o n C o . 

T h e second d e m o n s t r a t i o n p l a n t w i l l consist of a mul t i s tage flash process for a 
1,000,000-gallon-per-day p l a n t to be located on the W e s t C o a s t . A site on P o i n t L o m a 
at S a n D i e g o has been selected for th i s p l a n t . T h e F l u o r C o r p . , W h i t t i e r , C a l i f . , has 
been a w a r d e d the a r c h i t e c t u r a l a n d engineering contrac t for the d i s t i l l a t i o n p l a n t , a n d 
i t is p l a n n e d to let a cons t ruc t i on contrac t i n N o v e m b e r . 

A process t h a t was no more t h a n a l a b o r a t o r y phenomenon w h e n the Office of 
Sal ine W a t e r was a u t h o r i z e d i n 1952 has been r a p i d l y developed to the p o i n t where i t 
is n o w one of the most economica l processes for the convers ion of b r a c k i s h w a t e r to 
fresh. T h i s process, e lectrodia lys is , was selected for the t h i r d d e m o n s t r a t i o n p l a n t . I t 
w i l l be l ocated at W e b s t e r , S. D . T h e B u r e a u of R e c l a m a t i o n L a b o r a t o r i e s i n D e n v e r , 
C o l o . , p r e p a r e d the specif ications for th is p l a n t w h i c h w i l l be designed to produce 
250,000 gal lons of fresh w a t e r per d a y . O p e r a t i n g o n w a t e r c o n t a i n i n g between 1500 
a n d 1800 par t s of salt per m i l l i o n par t s of w a t e r , th i s p l a n t w i l l remove more t h a n 1 t o n 
of salt d a i l y to produce p r o d u c t water w i t h less t h a n 500 p a r t s of salt per m i l l i o n p a r t s 
of water w h i c h is r e q u i r e d to meet U . S. P u b l i c H e a l t h S t a n d a r d s f or good d r i n k i n g 
water . C o n s t r u c t i o n specif ications for th is p l a n t were ava i lab le A u g u s t 1, a n d sealed 
b ids w i l l be opened o n October 4, 1960. 

T h e f o u r t h process—forced - c i r cu la t i on v a p o r - c o m p r e s s i o n — w i l l be designed to p r o ­
duce a t least 250,000 gal lons of fresh w a t e r per d a y i n a p l a n t t o be located a t R o s w e l l , 
Ν . M . A s i d e f r o m p r o v i d i n g b a d l y needed s u p p l e m e n t a l w a t e r to the c i t y , the p l a n t 
offers a second exc i t ing poss ib i l i t y . 

C o n t i n u e d h e a v y p u m p i n g necessary to meet the g r o w i n g d e m a n d is g r a d u a l l y 
l ower ing the w a t e r tab le i n R o s w e l F s present fresh w a t e r aqui fer . I t has reached a 
p o i n t where saline water is beg inn ing to encroach a n d endanger the source of f resh water . 
B y p u m p i n g saline waters f r o m the b r a c k i s h w a t e r aqui fer , th i s encroachment m a y be 
re tarded a n d at the same t i m e , b y p r o v i d i n g fresh w a t e r f r o m the convers ion p l a n t , the 
c i t y can reduce i t s p u m p i n g f r o m the fresh w a t e r aqui fer , w h i c h m a y p e r m i t a g r a d u a l 
recharge of the aqui fer . 

F o r the fifth p l a n t , a freezing process w i l l be u t i l i z e d . T h i s p l a n t w i l l be located a t 
a yet to be selected site on the E a s t C o a s t . I t w i l l be designed to produce fresh w a t e r 
i n the range of 150,000 to 350,000 gal lons per d a y . T h e site w i l l be selected th i s f a l l , b u t 
cons t ruc t i on is not c o n t e m p l a t e d before the fiscal y e a r 1962. 

T h e convers ion of sal ine w a t e r to f resh w a t e r b y freez ing is r e l a t i v e l y new, b u t i t is 
bel ieved to have great p o t e n t i a l . T h e o r e t i c a l l y , f reezing has several inherent a d v a n -
iages over c onvent i ona l d i s t i l l a t i o n processes—for example , the lesser tendency t o w a r d 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
02



6 ADVANCES IN CHEMISTRY SERIES 

scal ing a n d corros ion because of the l o w opera t ing temperatures i n v o l v e d , a n d the lower 
energy requ i rement to freeze sea w a t e r as c o m p a r e d to the energy r e q u i r e d for the 
e v a p o r a t i o n of sea w a t e r . 

F r e e z i n g is so new t h a t the wor ld ' s first freezing process p i l o t p l a n t began opera t ing 
i n October 1959 at the C a r r i e r C o r p . p l a n t i n Syracuse , Ν . Y . P r e l i m i n a r y tests have 
been completed a n d the equ ipment is be ing d i s m a n t l e d for s h i p m e n t to a seashore l o c a ­
t i o n for f u r t h e r opera t i ona l tes t ing . T h e B l a w - K n o x C o . of P i t t s b u r g h has been awarded 
a contract to b u i l d a 35 ,000-gal lon-per -day p i l o t p l a n t to test another freezing process 
developed at C o r n e l l U n i v e r s i t y . T h i s process is based on the flash e v a p o r a t i o n of a 
vo la t i l e a n d i m m i s c i b l e h y d r o c a r b o n , such as butane , i n d irect contact w i t h sea w a t e r 
to cause p a r t of the w a t e r to freeze. 

O t h e r p i l o t p l a n t a c t i v i t y inc ludes test ing of solar st i l l s at a n e x p e r i m e n t a l s t a t i o n 
near D a y t o n a B e a c h , F l a . A t the B u r e a u of R e c l a m a t i o n L a b o r a t o r i e s i n D e n v e r , the 
Office of Sal ine W a t e r has two e lectrodialys is u n i t s , one b u i l t b y Ionics , Inc . , C a m b r i d g e , 
M a s s . , a n d the other b y the C e n t r a l T e c h n i c a l I n s t i t u t e , T . N . O . , of the N e t h e r l a n d s . A 
Japanese e lectrodialys is u n i t is on order a n d w i l l be tested at the D e n v e r L a b o r a t o r i e s . 
V a r i o u s types of membranes are also be ing tested at D e n v e r . D i s t i l l a t i o n exper iments 
are c o n t i n u i n g i n research fac i l i t ies located at W r i g h t s v i l l e B e a c h , N . C . 

R e s e a r c h a n d deve lopment contracts w i t h univers i t i es , research organizat ions , a n d 
i n d u s t r i a l firms are p r o b i n g in to the fields of heat t rans fer , scale p r e v e n t i o n , corros ion , 
membranes , gas hydrates , so lvent e x t r a c t i o n , a n d m a n y others , a l l designed to he lp 
a t t a i n the goal of low-cost conver ted water . 

T h e p lants about to be b u i l t w i l l demonstrate the progress t h a t has been achieved 
t h r o u g h 8 years of research t h a t has been s u p p o r t e d b y a n average a n n u a l a p p r o p r i a t i o n 
of less t h a n $725,000. W h e n the Office of Sal ine W a t e r was a u t h o r i z e d i n 1952, the cost 
of convers ion ranged u p w a r d f r o m $5 per 1000 gal lons. T h e two 1,000,000-gallon-per-
d a y demonst ra t i on p lants are expected to produce fresh water f r o m the sea for about 
$1 per 1000 gal lons. E n g i n e e r i n g extrapo la t ions ind icate t h a t w h e n these processes are 
i n c o r p o r a t e d i n m u l t i m i l l i o n - g a l l o n - p e r - d a y p lants savings w i l l be obta ined w h i c h w i l l 
reduce the t o t a l cost of convers ion to about 50 cents per 1000 gal lons, a n d prices even 
lower t h a n t h a t m a y be expected for the convers ion of ce r ta in b r a c k i s h waters . 

These estimates of cost are based on the s tandard i zed procedure for e s t i m a t i n g 
saline water convers ion costs p u b l i s h e d b y the Office of Sal ine W a t e r . T h a t procedure 
inc ludes a l l costs at today ' s p r i c e s — l a n d , c a p i t a l inves tment , interest , opera t in g costs, 
maintenance , taxes, insurance , a n d a ra ther severe 20-year a m o r t i z a t i o n schedule. 

T h e d e m o n s t r a t i o n p l a n t p r o g r a m has c a p t u r e d the interest a n d i m a g i n a t i o n of the 
n a t i o n a n d the w o r l d , b u t p l a n t c ons t ruc t i on is not the k e y to low-cost convers ion . W h i l e 
these p lants are be ing constructed , the research a n d deve lopment p r o g r a m w i l l be c o n ­
t i n u e d — f o r research is the k e y to progress. One m u s t t u r n to scientif ic a n d technolog ica l 
research to develop a new source of s u p p l y t h a t can p r o v i d e a n ever -growing percentage 
of t omorrow ' s w a t e r . 

RECEIVED for review J u l y 7 ,1960. Accepted August 2 ,1960. 
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Thermodynamics of Some 
Desalting Processes 

BARNETT F. DODGE 

Chemical Engineering Department, Yale University, New Haven, Conn. 

ALLEN M. ESHAYA 
Brookhaven National Laboratory, Upton, Long Island, Ν. Y. 

A thermodynamic analysis of the energy require­
ments of desalting processes is presented, to clarify 
the conditions under which such calculations are 
valid. The effects of departure from isothermal 
operation, finite product recovery, differential as 
opposed to single-stage operation, and salt concen­
tration in the feed are examined. A comparison 
shows that there is essentially no difference between 
the energy requirements for a distillation and a 
freezing process. The minimum heat consumption 
and maximum number of effects for a multiple-effect 
evaporation plant are calculated. The above anal­
ysis leads to the conclusion that efficiencies in the 
range 10 to 20% will be very difficult to achieve. 

AAuch has a l ready been w r i t t e n on this subject a n d one m a y w e l l ask i f another paper 
is just i f ied . T h e authors ' purpose is not to treat the subject exhaust ive ly n o r even to 
present v e r y m u c h t h a t is s t r i c t l y new, b u t ra ther to c l a r i f y a n d a m p l i f y ce r ta in aspects 
of the subject w h i c h either have not been adequate ly t reated or have not been e n t i r e l y 
c lear i n the i r mean ing . I t is f requent ly s tated t h a t the m i n i m u m w o r k for the separa ­
t i o n of fresh water f r o m sea w a t e r is 2.9 k w . - h r . per 1000 gallons of w a t e r produced . 
M u r p h y et al. (8) give the figure of 2.89 k w . - h r . for 25° C , b u t there is a n u m e r i c a l 
e r r o r i n the ca l cu la t i on because, us ing the figures i n th is repor t , the authors o b t a i n 3.19 
k w . - h r . T h e c i t a t i o n of a single figure l i k e th is can be mis l ead ing because i t depends o n 
c e r t a i n factors , n o t a b l y t empera ture a n d more p a r t i c u l a r l y degree of recovery or y i e l d 
of fresh water . F u r t h e r m o r e , the t y p e of process can influence the figure for " m i n i m u m 
w o r k " of separat ion , b u t i n th is case i t is no t the t h e r m o d y n a m i c revers ib le w o r k t h a t is 
meant , because t h a t is independent of process of m e c h a n i s m a n d dependent o n l y on 
i n i t i a l a n d final states. 

O t h e r po ints to be considered a r e : 

T h e figure u s u a l l y g i v e n for revers ib le w o r k of separat ion is for a n i s o t h e r m a l p r o c ­
ess. Because some of the a c t u a l processes u n d e r cons iderat ion are b y no means i so ­
t h e r m a l , one is left i n some doubt as to whether the compar i son between the a c t u a l w o r k 
requirement a n d the i s o t h e r m a l reversible w o r k is a leg i t imate one. There fore i n 
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8 ADVANCES IN CHEMISTRY SERIES 

g i v i n g a figure for m i n i m u m w o r k i t is desirable to remove the res t r i c t i on to i s o t h e r m a l 
condi t ions . T h i s can be done i n p r i n c i p l e , b u t p r a c t i c a l considerat ions m a k e i t 
desirable t o assume i s o t h e r m a l processes i n most instances . 

I t is c o m m o n l y s tated t h a t because the heat of freezing of w a t e r is on ly one seventh 
of the heat of v a p o r i z a t i o n , the w o r k requ i rement for a freezing process can p o t e n t i a l l y 
be m u c h less t h a n for a d i s t i l l a t i o n process. T h i s is based on false reasoning . 

W h e n the m i n i m u m w o r k requ i rement for d e m i n e r a l i z a t i o n is c o m p a r e d w i t h the 
a c t u a l r equ i rement of operat ing processes, i t is f o u n d t h a t the l a t t e r have a n energy 
efficiency of the order of o n l y 2 to 5 % . T h i s has l ed some to conclude t h a t great i m ­
p r o v e m e n t is easi ly possible a n d t h a t as a consequence costs can be grea t ly reduced . 
T h e authors w i l l show t h a t whereas some i m p r o v e m e n t can c e r t a i n l y be expected, i t 
w i l l be v e r y dif f icult to achieve efficiencies i n the range 10 to 2 0 % a n d t h a t i t is not at 
present feasible to get efficiencies above 2 5 % or even t h a t h i g h . T h e l o w efficiencies 
are, of course, a t t r i b u t a b l e to the d r i v i n g forces w h i c h are necessary i n a n y p r a c t i c a l 
process, as contrasted w i t h the reversible process t h a t assumes zero d r i v i n g forces. 
These d r i v i n g forces are the finite t e m p e r a t u r e differences, pressure differences, c o n ­
c e n t r a t i o n differences, e.m.f. differences, etc., w h i c h are necessary for e q u i p m e n t of p r a c ­
t i c a l size. A n y r e d u c t i o n i n a d r i v i n g force a lways entai ls a n increase i n size a n d hence 
cost of equ ipment a n d because the t o t a l costs of a desal t ing process are about equa l ly 
d i v i d e d between costs of energy a n d fixed costs on equ ipment , one reaches a cost 
m i n i m u m at a n efficiency w h i c h is general ly less t h a n 2 0 % . 

T h e m a x i m u m n u m b e r of effects i n a mult ip le -e f fect e v a p o r a t i o n s y s t e m a n d a 
c o m p a r i s o n of energy economy of mult ip le -e f fect e v a p o r a t i o n w i t h t h a t of v a p o r -
compress ion d i s t i l l a t i o n are discussed. 

Minimum Work of Separation 
T h i s can have a v a r i e t y of meanings . T h e revers ib le , i s o t h e r m a l w o r k for a n y 

process regardless of m e c h a n i s m is g i v e n b y the equat i on 

— W = AH - TAS = AF (1) 

w h i c h is based solely o n the t w o laws of t h e r m o d y n a m i c s . 

AH = enthalpy i n final state — that i n i n i t i a l state 
AS = entropy i n final state — that i n i n i t i a l state 

B o t h of these are for a n i s o t h e r m a l change. 
Τ is the constant absolute t e m p e r a t u r e a t w h i c h the process takes place . N e g a t i v e 

w o r k refers to w o r k done u p o n the sys tem to cause the process to take place . T h e 
fo l l owing equat ion appl ies to a n y revers ib le process, whether i s o thermal or not , 

— W — AH — T0AS = AB (2) 

T h e temperatures m a y change t h r o u g h o u t the process a n d the temperatures of 
the final states do not need to be the same as the i n i t i a l t e m p e r a t u r e . T0 is the t e m ­
perature of the e n v i r o n m e n t or the lowest t e m p e r a t u r e at w h i c h heat can be freely 
d ischarged . 

I f the i s o t h e r m a l process is conducted at a t e m p e r a t u r e near the a m b i e n t , there i s , 
of course, l i t t l e difference between E q u a t i o n s 1 a n d 2, b u t the difference is considerable 
for i s o t h e r m a l processes c a r r i e d out at e levated or v e r y l o w temperatures . 

E q u a t i o n 2 w o u l d be easy to use i f one h a d convenient tables of the propert ies Η 
a n d S for the states desired. One has to assume a n a r b i t r a r y va lue for T0—a c o m m o n 
one is 530° R . S u c h d a t a are no t ava i lab le i n convenient f o r m a n d one general ly is 
forced to use E q u a t i o n 1, w h i c h is sat i s fac tory i n th i s instance , because we are c o n ­
cerned w i t h processes t h a t are a p p r o x i m a t e l y i s o t h e r m a l a n d operated at temperatures 
a r o u n d the ambient t e m p e r a t u r e . 

F i r s t consider the r e m o v a l of pure w a t e r f r o m a n i n i t i a l or feed so lu t i on of c o n ­
c e n t r a t i o n xx expressed as mole f r a c t i o n of sa l t . Because the r e m o v a l of w a t e r w i l l 
change the concentrat ion of the so lut i on a n d since, to fu l f i l l the cond i t i on of r e v e r s i ­
b i l i t y , the w a t e r v a p o r r e m o v e d m u s t at a l l t imes be i n e q u i l i b r i u m w i t h salt s o lu t i on , 
a d i f ferent ia l t r e a t m e n t is i n d i c a t e d . W r i t e E q u a t i o n 1 i n the f o r m 
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DODGE AND ESHAYA—THERMODYNAMICS OF DESALTING 9 

-dW = AFdn (3) 

where dn is the s m a l l in c rement of w a t e r r e m o v e d a t a n y i n s t a n t . One can also w r i t e 

AF « RT In aB (4) 

where aB is the a c t i v i t y of w a t e r i n the salt so lu t i on . T a k i n g the s t a n d a r d state as 
t h a t of pure water a n d assuming w a t e r v a p o r at l o w pressure to be a n idea l gas, E q u a ­
t i o n 3 can be p u t i n the f o r m 

-W = \ 
J η 

n2 v 

Τ In -frdn (5) 

One can take a constant a m o u n t of w a t e r p r o d u c e d — n a m e l y , 1000 gal lons or 462 
p o u n d - m o l e s — a n d let % a n d n2 be the i n i t i a l a n d final n u m b e r of moles of salt s o l u ­
t i o n . I f y = f r a c t i o n a l y i e l d , 

y ^ - x ê ^ ) ( 6 ) 

n, = 462 — Î L - (7) 
X2 — Xi 

n2 = 462 X l (8) 
X2 — Xi 

A s s u m i n g a n i n i t i a l s o lu t i on of 100 pound-moles of a 3 .50% N a C l s o lu t i on o r 35,000 
p . p . m . (xx = 0.01105) w h i c h is genera l ly assumed t o represent n o r m a l sea w a t e r , the 
fo l l owing tab le m a y be construc ted for 25° C . 

Table I. Data for Use in Calculation of Work of Separation for Various Yields 
100 y n 2 ra2 

aA
a 

0 0.01105 100 0.620 0.1733 0.9796 
10 0.01227 90 .2 0.689 0.210 0.9773 
20 0.01379 80 .2 0.775 0.264 0.9744 
30 0.01573 70 .3 0.888 0.343 0.9706 
40 0.01833 60 .3 1.034 0.461 0.9657 
50 0.0219 50 .5 1.186 0.601 0.9606 
60 0.0272 40 .6 1.550 1.036 0.9479 
70 0.0359 30 .8 2.065 1.920 0.9292 
80 0.0530 20 .9 3.13 5.56 0.8879 
90 0.0995 11.05 6.16 38 .4 0.7522 

(Sat. solution) 
0.7522 100 1.00 1.105 0.7522 

a(9). 

T o o b t a i n w o r k d i r e c t l y i n k i l o w a t t - h o u r s per 1000 gal lons we w r i t e E q u a t i o n 5 i n the 
f o r m 

w 0.620Γ p 2 , ρ , f Q . 
-W = ^ I log 1 0 ~ dn (9) 1 0 0 - n 2 J 1 0 0 p° 

for Τ i n ° R . 

T h e i n t e g r a l is eva luated b y p l o t t i n g l o g 1 0 ^ 0 vs. η a n d t a k i n g the area u n d e r the 

curve between gh r en l i m i t s of n. 
F o r the special case of y = 0 (zero y ie ld ) E q u a t i o n 9 is inde te rminate , b u t one 

c a n go b a c k to E q u a t i o n 1 a n d w r i t e 

— W (kw.-hr. per 1000 gallons) = 0.6202 7 logio aB 

F o r Τ = 536° F . (25° C ) , aB = 0.9796 and W = 2.98 

T h i s figure (or a s i m i l a r one depending o n t e m p e r a t u r e a n d d a t a chosen) i s the one 
u s u a l l y quo ted as the m i n i m u m theore t i ca l w o r k . A c t u a l l y i t is a v e r y unrea l i s t i c 
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10 ADVANCES IN CHEMISTRY SERIES 

f igure, not o n l y because i t assumes complete r e v e r s i b i l i t y of a l l operat ions , b u t also 
because i t w o u l d i n v o l v e the p u m p i n g of a n inf in i te a m o u n t of sea w a t e r as feed a n d 
the p u m p i n g w o r k w o u l d be in f in i te . A s recovery is increased the theoret i ca l s epara ­
t i o n w o r k increases b u t the p u m p i n g w o r k decreases a n d the s u m of the t w o , the t o t a l 
w o r k , w o u l d pass t h r o u g h a m i n i m u m at some p a r t i c u l a r va lue of per cent recovery . 
T h e theoret i ca l p u m p i n g w o r k w i l l depend on a n assumed head . T h e f o l l owing c a l c u ­
l a t e d figures for 5 0 % recovery w i l l show the order of m a g n i t u d e to be expected : 

25-foot head , 1 0 0 % p u m p efficiency W = 0.159 k w . - h r . per 1000 gallons 
50-foot head, 1 0 0 % p u m p efficiency W = 0.318 k w . - h r . per 1000 gallons 
50-foot head, 7 0 % p u m p efficiency W = 0.455 k w . - h r . per 1000 gallons 

A t recoveries a p p r o a c h i n g 5 0 % , the energy for feed p u m p i n g becomes a r e l a t i v e l y 
m i n o r q u a n t i t y c o m p a r e d to the separat ion w o r k . 

F o r 5 0 % recovery the area u n d e r the curve (value of the i n t e g r a l i n E q u a t i o n 9) 
is —0.614 a n d W = —4.12 k w . - h r . per 1000 gal lons . F o r 9 0 % recovery , w h i c h corre ­
sponds to s a t u r a t i o n at 25° C , the va lue of the in tegra l is 2.245 a n d the w o r k is 8.40 
k w . - h r . per 1000 gal lons. F r o m these a n d s i m i l a r ca lculat ions one cou ld p lo t curves of 
separat ion w o r k , p u m p i n g w o r k , a n d t o t a l w o r k vs. per cent recovery . G i l l i l a n d (5) has 
presented such curves , a n d whereas the general t rends agree w i t h present ca lcu lat ions , 
the absolute values differ a p p r e c i a b l y . Since he gave no detai ls on the basis for his 
curves , the authors do not k n o w h o w the difference arises. 

Another Method for Reversible Work 
I t m a y be of interest to show how the revers ib le w o r k for a n y percentage y i e l d can 

be ca l cu la ted b y another equat i on w h i c h does not i n v o l v e a g r a p h i c a l i n t e g r a t i o n . 
D e s i g n a t i n g the feed, concentrated b r ine , a n d fresh water streams as 1, 2, a n d 3, r e ­
spec t ive ly , we can w r i t e for a n i s o t h e r m a l , revers ib le process 

-W = n2F2 + n3Fz - nlFl (10) 

U t i l i z i n g the w e l l - k n o w n t h e r m o d y n a m i c re lat ions 

F = ΣΧίμί (11) 

μι = RT In eu + μί° (12) 

W e can t r a n s f o r m E q u a t i o n 10 to 

— W = RT{ns[xz In aAz + (1 — Xz) In am] + n2[x2 In aA2 + (1 — x2) In aB2] — 
ni[xi In aAl + (1 — Χι) In aBl]} (13) 

T h e s tandard -s ta te constants , μ$, nave d r o p p e d out a n d so we can use ac t iv i t i es 
based on a n y s t a n d a r d state . F o r the spec ia l case of pure w a t e r as p r o d u c t , xs = 0 a n d 
am = 1.0 ( for pure w a t e r as s t a n d a r d state) a n d the % t e r m i n E q u a t i o n 13 = 0 
p r o v i d e d aAS is no t zero. V a l u e s of aA are i n c l u d e d i n T a b l e I . F o r a sea w a t e r feed 
of 35,000 p . p . m . N a C l , a n d pure p r o d u c t , E q u a t i o n 13 becomes 

— W = 4 .57Γ{η 2 [ ζ 2 log aA2 + (1 - x%) log aB2] + 0.01725rcij (14) 

T h e values of aA g i ven i n T a b l e I were ca l cu la ted f r o m values of a c t i v i t y coeffi­
c ients t a b u l a t e d b y R o b i n s o n a n d Stokes (9). T h e re la t i on for th is is 

a (based on mola l i ty ) = {vx^v2
v*)mvyiyiy2y* (15) 

w h i c h for the case of s o d i u m chlor ide reduces to 

a (of solute) = aA = ( m ± 7 ± ) 2 (16) 

or since m = m± for N a C l , one can write 

aA = ( m 7 ± ) 2 (17; 
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DODGE AND ESH AY A—THERMODYNAMICS OF DESALTING 11 

T h e f o l l owing values were c a l c u l a t e d : 

Recovery, % 50 90 
W, kw. -hr . per 1000 gallons 4 .15 8.20 

( F o r zero % recovery the equat ion is indeterminate . ) 
C o n s i d e r i n g the fact t h a t these ca lculat ions were m a d e on a slide ru le a n d t h a t r e l a ­

t i v e l y s m a l l differences of large n u m b e r s are i n v o l v e d , the agreement w i t h the prev ious 
m e t h o d is v e r y good. 

Differential vs. Single-Stage Process 
T h e general separat ion process t h a t has been discussed is often re ferred to as a 

"d i f f e rent ia l process" because i t proceeds i n a series of in f in i t es imal steps w i t h c o m ­
plete e q u i l i b r i u m be ing m a i n t a i n e d a t a l l t imes . A n o t h e r t y p e of process re ferred to 
as "s ingle-stage s e p a r a t i o n " w i l l also be considered because i t is somewhat more r e p r e ­
sentat ive of condit ions t h a t m i g h t be a p p r o a c h e d i n c e r t a i n a c t u a l processes. W h e r e a s 
the di f ferent ia l separat ion process is best v i s u a l i z e d as a b a t c h process, the single-stage 
process is best thought of as a cont inuous process. A feed s t ream enters the separat i on 
sys tem a n d there emerges a s t ream as p u r e w a t e r a n d another as a concentrated b r i n e . 
N o detai ls of the m e c h a n i s m inside the sys tem need be considered. T h e o n l y r e s t r i c t i on 
is t h a t the two emerging streams be i n e q u i l i b r i u m . T h i s introduces a n i r revers ib le effect 
(except for the l i m i t i n g case of 0 % recovery) because the water produced is i n e q u i ­
l i b r i u m w i t h o n l y the final b r i n e concentrat i on instead of the whole range of concen­
t ra t i ons f r o m the feed to the discharged b r i n e . T h e w o r k for such a process is gen ­
era l l y re ferred to as " t h e o r e t i c a l separat ion w o r k " because i t represents the m i n i m u m 
w o r k for a process w i t h these t e r m i n a l condi t ions , b u t i t shou ld not be confused w i t h 
the " m i n i m u m reversible w o r k " w h i c h assumes complete t h e r m o d y n a m i c r e v e r s i b i l i t y . 
T h e w o r k for the single-stage process per pound-mo le of water p roduced is g iven v e r y 
s i m p l y b y 

-W = RT In a = RT In (18) 

where a is the a c t i v i t y of w a t e r i n the concentrated b r i n e s t r e a m l e a v i n g the separator . 
W i t h the a i d of the d a t a i n T a b l e I the f o l l owing results were ca l cu la ted f or 25° C . 

Recovery , % -> 0 50 90 100 
W, kw. -hr . per 1000 gallons 2 .98 5.80 41 .0 41 .0 

Since the res idual so lu t i on is s a t u r a t e d at 9 0 % recovery , a n a d d i t i o n a l y i e l d does 
not affect the w o r k . I n the p a p e r p r e v i o u s l y re ferred t o ( 5 ) , the w o r k f o r s ingle -
stage separat i on is p l o t t e d vs. per cent recovery b u t the values are cons iderab ly l ower , 
especial ly at the h igher y ie lds , t h a n the ones repor ted here. A s no detai ls on the m e t h o d 
were g i v e n i n the prev ious paper , the authors are unab le to e x p l a i n the d iscrepancy . 
T h e v a l u e for 0 % is obv ious ly the same for b o t h the di f ferent ia l a n d single-stage 
processes. 

T h e w o r k requ irement , of course, is less i f the separated w a t e r is no t 1 0 0 % p u r e , 
b u t i t is be l ieved t h a t for a l l cases of p r a c t i c a l interest , the difference between the w o r k 
to produce p u r e w a t e r a n d t h a t to produce a w a t e r c o n t a i n i n g as m u c h as 500 p . p . m . of 
N a C l w o u l d be negl ig ible . 

Effect of Salt Concentration in Feed 
T h e concentrat i on of salt i n the feed w i l l have a considerable effect on the theo ­

re t i ca l w o r k , as can r e a d i l y be s h o w n w i t h the a i d of e i ther E q u a t i o n 5 or E q u a t i o n 13. 
I f the case of a b r a c k i s h w a t e r c o n t a i n i n g 5000 p . p . m . of N a C l is considered at 25° C , 
because i t is the t e m p e r a t u r e f o r w h i c h a c t i v i t y d a t a are most r e a d i l y ava i lab le , E q u a ­
t i o n 13 appears to be m o r e sui table t h a n E q u a t i o n 5 for th i s ca l cu la t i on a n d i t w i l l be 
used . F o r such a d i lu te so lu t i on the va lue of aA cannot be obta ined f r o m the tab le 
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12 ADVANCES IN CHEMISTRY SERIES 

p r e v i o u s l y used a n d use w i l l be m a d e of the D e b y e - H u c k e l l i m i t i n g l a w or ra ther a 
mod i f i ca t i on of i t i n the f o l l owing f o r m (9) : 

l o g j ± = 
0.509 V m 
1 + s/m 

+ 0.150m (19) 

T h i s is a spec ia l f o r m app l i cab le to a n e lectro lyte such as s o d i u m chlor ide . j± is the 
m e a n ionic a c t i v i t y coefficient on the m o l e - f r a c t i o n scale w h i c h is equa l to y± at t h i s 
d i l u t i o n . T h e a c t i v i t y of w a t e r is l inear w i t h m i n th i s region a n d hence accurate va lues 
are obta ined m e r e l y b y i n t e r p o l a t i o n (9). F o r 5 0 % recovery f r o m a feed of 5000 p .p .m. , 
the f o l l owing values were c a l c u l a t e d : 

0.00155 
0.00310 
0.01539 

m 
0.0861 
0.1722 
0.868 

ΎΛ 
0.790 
0.754 
0.660 

aA 

0.00462 
0.0224 
0.3280 

aB 

0.9971 
0.9943 
0.9713 

(Feed) 
( 5 0 % recovery) 
( 9 0 % recovery) 

B y E q u a t i o n 13 for the case of xs = 0, one ca l cu lates : 

F o r 5 0 % recovery, W = 0.71 kw. -hr . per 1000 gallons 
F o r 9 0 % recovery, W = 1.05 kw. -hr . per 1000 gallons 

W i t h b r a c k i s h waters , the energy requ i rement is m u c h less t h a n for sea w a t e r for the 
same y i e l d , or for the same energy expendi ture m u c h higher y ie lds are obta inab le . T h i s 
m a y be of considerable p r a c t i c a l signif icance. F o r one t h i n g , i t w o u l d reduce the 
p u m p i n g cost for the feed to a negl ig ible a m o u n t . 

Energy Requirements for Distillation and Freezing Processes 
T h e c o n t i n u a l l y repeated s tatement t h a t freezing processes- in general have a m u c h 

lower energy requ i rement t h a n v a p o r i z a t i o n processes because the heat of m e l t i n g is 
o n l y one seventh of the heat of v a p o r i z a t i o n , is based on a false premise . A l l v a p o r i z a ­
t i o n processes as w e l l as freezing processes are essential ly h e a t - p u m p i n g processes a n d 
the w o r k requ i rement for heat p u m p i n g depends not o n l y on the q u a n t i t y of heat to be 
p u m p e d b u t also o n the t e m p e r a t u r e difference over w h i c h the heat is to be p u m p e d . 
T h e net result of these t w o factors is t h a t the w o r k requirements for these t w o processes 
are about c omparab le . T h i s can be demonst ra ted b y some ca lculat ions . 

I t m a y no t be i m m e d i a t e l y a p p a r e n t t h a t a n y v a p o r i z a t i o n process is essential ly 
a h e a t - p u m p i n g process. W h e n heat is used to v a p o r i z e w a t e r f r o m a salt so lut i on , the 
v a p o r evo lved has a l l th is heat s t i l l ava i lab le as e n t h a l p y a n d the o n l y net result is 
t h a t i t is s l i g h t l y degraded i n t e m p e r a t u r e because of the b o i l i n g - p o i n t e l evat ion ( Β Ρ Ε ) 
of a salt s o lu t i on . T h e heat can a l l be r e u t i l i z e d m e r e l y b y restor ing i t to i ts f o rmer 
t e m p e r a t u r e — i . e . , b y p u m p i n g i t to a higher l eve l . T h e same general result can be 
accompl i shed b y us ing the degraded heat to evaporate w a t e r f r o m a so lut ion b o i l i n g 
at l ower pressure—mult ip le -e f fec t p r i n c i p l e — b u t e v e n t u a l l y the heat has to be p u m p e d 
b a c k to the o r i g i n a l t e m p e r a t u r e l eve l a n d the p r i n c i p l e remains the same. W i t h o u t 
th is k i n d of a recovery operat i on , a v a p o r i z a t i o n process is so inefficient t h a t i t 
cou ld no t be considered for p r a c t i c a l use. I n other words , a n y v a p o r i z a t i o n process 
of p r a c t i c a l v a l u e is , i n the last analys is , based o n heat p u m p i n g . 

T h e basic equat i on for revers ib le heat p u m p i n g is , of course 

W - Q ^ - ^ 2 (20) 
i 2 

where T1 a n d T2 are the two t e m p e r a t u r e levels a n d Q is the heat t a k e n i n at T.>. 
Before proceeding to use th is equat ion some cons iderat ion m u s t be g iven to the 

b o i l i n g po in t e l evat ion of s o d i u m ch lor ide so lut ions . T h i s var ies w i t h c oncent ra ­
t i o n a n d w i t h t e m p e r a t u r e l eve l . Because somewhat conf l i c t ing values have appeared 
i n some of the recent l i t e r a t u r e o n sa l ine -water convers ion , i t seems desirable t o 
digress for a m o m e n t t o give the basis for the present va lues . T h e I n t e r n a t i o n a l 
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DODGE AND ESHAYA—THERMODYNAMICS OF DESALTING 13 

C r i t i c a l T a b l e s (7) give values of v a p o r pressure of 5.0 a n d 7 .5% N a C l solut ions over 
the range of 0 ° to 110° C . F r o m these d a t a the Β Ρ Ε for a 7 .0% so lu t i on ( 5 0 % 
recovery) at 1 a t m . is r e a d i l y ca l cu lated to be 2.34° F . F r o m the idea l so lu t i on l a w 
( w h i c h shou ld a p p l y w e l l to water i n d i lu te so lut ions) a n d the C l a u s i u s - C l a p e y r o n 
equat i on we get 

ΤB is the b o i l i n g p o i n t of pure solvents a n d Lv i t s la tent heat of v a p o r i z a t i o n . 
Since χ = 0.0454 assuming 1 0 0 % dissoc iat ion i n t o ions , Δ Γ is ca l cu la ted to be 2.32° F . , 
i n excellent agreement w i t h the prev ious figure. T h e m e t h o d of ca l cu la t i on based o n 
E q u a t i o n 21 is p a r t i c u l a r l y use fu l because w i t h i t the Β Ρ Ε is r e a d i l y ob ta ined for a n y 
concentra t i on a n d pressure. V a l u e s are also g iven i n the I n t e r n a t i o n a l C r i t i c a l T a b l e s 

(6) of Ν ( f o r m a l i t y ) vs. —-, where MB = Β Ρ Ε at 1 a t m . i n ° C . a n d χ = mole 
χ 

f r a c t i o n . F r o m a g r a p h of these values the Β Ρ Ε for a 7 % N a C l so lu t i on at 1 a t m . 
is ca l cu la ted to be 2.27° F . 

A v a p o r - c o m p r e s s i o n process can be considered at a t e m p e r a t u r e l eve l of 160° F . 
where Β Ρ Ε = 1.9° F . per 1000 gallons of p r o d u c t , Q = 2410 k w . - h r . , a n d W ( E q u a t i o n 
20) = 7.40 k w . - h r . T h e va lue of Β Ρ Ε read f r o m F i g u r e 7 of a repor t to the Office of 
Sal ine W a t e r (1) is 1.65° F . U s i n g th is va lue , W b y E q u a t i o n 20 = 6.40 k w . - h r . 

T h e freezing po int of a 7 % N a C l b r ine is 24° F . a n d the heat of freezing m u s t be 
p u m p e d f r o m th is l eve l to 32° F . , where i t can be d ischarged to m e l t the ice. A n energy 
balance r ead i l y shows t h a t the w o r k of p u m p i n g (d ischarged as heat) cannot be d i s ­
charged to the ice b u t m u s t be p u m p e d u p to the a m b i e n t t e m p e r a t u r e l eve l . F u r t h e r ­
more , a n y heat leak i n t o the l o w - t e m p e r a t u r e sys tem a n d a n y inefficiencies i n l o w -
t e m p e r a t u r e heat exchangers w i l l also have to be discharged a t a m b i e n t t e m p e r a t u r e . 
F o r the present i t w i l l be assumed t h a t the heat of freezing is a l l p i c k e d u p b y the 
re f r igera t i on sys tem at the 24° F . l eve l (t2) a n d t h a t the a m b i e n t t e m p e r a t u r e is £ 0 , 
w h i c h w i l l be t a k e n as 70° F . T h e n , f r o m the t w o f u n d a m e n t a l laws of t h e r m o d y n a m i c s , 

S u b s t i t u t i n g n u m e r i c a l values , W = 6.28 k w . - h r . per 1000 gal lons. T h e difference 
between th is figure a n d the corresponding one for the v a p o r - c o m p r e s s i o n process is 
not v e r y s igni f icant . I n fact , w h e n one considers a c t u a l , as c o m p a r e d to these idea l i zed , 
processes the w o r k for the re f r igerat i on processes can be ca l cu la ted as greater t h a n , or 
less t h a n , t h a t for the v a p o r i z a t i o n process depend ing o n the p a r t i c u l a r assumpt ions 
made w i t h respect to d r i v i n g forces. 

T h e theoret i ca l w o r k f or the freezing process c o u l d be reduced b y p i c k i n g u p the 
heat of freezing a t a series of levels between 32° a n d 24° F . ins tead of a l l at the lowest 
l eve l . H o w e v e r , even a two-stage re f r igerat i on s y s t e m w o u l d compl i ca te the e q u i p m e n t 
to such a n extent t h a t the g a i n i n l owered energy requ i rement w o u l d p r o b a b l y be m o r e 
t h a n compensated b y a n increase i n fixed charges. 

Actual Processes Considered from a Thermodynamic Standpoint 
T h e a c t u a l , or p r a c t i c a l , process differs f r o m the i d e a l , revers ib le one b y i r revers ib le 

effects, the most i m p o r t a n t of w h i c h a r e : 

Pressure d r o p i n l ines a n d e q u i p m e n t due to fluid f r i c t i o n 
T h r o t t l i n g processes 
F i n i t e t e m p e r a t u r e difference between fluids exchanging heat 
H e a t c onduc t i on a long solids 
H e a t l eak in to the s y s t e m f r o m the surround ings 
F l u i d m i x i n g w h e n there is a difference i n t e m p e r a t u r e or concentrat i on 
M a s s t rans fer w i t h finite c oncentra t i on grad ient 
J o u l e heat ing i n e lectr ic c u r r e n t flow 

AT(ΒΡΕ) = RTl 
χ (21) 

(22) 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
03



14 ADVANCES IN CHEMISTRY SERIES 

P o l a r i z a t i o n effects at electrodes 
M e c h a n i c a l f r i c t i o n , as i n p u m p s a n d compressors 

These effects can never be comple te ly e l i m i n a t e d a n d f r e q u e n t l y m u s t r e m a i n of 
considerable m a g n i t u d e , i f the size of the e q u i p m e n t is to be k e p t w i t h i n reasonable 
bounds . 

E v e r y i r revers ib le effect entai ls a " l o s s " i n the second- law sense—i.e., a loss i n 
a v a i l a b i l i t y — a n d the o v e r - a l l result is a n increase i n the energy o u t p u t i n the f o r m 
of e i ther w o r k or heat . A n analys is of the losses is sometimes useful to ind i cate where 
the greatest effort for i m p r o v e m e n t shou ld be made . S u c h a n analys is can be made i n 
a r igorous m a n n e r b y a p p l i c a t i o n of the equat i on 

Ws ( total shaft work) = Wr (reversible work) + T0XMAS (23) 

T0 is the temperature at w h i c h large amounts of heat can be discharged (heat s i n k ) . 
T h e d e r i v a t i o n of E q u a t i o n 23 is g iven i n several books deal ing w i t h engineering 
app l i ca t i ons of t h e r m o d y n a m i c s . ^MaS is sometimes ca l led " l o s t w o r k . " I n th is f o r m , 
the a s s u m p t i o n is i m p l i c i t t h a t the o n l y heat reservo ir is the surroundings at T 0 . W h e n 
heat is t a k e n f r o m reservoirs above the a m b i e n t , the fo l l owing re la t i on {3) ho lds : 

Wa = AH — T0AS + T0ASt - ?{Qi + ToASi) (24) 

where 
ASt = tota l entropy change of system and surroundings 
Qi = heats from heat reservoirs except the surroundings at TQ 

ASi = entropy change of these reservoirs 

Since (Qi + T0ASi) is the m i n i m u m w o r k to restore the heat reservoirs , t a k i n g 
heat i n at T0, a n d since AH — T0AS is AB w h i c h = Wr, i t is recognized t h a t E q u a t i o n 
24 is the same as 23, i f the w o r k to restore heat reservoirs is i n c l u d e d i n the Ws. T h e 
t e r m %MaS w h i c h is to be a p p l i e d a r o u n d each s igni f icant piece of e q u i p m e n t — p u m p s , 
compressors , heat exchangers, expans ion va lves , etc.—needs a l i t t l e e x p l a n a t i o n . C o n ­
sider a heat exchanger t r a n s f e r r i n g heat between fluids A a n d Β w i t h the temperatures at 
the hot ter end designated b y 1 a n d at the colder end b y 2. T h e n we can w r i t e 

XMAS = MA{SAI - SA2) - MB(SBI - SB2) (25) 

E q u a t i o n 23 is s imple to use i f e n t r o p y values are r ead i l y ava i lab le , b u t th is is seldom 
the case, especial ly w h e n solut ions are i n v o l v e d . One can often calculate the values 
he needs f r o m ava i lab le f u n d a m e n t a l d a t a coup led w i t h reasonable assumpt ions , b u t 
th is is t i m e - c o n s u m i n g . F o r present purposes a less r igorous a n d more p r a c t i c a l m e t h o d 
of showing the effect of i r revers ib i l i t i e s can be used. 

T o i l l u s t r a t e the m e t h o d a n d f u r t h e r a m p l i f y the c o m p a r i s o n between v a p o r i z a t i o n 
a n d freezing processes, one can r e t u r n to the l a t t e r c ompar i son . 

T h e f o l l owing assumpt ions w i l l be m a d e : 

Vapor izat ion Freezing 
At i n auxi l iary heat exchangers—i.e., those exchanging 

heat between feed solution and the two outgoing 
product streams 0 0 

Recovery of fresh water from sea water of 3 .50% N a C l 5 0 % 4 5 % a 

Temperature level of m a i n operation 160° F . ( B . P . ) 24° F . ( F . P . ) 
M e a n temperature difference in the m a i n heat exchangers, 

melter and condenser 5° F . 10° F.h 

Heat leak into system, B . t . u . per 1000 gallons 0 1000 c 

Efficiency of heat pumping—general ly decreases w i t h 
temperature level 0 .70 0 .65 

Temperature of surroundings 70° F . 70° F . 
W o r k requirements, kw. -hr . per 1000 gallons, calculated 

from previously established relations 38 .5 38 .0 
α 1 0 % of the fresh water is assumed to be needed to wash the mother l iquor from the ice 

crystals. 
6 T h e At for freezing is the m i n i m u m i n the freezer. T h i s difference i n At'8 is based on 

the fact that the heat-transfer coefficients in the evaporator w i l l be much higher than i n the 
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DODGE AND ESHAYA—THERMODYNAMICS OF DESALTING 15 

freezer. O n the other hand, the use of direct contact between refrigerating agent and salt 
solution, thus e l iminat ing some of the resistance to heat transfer, may permit a lower At and 
appreciably reduce the energy requirement for the freezing process. 

c Assumed to be about 0 . 1 % of the tota l heat to be pumped and from a level of 32° F . 

T w o signif icant observat ions emerge f r o m th is c o m p a r i s o n : 

U s i n g the most reasonable assumpt ions one cou ld m a k e , the w o r k requirements 
are a lmost i d e n t i c a l . 

S m a l l b u t reasonable al lowances for necessary d r i v i n g f orces—irrevers ib le effects— 
have m u l t i p l i e d the idea l w o r k b y a factor of n e a r l y 6. T h e energy efficiency of these 
processes is about 11 or 1 5 % , depending on whether the di f ferent ial or the single-stage 
process is t a k e n as the s t a n d a r d of c ompar i son . These figures are based on the m i n i m u m 
w o r k of separat ion for 5 0 % recovery . I f one takes the absolute m i n i m u m of 2.98 k w . - h r . 
per 1000 gal lons ( 0 % recovery) the corresponding figure is 7.8%. 

T h i s k i n d of a ca l cu la t i on shows w h y present efficiencies of sa l ine-water convers ion 
processes are so low a n d w h y efficiencies of the order of 2 0 % are about the m a x i m u m 
that cou ld be expected i n the foreseeable fu ture . T h e re la t ive i m p o r t a n c e of the 
var ious factors c o n t r i b u t i n g to the energy requirement is easi ly es t imated b y assuming 
var ious values . Suppose t h a t i t were possible to reduce the t e m p e r a t u r e difference for 
heat t rans fer i n the freezing process f r o m 10° F . to 1° F . , a l l other assumpt ions 
r e m a i n i n g the same. T h e ca l cu la ted w o r k is n o w 13.3 k w . - h r . per 1000 gal lons or about 
V a of the previous figure. T h i s emphasizes the great i m p o r t a n c e of t e m p e r a t u r e 
differences to the w o r k requ i rement . 

Instead of assuming a n efficiency figure for heat p u m p i n g , one can set u p a n 
a c t u a l flow sheet of a proposed process, m a k e reasonable assumpt ions about the var i ous 
i r revers ib le effects, a n d calculate a n energy requ i rement . T h i s a p p r o a c h is more t i m e -
consuming a n d the results are s t i l l dependent on the p a r t i c u l a r assumpt ions made . 
M a n y ca lculat ions of th is t y p e have been made for a vapor - compress i on process shown 
i n F i g u r e 1 a n d for a freezing process shown i n F i g u r e 2. T h e process shown i n F i g u r e 1 
is a c o m b i n a t i o n of v a p o r compress ion a n d flash e v a p o r a t i o n . 

F r e s h feed f r o m s t r e a m 1 combines w i t h rec i r cu la ted br ine f r o m s t ream 13 a n d the 
combined s t r e a m , 14, enters the m a i n heat exchanger, where sensible heat is added , 
b u t no v a p o r i z a t i o n occurs because the pressure is m a i n t a i n e d s l i gh t ly above the 
v a p o r pressure. A l l v a p o r i z a t i o n occurs i n the flash t a n k a n d the v a p o r is compressed 
a n d desuperheated a n d becomes the heat ing m e d i u m for the m a i n exchanger. A s o n l y 
a s m a l l f r a c t i o n of the b r i n e evaporates ( a r o u n d 0.005) the m a j o r i t y is rec i r cu la ted as 
s t r e a m 13, the remainder be ing d i s carded i n 8. 

A d i a g r a m of a freezing process is shown i n F i g u r e 2. T h i s is a convent i ona l 
process i n v o l v i n g the use of a re f r igerat ing agent w h i c h does not come i n direct contact 
w i t h the salt so lut ion . T h e r e are two re f r igerat ion c i r cu i t s , one of w h i c h discharges 
heat to the m e l t i n g ice a n d the other to sea water . T y p i c a l sets of condit ions for the 
t w o processes are g iven i n the f o l l owing tables . 

Table II. Conditions, Assumptions, and Calculated Energy Requirement for the 
Process of Figure I 

Br ine velocity i n m a i n exchanger, feet per sec. 8 
Frac t i on of brine flashed on one pass 0.005 
M e a n At i n exchanger, ° F . 2.83 
Temperature of brine leaving exchanger, ° F . 212 
Compressor pressure ratio 1.15 
Compressor efficiency, % 80 
Compression work, kw. -hr . per 1000 gallons 38 .5 
P u m p i n g work, kw. -hr . per 1000 gallons 8.0« 
T o t a l work, kw. -hr . per 1000 gallons 46 .5 

° T h i s figure depends on various assumptions i n regard to the p ip ing arrangement, p u m p 
efficiency, entrance and exit losses, etc. I t is a rough figure, but based on many detailed 
calculations and is believed to be a reasonable one. 
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16 ADVANCES IN CHEMISTRY SERIES 

FLASH TANK ® 
^ TURBO-COMPRESSOR 

BRINE 
RECIRCULATION 

PUMP 

® l 

HEAT EXCHANGERS 

FRESH WATER (j) ( β ) . CONCENTRATED 
' BRINE 

Figure I. Diagram of a vapor-compression process developed by 
authors 

Figure 2. Diagram of refrigeration 
process 

A . Freezer D. Compressor I 
B. Melter E. Compressor 2 
C. Ice-crystal washer r\ Sea-water cooled condenser 

G. Auxiliary heat exchanger 
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DODGE AND ESHAYA—THERMODYNAMICS OF DESALTING 17 

Table III. Conditions, Assumptions and Calculated Energy Requirement for the 
Process of Figure 2 

Sea water temperature, ° F . 65 
M i n i m u m At i n a l l heat exchangers, freezer and melter, ° F . 10 
Refrigerant A m m o n i a 
Compressor adiabatic efficiencies, % 75 
P e r cent of pure water needed to wash salt 10 
H e a t leak from surroundings Negl igible 
L a t e n t heat of freezing from a dilute sodium chloride solution 

assumed to be same as for pure water 
M a x i m u m concn. of mother l iquor 7 . 0 % N a C l 
Freezing point of 7 .0% N a C l , ° F . 24 
Power requirements other than for refrigerant compression were 

neglected 
Work , kw. -hr . per 1000 gallons 48 

A s pred i c ted , the ca l cu lated energy requirements t u r n e d out t o be about the 
same for the two processes, b u t e i ther of these figures can be modi f i ed s igni f i cant ly b y 
changing the basic assumpt ions . 

T h e w o r k requ i rement for a n y v a p o r - c o m p r e s s i o n process is a l inear f u n c t i o n of 
the t e m p e r a t u r e difference across the e v a p o r a t i n g surface, at least u p to a At of 20° F . 
T h i s s t ra ight lines does no t pass t h r o u g h the o r i g i n because of the effect of Β Ρ Ε . 

Minimum Heat Consumption 
So far o n l y the energy requ i rement for a process i n the f o r m of w o r k has been 

considered. F r e e z i n g , v a p o r compress ion , a n d reverse osmosis processes are examples 
of processes t h a t require a w o r k i n p u t . T h e r e are , however , o ther i m p o r t a n t processes, 
such as mult ip le -e f fect e v a p o r a t i o n a n d flash e v a p o r a t i o n , for w h i c h the energy i n p u t 
is i n the f o r m of heat . H o w does one relate the energy requ i rement of these processes 
to the m i n i m u m w o r k of separa t i on? One m e t h o d is to convert the heat requ i rement 
to a w o r k equiva lent b y means of the C a r n o t cycle . I f Τ is the absolute t e m p e r a t u r e 
of the heat source a n d T0 the heat - s ink t e m p e r a t u r e , t h e n one can use the f a m i l i a r 
r e la t i on 

^ = Q ^ r ^ ° (26) 

I f a mult ip le -e f fect evapora to r sys tem produces 10 pounds of fresh w a t e r per p o u n d of 
sa tura ted s team at 35 p.s . i .a . (t = 259° F . ) a n d t0 = 70° F . , the w o r k equ iva lent per 
1000 gal lons of fresh water is 60 k w . - h r . a n d the energy efficiency us ing the d i f ferent ia l 
process w i t h 5 0 % recovery as the s t a n d a r d , is 6.9%. T h i s c a l c u l a t i on assumes t h a t the 
ava i lab le heat is s i m p l y the l a tent heat of condensat ion at the constant t e m p e r a t u r e of 
259° F . 

I f the heat source is chang ing i n t e m p e r a t u r e one shou ld use the a v a i l a b i l i t y f u n c t i o n 
p r e v i o u s l y defined b y E q u a t i o n 2. T h u s , i f the heat source is superheated s team at 
815° F . a n d 850 p.s.i .g. , the a v a i l a b i l i t y w i t h reference to a dead state of l i q u i d w a t e r 
at 70° F . is (1404.3 - 38.0) - 530 (1.5936 - 0.0745) B . t . u . per p o u n d = 561. S t e a m 
at th i s c o n d i t i o n is used i n the new six-effect e v a p o r a t o r sys tem o n A r u b a (#), a f ter 
first be ing used to generate power b y expans ion i n turb ines . A s s u m i n g 5 pounds o f 
water evapora ted per p o u n d of s team a n d 111 k w . - h r . generated per 1000 gal lons of 
water (based o n the p u b l i s h e d figure of 12500 k w . for a p l a n t c a p a c i t y of 2.7 Χ 1 0 6 

gal lons per day) the w o r k equiva lent of the s team per 1000 gal lons = 

561 X 8330 0 _ . , , 
5 X 3413 = 2 7 4 k w - h r -

T h e net w o r k equiva lent = 274 — 111 = 163 k w . - h r . T h e water recovery is about 4 0 % 
a n d the theoret i ca l m i n i m u m w o r k requ i rement is about 3.8 k w . - h r . per 1000 gal lons. 
O n the basis of these figures the energy efficiency of th i s process is 2 .3%. 
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18 ADVANCES IN CHEMISTRY SERIES 

Maximum Number of Effects in a Multiple-Effect Evaporator 
F r o m a p u r e l y theore t i ca l s t a n d p o i n t , w i t h o u t regard to economics, the At across 

a n e v a p o r a t o r c a n a p p r o a c h zero, b u t there is a definite u p p e r l i m i t to the n u m b e r 
of effects because of the Β Ρ Ε of the so lu t i on . T h i s arises f r o m the fact t h a t s team 
generated f r o m a b o i l i n g salt s o lu t i on is s l i g h t l y superheated w i t h respect to the pres ­
sure, b u t i t can o n l y be effectively used as sa tura ted s team. C o n s e q u e n t l y a At 
equ iva lent to the superheat , or the Β Ρ Ε , is lost i n each effect or there is a m i n i m u m 
At per effect w h i c h is equal to the Β Ρ Ε . T h e Β Ρ Ε var ies w i t h concentrat ion a n d some­
w h a t w i t h t e m p e r a t u r e a n d a r igorous ca l cu la t i on w o u l d require a stepwise ca l cu la t i on 
f r o m one effect to the next . T h i s w o u l d be a v e r y tedious ca l cu la t i on a n d not w o r t h the 
effort. W i t h some reasonable assumpt ions one can m a k e a n a p p r o x i m a t i o n t h a t is good 
enough. T h u s , i f one assumes 5 0 % recovery f r o m a n i n i t i a l 35,000 p .p .m . of N a C l a n d 
a n o v e r - a l l t e m p e r a t u r e range of 25° to 100° C . a n d assumes a f o r w a r d feed, so t h a t 
the concentrated so lut ion is at the lowest t e m p e r a t u r e , the average Β Ρ Ε is es t imated to 

75 X 1 8 
be 1.27° F . a n d the m a x i m u m n u m b e r of effects = — ^ ' = 107. F o r the same t e m ­
perature range, b u t a constant concentrat ion of 35,000 p . p . m . ( 0 % r e c o v e r y ) , average 
Β Ρ Ε = 0.93° F . a n d η = 145. F o r th i s same cond i t i on M u r p h y (8) calculates 149. T h e 
figure g i v e n i n the repor t is 166, b u t there is a n u m e r i c a l e r ror . S u c h figures m a y have 
some scientif ic interest , b u t t h e y have v e r y l i t t l e p r a c t i c a l va lue because a l i m i t t o the 
n u m b e r of effects is fixed b y economics far be low these va lues . I t is probab le t h a t , 
for the t e m p e r a t u r e range considered here, the economical m a x i m u m n u m b e r lies 
somewhere between 10 a n d 20 (S). 

A quest ion t h a t arises i n connect ion w i t h d i s t i l l a t i o n processes i s : H o w does a 
vapor - compress i on process compare w i t h a mult ip le -e f fect e v a p o r a t i o n process on the 
basis solely of energy cost? T h i s is r ead i ly answered as fol lows. T h e w o r k of compres ­
s ion as k i l o w a t t - h o u r s per 1000 gallons is g iven b y a specific f o r m of E q u a t i o n V I I I . 134 
U ) : 

ψ = 0-13457Vr* - 1) 
er 

where 

T\ = compressor intake temperature 

L e t 

WCE = cost of electrical energy for compression, i n cents per 1000 gallons of disti l late 

I f 

Wi = pounds of water evaporated per pound of steam i n a single-effect evaporator and 
if one assumes that the same value holds for each effect of a multiple-effect 
evaporator, i t follows that 

Σιο = to ta l pounds evaporated per pound of steam i n η effects = —*^ W l ^ 

Cost of steam per 1000 gallons 

- Wi 
8.33C S 

Σιυ 

E q u a t i n g the t w o costs, one gets the re la t i on 

η (equivalent N o . of effects) = Tog I T "~ ^ ^ ( 2 8 ) 

W i t h th is one can q u i c k l y est imate the equ iva lent n u m b e r of effects for a n y g i v e n set 
of c i rcumstances . I f wx = 0.90, c = 0.75, Cs = 55, a n d CE = 0.70, a n d i f we t a k e the 
case of 1 -atm. i n t a k e pressure to the compressor a n d a 2 ° F . Β Ρ Ε , the f o l l owing va lues 
are o b t a i n e d : 
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DODGE AND ESHAYA—THERMODYNAMICS OF DESALTING 19 

3 5 10 15 20 

16.22 16.86 18.56 20.40 22.38 

1.103 1.146 1.262 1.389 1.52 
oo oo 00 21 .4 11.3 

At across heating surface of vapor-
compression evaporator, ° F . 

Vapor pressure of boi l ing solution, 
p.s.i . 

Pressure ratio 
E q u i v a l e n t N o . of effects 
I t is ev ident that for a n y Δέ less t h a n about 12° F . i n the v a p o r - c o m p r e s s i o n 

evaporator , the energy cost w i l l be less t h a n t h a t of the mult ip le -e f fect evapora to r even 
i f the l a t t e r h a d a n inf in i te n u m b e r of effects. W i t h a 15° F . Δέ i n v a p o r compress ion 
it w o u l d require a 20-effect evapora to r for equ iva lent energy cost. 

I m p o r t a n t processes such as reverse osmosis, the v a r i o u s ion ic m e m b r a n e processes, 
a n d flash e v a p o r a t i o n have not been discussed here. F o r a m o r e comprehensive t r e a t ­
ment of the subject of m i n i m u m energy requirements , reference is made to the report 
b y M u r p h y (8). 

Nomenclature 
a = a c t i v i t y 
Β = a v a i l a b i l i t y ( t h e r m o d y n a m i c funct ion) 
Β Ρ Ε = b o i l i n g po in t e l evat ion 
F = free energy 
H = e n t h a l p y 

Lv 

= m e a n ionic a c t i v i t y coefficient on the mole f rac t i on scale 
Lv = l a t ent heat of v a p o r i z a t i o n 
M = mass 
m = m o l a l i t y 
m ± 

N = m e a n ionic m o l a l i t y m ± 

N f o r m a l i t y 
n n u m b e r of moles 
Ρ = pressure 
Po v a p o r pressure of pure solvent 
Q = q u a n t i t y of heat 
R = u n i v e r s a l gas constant 
r = pressure rat io i n a compressor 
S e n t r o p y 
Τ = absolute temperature 
TB = b o i l i n g po in t of so lvent 
To = absolute temperature of a heat s ink 
w = w o r k 

= reversible w o r k 
= shaft w o r k 

w = pounds of water evaporated per p o u n d of steam 
X = mole f rac t i on 
y = f rac t i ona l y i e l d of pure water 

G r e e k letters 
7 = a c t i v i t y coefficient 
y± = m e a n ionic a c t i v i t y coefficient, m o l a l scale 
A = finite difference 
e = ad iabat i c efficiency of a compressor 
μ = chemica l p o t e n t i a l 
mo = c h e m i c a l p o t e n t i a l i n s t a n d a r d state 
vu vi = n u m b e r of cat ions a n d ions, respect ive ly , f r o m one molecule of sa l t . F o r N a C l , 

b o t h are e q u a l t o 1 

Σ = s u m m a t i o n of terms 

Subscripts 
A, Β refer to components ; A for salt , Β for water 
1, 2 refer to i n i t i a l a n d final states or t o t w o temperature levels 
1, 2, 3 refer to feed, concentrated br ine a n d fresh water , respect ive ly 
i refers to a n y component 
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Heat of Concentration and Boiling 
Point Elevation of Sea Water 

R. L. CLARK, K. J . NABAVIAN, and L A. BROMLEY 

Department of Chemical Engineering, 
University of California, Berkeley, Calif. 

Values of the heat of concentration and heat 
capacity of sea water near room temperature have 
been measured experimentally. The heat of con­
centration values compare favorably with those 
calculated from the vapor pressure data given by 
Arons and Kientzler by use of the Clapeyron equa­
tion. The heat capacity agrees with the values re­
ported by Cox and Smith. Calculated values for 
the heat of concentration and boiling point eleva­
tion from 77° to 302° F. at salinities up to 9% are 
presented in both tabular and graphical form. 

A knowledge of the t h e r m o d y n a m i c a n d p h y s i c a l propert ies of sea water is needed 
i n the analys is of a n y process for c o n v e r t i n g sea w a t e r to fresh w a t e r . C h a m b e r s (8) 
has s u m m a r i z e d [ m a i n l y f r o m S v e r d r u p et al. (6) ] m a n y of the p h y s i c a l propert ies of 
sea water . 

N o d a t a were ava i lab le on the heat of concentra t i on of sea water . A s imple 
ca lor imeter was b u i l t for the measurement of th i s heat effect near r o o m t e m p e r a t u r e , 
a n d la ter was used to measure heat capacit ies of sea salt so lut ions . 

T h e heat effect measured was for the reverse of concentrat ion—i .e . , m i x i n g : 

y 2 pound H 2 0 - f V2 pound concentrated sea water —• 1 pound normal sea water 
( 3 . 5 % sal ini ty) (1) 

ΔΗ84.9 0 F . = 0.0416 ± 0.004 B . t . u . / p o u n d normal sea water—i.e . , solution cools on m i x i n g 

T h e sea w a t e r was obta ined f r o m L a J o l l a a n d was concentrated to ha l f i t s o r i g i n a l 
weight before d i l u t i o n . J u s t enough su l fur i c a c id was added to prevent the p r e c i p i t a ­
t i o n of solids d u r i n g the concentrat i on . T h i s procedure m a y a l ter the salt c ompos i t i on 
somewhat , b u t i t is representat ive of most e v a p o r a t i o n processes. 

T h e measured heat capacit ies at 23° C . (73.4° F . ) were : 

N o r m a l sea water ( 3 . 5 % sal ini ty ) . C , = 0.964 ± 0.01 B.t .u. / lb . / ° F . 

Concentrated sea water (7 .0% sal in i ty ) . Cp = 0.995 ± 0.01 B.t .u. / lb . / ° F . 

These values differ cons iderab ly f r o m ear ly measurements (2, 3). R e c e n t d a t a 
of C o x a n d S m i t h gave Cp = 0.954 B . t . u . / l b . / ° F . for n o r m a l sea w a t e r at 23° C . (4). 

F r o m our values a n d those for water , the rate of change of AH w i t h t e m p e r a t u r e 
( for R e a c t i o n 1) is ca l cu la ted to be : 
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22 ADVANCES IN CHEMISTRY SERIES 

( ίΕγ) 7 3 · 4 ° F ' = ACp = ~ 0 0 3 3 =*= 0 0 1 B t u - / l b - s e a w a t e r / 0 F . 

T h e same q u a n t i t y de termined f r o m v a p o r pressure d a t a ca lculat ions is : 

ACP = - 0 . 0 2 3 

I n v i ew of the exper imenta l diff iculties t h a t arise i n measur ing heats of m i x i n g 
above r o o m t e m p e r a t u r e , no f u r t h e r e x p e r i m e n t a l w o r k was a t t e m p t e d . 

H i g h t e m p e r a t u r e heats of m i x i n g were ca l cu la ted f r o m the v a p o r pressure d a t a 
of A r o n s a n d K i e n t z l e r ( i ) as f o l l ows : 

N e g l e c t i n g l i q u i d v o l u m e a n d assuming idea l gas b e h a v i o r for the v a p o r , the 
C l a p e y r o n equat ion for pure w a t e r a n d for sea salt so lut ions becomes 

, _ 1 
a RT 

- λ ι 1 - (8 ) 
Γ Ρ 2 Δ λ ~ 

X l 1 " λ ,ΔΡ 

A p l o t of In AP vs. ^ w i l l have a slope of — λ ^ Ι — 

f r o m w h i c h Δλ m a y be de termined . 
T h e values of Δλ w h i c h were ob ta ined a r e : 

(2 ) 

(3 ) 

dPi = Ριλι 
dT RT2 

dP2 _ P^2 
dT ~ RT2 

S u b t r a c t i n g E q u a t i o n 3 f r o m E q u a t i o n 2 (at the same t emperature ) 

^ V ^ - è i ^ - ^ ( 4 ) 

def ining 

Δ Ρ = Λ - P2 ( 5 ) 

Δλ = λ 2 - ^ (6 

di^n . ΓΑΡ - (7 ) 

dT RT2 L λι J 

D i v i d i n g b y Δ Ρ a n d rearrang ing 
d In AP 

Temp. , ° F . 
77 122 167 2 1 2 257 302 

C h l o r i n i t y , % 0 Water Evaporated at Constant Composi t ion , B . t . u . / L b . 

1 0 - 0 . 0 9 0 . 5 2 0 . 6 5 0 . 6 3 0 . 4 2 0 . 1 8 
2 0 - 0 . 1 8 1 . 1 0 1 .46 1 . 3 6 0 . 9 2 0 . 4 1 
3 0 - 0 . 2 7 1 .80 2 . 3 7 2 . 2 0 1 . 5 0 0 . 6 6 
4 0 - 0 . 3 9 2 . 6 0 3 . 3 8 3 . 2 4 2 . 1 9 0 . 9 6 
5 0 - 0 . 5 1 3 . 5 0 4 . 5 2 4 . 4 0 2 . 9 8 1 . 3 1 

T o ca lcu late the heats of m i x i n g i t is necessary to k n o w the re lat ive p a r t i a l m o l a l 
enthalpies of the salt a n d the w a t e r i n the sea salt so lut ions . T h i s q u a n t i t y for the 
water , Lly is a r r i v e d at as fo l lows : 

F o r pure w a t e r b o i l i n g at s a t u r a t i o n t e m p e r a t u r e , Ts a n d pressure P1} the heat 
of v a p o r i z a t i o n i s the difference between the e n t h a l p y of the v a p o r per p o u n d , HV1, a n d 
the e n t h a l p y of the l i q u i d water per p o u n d , HL1, or 

λι = Hvi — HLI (9 ) 
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CLARK ET AL—HEAT OF CONCENTRATION AND BOILING POINT ELEVATION 23 

T h e heat of v a p o r i z a t i o n for a sea salt so lu t i on b o i l i n g a t the same t emperature 
a n d at i ts o w n s a t u r a t i o n v a p o r pressure, P 2 , is the difference between the e n t h a l p y of 
the v a p o r per p o u n d , HV2, a n d the e n t h a l p y per p o u n d of the w a t e r i n the salt s o l u ­
t i o n , ^ . 

λ 2 = Ηγ2 — HL2 (10) 

C o m b i n i n g E q u a t i o n s 6, 9, a n d 10 a n d f r o m the def in i t ion of Lly one obtains 

U = (HL2 - HL1) = (Hv2 - Hvi) - Δλ (11) 

T h e q u a n t i t y (HV2 — Hvl) is the negat ive of the e n t h a l p y change on compress ing 
( i so thermal ly ) the v a p o r above the sea salt so lut ion f r o m pressure P2 t o pressure Px: 

P2 

HV2-HV1 = f ( ^ ) T d P (12) 

Pi 

B u t 

U s i n g a v i r i a l equat ion of state for the v a p o r 

V = + Β (14) 

T h e s imple equat ion of C a l l e n d a r (S) for the second v i r i a l coefficient was used . 

Β = 0.01602 - 26.3 ^ ^ y ° / 3 ] c u . f t . / l b . (16) 

S u b s t i t u t i n g E q u a t i o n s 13 to 16 i n t o E q u a t i o n 12 to ca lculate {HV2 —HV1) a n d 
then s u b s t i t u t i n g in to E q u a t i o n 11, the values of L1 ob ta ined a r e : 

Temp. , ° F . 
77 122 167 212 257 302 

i n i t y , % 0 Water i n Solution, B . t . u . / L b . 
10 + 0 . 0 9 - 0 . 5 2 - 0 . 6 4 - 0 . 6 1 - 0 . 3 9 - 0 . 1 4 
20 + 0 . 1 8 - 1 . 0 9 - 1 . 4 4 - 1 . 3 2 - 0 . 8 6 - 0 . 3 1 
30 + 0 . 2 7 - 1 . 7 9 - 2 . 3 4 - 2 . 1 4 - 1 . 4 0 - 0 . 5 1 
40 + 0 . 4 0 - 2 . 5 7 - 3 . 3 3 - 3 . 1 5 - 2 . 0 5 - 0 . 7 4 
50 + 0 . 5 2 - 3 . 4 7 - 4 . 4 6 - 4 . 2 9 - 2 . 7 9 - 1 . 0 1 

T o calculate the re la t ive p a r t i a l e n t h a l p y of the salts i n sea water i t was necessary 
to integrate the G i b b s - D u h e m equat ion g r a p h i c a l l y . 

jdL2 = - fj^dt* 

where ^ is the weight ra t i o of water to sal t . 
iV2 
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24 ADVANCES IN CHEMISTRY SERIES 

T h e compos i t i on conversions used are : 

C h l o r i n i t y , 
%o 
10 
20 
30 
40 
50 

Sal in i ty , 
1.81 
3.61 
5.42 
7.22 
9.03 

N X / N 2 , L b . / L b . 
54 .3 
26 .7 
17.5 
12.8 
10.1 

A s i t was imposs ib le to integrate the G i b b s equat ion to the zero of Lx (no d a t a 
were ava i lab le at extremely l ow salt contents ) , a l l values of L 2 are re ferred to the 
lowest d a t a ava i lab l e—i . e . , 1 0 % o c h l o r i n i t y . W i t h th is new reference state o n l y 
differences of L 2 have a n y m e a n i n g . I n the fo l l owing ca lculat ions on ly differences were 
used. 

T h e heat effect on m i x i n g for the react ion 

Pure water + (sea water)« —• (sea water ) p 

NIR lb . water} _ \ N I P l b . water / 1 lb . normal sea water 

is g iven b y 

R e a r r a n g i n g , 

AH = AL = N2pL2p + NipLip - N2RL2R - NlRLlR - 0 

N 2 P = N 2 R — pounds of salt 

AH = N2P(L2P - L2R) + iVipLip - NIRLXR 

(17) 

(18) 

(19) 

(20 

T h e heat of concentrat ion—i .e . , negat ive of the heat of m i x i n g for R e a c t i o n 1, ca l cu la ted 
f r o m E q u a t i o n 20—is shown in F i g u r e 1. 

^ 2.0 
fO 

I . . . 
< l 
tr t t _ . l . 2 

)g0 .8 

<c 
UJ ; I -

0.4 

' 3 - Κ AO 

NOTE: POSITIVE HEAT OF CONCENTRATION 
INDICATES ABSORPTION OF HEAT WHEN 
CONCENTRATING ISOTHERMALLY. 

160 180 200 220 
TEMPERATURE - °F. 

Figure I. Heat of concentration for normal sea water 
AH for reaction : 1 lb. normal sea water = liquid water + concentrated sea water 

(3.5% salinity) 
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CLARK ET AL—HEAT OF CONCENTRATION AND BOILING POINT ELEVATION 25 

Boiling Point Elevation 

T h e b o i l i n g po in t e levat ions were obta ined b y e x t r a p o l a t i o n w i t h the C l a p e y r o n 
equat ion : 

b p e - ̂  (§D 
T h e values obta ined are : 

Temp. , ° F . 
77 Ï22 Ï67 2Î2 257 302 

Chlor in i ty , % 0 B o i l i n g P o i n t E levat i on , ° F . 

10 0 .26 0.29 0.30 0 .32 0 .34 0.37 
20 0 .56 0 .62 0 .67 0 .70 0 .74 0 .82 
30 0 .89 1.01 1.09 1.13 1.20 1.32 
40 1.22 1.46 1.54 1.66 1.75 1.91 
50 1.67 1.96 2.06 2.25 2 .38 2 .61 

These b o i l i n g po in t e levations are p l o t t e d i n F i g u r e 2. T h e y differ m a r k e d l y f r o m 
the va lues r epor ted p r e v i o u s l y (2, 3). T h e i r accuracy is to a p p r o x i m a t e l y ± 0 . 1 ° F . 
be low 150° F . a n d bet ter above 150° F . 

T h e accuracy of the ca l cu lated heats of m i x i n g is to a p p r o x i m a t e l y ± 0 . 2 B . t . u . per 
p o u n d of sea water . T h e lower t e m p e r a t u r e va lues depend o n s m a l l differences of 
v a p o r pressures a n d hence w i l l be grea t ly affected b y e x p e r i m e n t a l errors . T h e reason­
able agreement of the measured a n d ca lcu lated values of &CP for R e a c t i o n 1 is 
encouraging . 

Figure 2. Boiling point elevation for sea salt solutions 
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26 ADVANCES IN CHEMISTRY SERIES 
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Corrosion of Metals in Sea Water 

FREDERICK W. FINK 

Battelle Memorial Institute, 505 King Ave., Columbus 1, Ohio 

The Office of Saline Water is directing a large 
number of investigations into the feasibility of new 
processes for producing fresh water starting with 
sea or brackish water as a source. It is desired that 
these plants last for 20 years or more. This paper 
points up ways in which the economic waste result­
ing from corrosion in saline water plants can be 
avoided. The article is based on a review of the 
corrosion literature and on consultations with ma­
rine experts in the field. Of the many materials 
for distillation plants, steel is the most important. 
It can be used to handle sea water below 250° F., 
if proper steps are taken such as the removal of all 
air (oxygen) from solution. For severe service and 
better performance metals like titanium, Hastelloy 
C, Monel, cupro-nickels, aluminum, aluminum brass, 
or Admiralty brass are used. 

T h e ocean, w h i c h covers more t h a n 7 0 % of the earth 's surface, is considered b y m a n y 
to be a chal lenging f r on t i e r . S u c h government agencies as the N a v y , the D e p a r t m e n t 
of the I n t e r i o r , the B u r e a u of M i n e s , the M a r i t i m e C o m m i s s i o n , the D e p a r t m e n t of A g r i ­
cu l ture , etc., have recognized the i m p o r t a n c e of the sea f r o m t h e i r o w n spec ia l v i e w ­
po in ts f o r m a n y years . G o v e r n m e n t ac t iv i t i e s , such as the d e m o n s t r a t i o n p l a n t s of the 
Office of Sal ine W a t e r to convert sea w a t e r to fresh water , the 7 m i l e deep-sea-d iv ing 
" B a t h y s c a p h e " u n d e r N a v y sponsorship , a n d p lans for s t u d y i n g h y d r o f o i l ships , p r o ­
v i d e examples of newer ac t iv i t i es connected w i t h the sea. T h e latest nuc lear -powered 
submar ines can v i s i t most p a r t s of the oceans, even those under the ice. 

P r i v a t e interests are engaged i n intens ive studies re lated to the ocean. One can 
m e n t i o n the o i l - a n d s u l f u r - m i n i n g industr ies w i t h t h e i r T e x a s towers , some of w h i c h 
are far out to sea. N e w types of te lephone a n d power cables a n d pipel ines are be ing 
p laced o n the sea b o t t o m . Shore-based operat ions b y chemica l companies are m a k i n g 
use of sea w a t e r to o b t a i n m a g n e s i u m , b r o m i n e , a n d sea salt . P h a r m a c e u t i c a l s are 
be ing ex t rac ted f r o m sea-growing vegetat ion a n d f r o m m a r i n e a n i m a l s . M a n y shore-
based ins ta l la t i ons use sea w a t e r for cool ing a n d , i n some spec ia l cases, for s a n i t a t i o n or 
for fire-protection services. 

T h i s increased a c t i v i t y o n the sea, i n the sea, a n d under the sea focuses a t t e n t i o n 
o n the need for knowledge of the b e h a v i o r of meta ls i n these env i ronments . I t has been 
k n o w n for years t h a t sea w a t e r w i l l a t t a c k most of the c o m m o n meta l s . I n some service 
condi t ions , c e r t a i n l i v i n g organisms i n the sea cause m a r i n e f ou l ing o n the exposed m e t a l 
surfaces l ead ing to corros ion or interference w i t h f u n c t i o n i n g of the equ ipment . 
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28 ADVANCES IN CHEMISTRY SERIES 

Corrosîvîty of Sea Water 

A q u e o u s corros ion is e lectrochemical i n n a t u r e a n d invo lves the passage of electric 
currents . T h e current enters the so lut i on at l o c a l anodes a n d leaves the so lu t i on at 
cathodic areas o n the m e t a l . I n the case of steel , ferrous ions enter the so lut i on at the 
anode a n d h y d r o g e n is deposited at the cathode. 

V e r y pure w a t e r , because of i t s h i g h r e s i s t i v i t y , makes dif f icult the passage of 
corros ion currents t h r o u g h the so lu t i on f r o m anodic to cathodic areas. F o r a m b i e n t 
t emperatures , h i g h l y pur i f i ed water , free f r o m disso lved oxygen, is not corros ive to 
meta ls such as steel . 

T h e a d d i t i o n of s o d i u m chlor ide to water forms a so lu t i on w h i c h tends to be cor ­
ros ive to steel a n d other c o m m o n meta ls . H o w e v e r , i f the so lut i on is comple te ly a i r -
free, i t s c o r r o s i v i t y m a y not be m u c h greater t h a n t h a t of pure water . 

Sea water contains , i n a d d i t i o n : sul fate , b i carbonate , b r o m i d e , a n d fluoride ions . 
L a b o r a t o r y experience indicates t h a t , at the same p H , sul fate solut ions t e n d to be less 
corros ive t h a n s i m i l a r chlor ide so lut ions . T h e presence of b i carbonate ions i n water , 
f r o m disso lved C 0 2 , promotes some corros ion a t t a c k on m a n y meta ls . I t also shou ld 
be ment i oned t h a t the p H of sea w a t e r n o r m a l l y ranges f o r m 7.50 to 8.25, i n d i c a t i n g 
t h a t some free h y d r o x y l ions are a lways present . 

B r o m i d e s a n d fluorides are v e r y co r ros ive ; b u t , be ing present o n l y i n s m a l l 
amounts , the i r effects i n sea w a t e r p r o b a b l y are m a s k e d b y the v e r y h i g h chlor ide 
content . I n e x p e r i m e n t a l w o r k , a cont inuous s u p p l y of fresh, c lean sea w a t e r is essen­
t i a l i f the effects of such m i n o r const i tuents o n the corros ion of a m e t a l are to be 
eva luated . 

One m i g h t expect sea w a t e r to be corrosive because the so lut ion is a good e lectro lyte , 
i t contains ions k n o w n f r o m experience to promote the a t t a c k on c o m m o n meta ls , i t 
contains d isso lved oxygen w h i c h promotes the a t t a c k — e . g . , b y react ing w i t h nascent 
h y d r o g e n f o r m e d at the c a t h o d e — a n d i t contains a m u l t i t u d e of forms of organic l i f e , 
some of w h i c h affect m e t a l corros ion . 

N a t u r a l processes, operat ing b o t h at the surface a n d at great depths , result i n most 
of the ocean be ing s t i r r e d cont inuous ly . I t is f o u n d t h a t the re lat ive propor t i ons of 
disso lved salts are v i r t u a l l y the same everywhere , a l t h o u g h the t o t a l salt content 
( sa l in i ty ) m a y show apprec iab le v a r i a t i o n s w i t h geography . 

T h e more i m p o r t a n t ions f o u n d i n a sample of N o r t h Pac i f i c Ocean surface w a t e r , 
as r epor ted b y L y m a n a n d A b e l (5 ) , are t a b u l a t e d be low. 

Cat ions P e r C e n t Anions Per Cent 
N a + 1.056 c i - 1.898 
M g + 2 0.127 SO4- 2 0.265 
C a + 2 0.040 H C O 3 - 0.014 
K + 0.038 B r " 0.0065 
S r + 2 0.001 F - 0.0001 
• S u m 1.262 S u m 2.184 

H3BO3, undissociated 0.003 
T o t a l 3.449 

N a t u r a l vs. Synthetic Sea W a t e r . I t is no t a lways rea l ized t h a t n a t u r a l sea 
w a t e r is a comple te ly different m e d i u m f r o m synthet i c sea w a t e r f r o m the corros ion 
s t a n d p o i n t . A p r i m a r y fac tor is the presence of b io l og i ca l effects i n n a t u r a l sea 
w a t e r t h a t are not present i n the synthe t i c m i x t u r e . 

One effect is t h a t b i o - f o u l i n g of the m e t a l surface often promotes l oca l i zed a t t a c k . 
W h e n a barnac le or mussel attaches i tsel f t o a p late of stainless steel i n sea water , a 
di f ferent ia l aera t i on corros ion ce l l is f o r m e d . Intense l o c a l p i t t i n g results w h i c h m a y 
l e a d t o complete p e r f o r a t i o n i n a r e l a t i v e l y shor t t i m e . I n one case a 0 .75- inch t h i c k 
stainless steel p la te was per f o ra ted beneath a barnac le base af ter 9 m o n t h s of i m m e r ­
s ion in sea w a t e r . 
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FINK—CORROSION OF METALS IN SEA WATER 29 

A v a r i e t y of a n i m a l s a n d p l a n t s , as w e l l as colonies of microorgan isms , m a y de­
posit f r o m n a t u r a l sea w a t e r onto the m e t a l surface . T h e l i fe processes a n d d e c o m ­
pos i t i on produc ts m a y cont r ibute d i r e c t l y to a t t a c k o n the m e t a l . F o u l i n g m a y o b ­
s t r u c t flow i n heat exchangers a n d pipes , l ead ing t o such corros ive effects as are caused 
b y overheat ing or i m p i n g e m e n t at l o c a l h i g h - w a t e r ve loc i t ies . 

Some organisms enter a m a r i n e p i p i n g s y s t e m i n the i r l a r v a l stages, t h e n anchor 
themselves t o sites such as i n t e r i o r tube w a l l s . I f these l a r v a e are a l l owed t o grow, 
the l o c a l turbu lence m a y resul t i n severe corros ion . T h e organisms m a y be k i l l e d b y 
c h l o r i n a t i o n , b y flooding t e m p o r a r i l y w i t h fresh w a t e r , b y ho t sea water , or b y tox ic 
mater ia l s such as s o d i u m pentach loropheno l . E v e n w h e n the organisms are k i l l e d , 
th e i r decompos ing bodies m a y s t i l l c log the sea-water sys tem a n d cause corros ion . 

T w o facts concerning the corros ion behav io r of meta ls i n sea w a t e r s t a n d o u t : 

A l t h o u g h there is v a r i a t i o n i n t e m p e r a t u r e , s a l i n i t y , a n d content of l i v i n g o r ­
ganisms, the rates of a t t a c k — e s p e c i a l l y for s tee l—are of the same order of m a g n i t u d e 
at m a n y different locat ions t h r o u g h o u t the w o r l d . 

T h e re la t ive order of resistance of metals as determined b y t h e i r corros ion rates 
i n n a t u r a l sea water is n o t r ead i l y s i m u l a t e d w i t h synthet i c sea-water preparat i ons i n 
the l a b o r a t o r y . 

F a c t o r s i n S a l t W a t e r C o r r o s i o n . Because of expediency, a n d i n spite of the 
s i t u a t i o n discussed above , m u c h w o r k has been done i n the l a b o r a t o r y w i t h saline 
solut ions m a d e u p to s imulate sea water . H a c h e (3) has c a r r i e d out some v e r y in te res t ­
i n g exper iments concern ing the corros ion of steel i n s o d i u m chlor ide so lut ions . I n 
F i g u r e 1, H a c h e shows the effect of t e m p e r a t u r e on the corros ion of i r o n b y a i r -
s a t u r a t e d a n d deaerated so lut ions c o n t a i n i n g 30 grams per l i t e r of pure N a C l i n d o u b l y 
d i s t i l l ed w a t e r . T h e effect of oxygen i n increas ing corros ion u p to about 50° C . 
(122° F . ) is seen. A b o v e th i s t e m p e r a t u r e , the s o l u b i l i t y of oxygen is v e r y l i m i t e d . 
I t is f or th i s reason t h a t the curves become the same. I n the range f r o m 10° to 50° C . 
( 5 0 ° to 1 2 2 ° F . ) , t h e c o r r o s i o n increases at t h e ra te o f a b o u t 5 % p e r ° C . S u c h a t e m ­
perature dependence h a d been repor ted ear l ier b y P a l m a e r (7 ) . 

Dissolved Iron, mg. 

Figure I. Effect of temperature and aeration on 
the corrosion of iron in 3% sodium chloride 
solution 

F i g u r e 2 i l lustrates corros ion b e h a v i o r a n d oxygen s o l u b i l i t y as a f u n c t i o n of the 
s a l i n i t y of the so lu t i on at a fixed t e m p e r a t u r e . I t is to be no ted t h a t a s m a l l v a r i a t i o n 
i n s a l i n i t y i n the ne ighborhood of the n o r m a l 3 . 5 % content of sea w a t e r has no effect 
o n oxygen s o l u b i l i t y a n d l i t t l e effect o n corros ion ra te . 
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30 ADVANCES IN CHEMISTRY SERIES 

Factors in Sea-Water Corros ion . T h e effects of t e m p e r a t u r e a n d s a l i n i t y i n 
sea w a t e r are be l ieved to be s i m i l a r to those f o u n d i n sa l t w a t e r , discussed above. G o o d 
q u a n t i t a t i v e i n f o r m a t i o n is not ye t r e a d i l y ava i lab le . 

H a c h e (S) conc luded t h a t l i g h t has a n i n h i b i t i n g effect on corros ion b y sea w a t e r 
a n d t h a t the results of corros ion tests conducted i n t o t a l darkness were less prone to 
scatter . 
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Figure 2. Variation of corrosion as a function of salinity 
at 24° C. 

M a n y other parameters t e n d to influence the corros ion of metals i m m e r s e d i n 
sea water . W h e n t w o metals of different potent ia ls are g a l v a n i c a l l y coupled , the ac ­
ce lerat ion of the a t t a c k on the less noble m e t a l of the t w o is observed f requent ly . A 
s m a l l area of a n anodic m e t a l coupled to a large area of a second m e t a l t h a t is cathodic 
can be p a r t i c u l a r l y dangerous. A useful guide to he lp pred i c t u n f a v o r a b l e c o m b i n a ­
t ions is the ga lvan i c series of metals i n sea w a t e r (9). T h e reverse s i t u a t i o n — n a m e l y , 
a s m a l l cathode coupled to a n anode t h a t is large i n a r e a — o f t e n proves sat i s fac tory i n 
service . 

Some metals depend on f o r m a t i o n of a pro tec t ive film for corros ion resistance i n 
sea water . A fresh s u p p l y of oxygen b r o u g h t to the surface of the m e t a l tends to 
p r o m o t e the corros ion reac t ion i n some cases, a n d i n others i t helps f o r m desired p r o ­
tec t ive films. I f a c r i t i c a l v e l o c i t y of flowing sea w a t e r is exceeded, the film m a y be 
eroded a w a y . T h e v e l o c i t y for use fu l corros ion resistance is l o w for copper , h igher 
for a l u m i n u m , cupro -n i cke l s , a n d a l u m i n u m bronzes , a n d highest for stainless steels, 
H a s t e l l o y C , a n d t i t a n i u m . 

P r o t e c t i v e films o n metals also can be destroyed a n d corros ion accelerated b y 
the i m p i n g e m e n t of a h i g h - v e l o c i t y s t r e a m of sea w a t e r onto the meta l l i c surface . T h e 
in le t ends of condenser tubes, are f requent ly a t t a c k e d ( F i g u r e 3,a) . J e t tests have 
been devised for r a n k i n g the suscept ib i l i t y of meta l s to such i m p i n g e m e n t a t t a c k . A 
corros ion cel l is f o r m e d between the bare surface d i r e c t l y u n d e r the jet (anode) a n d 
the adjacent filmed surface ( ca thode ) . These jet tests give more dependable i n ­
f o r m a t i o n , i f n a t u r a l sea water is cont inuous ly s u p p l i e d to the e q u i p m e n t . 

U s u a l l y , the corros ion- fat igue l i m i t of a m e t a l i n sea w a t e r is lower t h a n i n fresh 
water . R e p e a t e d flexing al lows the corros ion to proceed at the breaks i n the pro tec t ive 
film where ac t ive m e t a l i s exposed. 

C a v i t a t i o n corros ion is caused b y repeated p o u n d i n g resu l t ing f r o m r a p i d col lapse 
of v a p o r bubbles . O n a m e t a l surface where there is a v i o l en t flow of w a t e r , such as 
t h a t of a sh ip ' s prope l l er , the pressure at some area m a y be reduced to where loca l ized 
b o i l i n g forms bubbles of v a p o r . A t another s ite , these bubbles sudden ly col lapse. 
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FINK—CORROSION OF METALS IN SEA WATER 31 

T h e resu l tant h a m m e r i n g m a y , i n t i m e , cause the surface l a y e r to f a i l a n d pieces of 
m e t a l to f lake off. T h e ac t ive m e t a l sites, t h u s exposed, m a y i n t u r n be r a p i d l y a t t a c k e d 
b y sea w a t e r . I t has been f o u n d di f f icult to develop a l a b o r a t o r y test t h a t w i l l a c ­
c u r a t e l y s imula te c a v i t a t i o n a t t a c k as i t occurs i n a c t u a l m a r i n e service . 

Crevice corrosion 

Figure 3. Corrosion in sea water 
σ. Inlet impingement attack due to excessive turbulence 
b. Concentration cells 

T h e i m p o r t a n c e of b i o - f o u l i n g to corros ion has a l r e a d y been ment i oned . M a r i n e 
f ou l ing is l i k e l y to occur i n a l l the oceans f r o m the A r c t i c to the T r o p i c s , especial ly 
d u r i n g the breeding per i od . I n n o r t h e r n waters , f ou l ing occurs o n l y d u r i n g the s u m ­
m e r , whereas i n the T r o p i c s i t is p r a c t i c a l l y cont inuous . C o p p e r a n d some of i ts a l l oys , 
h i g h i n copper , n o r m a l l y are not suscept ible . H o w e v e r , a n y t r e a t m e n t t h a t prevents 
the tox ic copper ions f r o m f o r m i n g m a y result i n a tendency f o r copper to f o u l . C o r ­
rosive a t t a c k on some meta ls a c t u a l l y m a y be sti f led b y f ou l ing . F o r m a n y meta l s , 
l oca l i zed a t t a c k can be m o r e serious under fou led areas ( F i g u r e 3 ,6) . A t veloc i t ies 
of 2 to 3 feet per second or more , meta ls u s u a l l y are not ap t to f ou l . Once the o r ­
ganisms become at tached , as d u r i n g a s h u t - d o w n or of f -per iod of a p l a n t , ex t remely 
h i g h velocit ies m a y be needed to dislodge t h e m at the s t a r t - u p . 

D i f f e r e n t i a l aerat ion can p l a y a n i m p o r t a n t role i n p r o d u c i n g accelerated a t t a c k 
o n metals i n sea w a t e r — f o r example , at crevices. These crevices m a y be f o rmed b y 
loosely a t tached m a r i n e organisms, b y debris , or b y c lose- f i t t ing surfaces to w h i c h sea 
water has res t r i c ted access ( F i g u r e 3,6) . 

T h e corros ion b e h a v i o r tends to fo l low m u c h the same p a t t e r n i n c lean sea w a t e r 
the w o r l d over . I f there is p o l l u t i o n , i t m a y cause a n unba lance of the p H , change the 
m a r i n e o r g a n i s m concentrat ion , decrease the d isso lved oxygen, or a l ter the ionic balance 
of sea water . P o l l u t i o n n o r m a l l y results i n saline waters ' becoming cons iderab ly more 
aggressive to one or more meta ls . Specif ic tests m u s t be made to determine the a p ­
p l i c a b i l i t y of a m e t a l i n each t y p e of p o l l u t e d water . Sulf ides, w h i c h are often f ound 
m such waters , t e n d to promote corros ion of b o t h ferrous a n d nonferrous meta ls . 
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32 ADVANCES IN CHEMISTRY SERIES 

Scale F o r m a t i o n by Sea W a t e r . A s sea water is heated ( j i ) , i ts sca le - f orming 
const i tuents t e n d to become supersaturated . Scale c rys ta ls w i l l be deposi ted at the 
po in t of highest t e m p e r a t u r e , w h i c h m a y be the m e t a l surface t h r o u g h w h i c h heat is 
be ing i n t r o d u c e d . T h e b i carbonate i o n is p a r t l y t r a n s f o r m e d to carbonate i o n a n d to 
c a r b o n dioxide . T h e carbonate i o n reacts w i t h c a l c i u m , w h i c h prec ip i tates as c a l c i u m 
carbonate . A s the sea water is heated s t i l l f u r t h e r , the r e m a i n i n g carbonate i o n i n the 
w a t e r decomposes to free c a r b o n dioxide a n d h y d r o x y l ions. T h e l a t t e r combine w i t h 
m a g n e s i u m w h i c h prec ip i tates as m a g n e s i u m h y d r o x i d e . B o t h of these s ca le - f orming 
react ions can be i n h i b i t e d b y s l i g h t l y a c i d i f y i n g the i n c o m i n g sea water . 

A s the sea w a t e r is neated s t i l l h igher , a po int is reached at w h i c h c a l c i u m sulfate 
w i l l p rec ip i ta te . T h i s react ion is m u c h less r e a d i l y prevented t h a n the first t w o , a n d i t 
is r epor ted to occur o n l y above 325° F . i n sea w a t e r heated under pressure. 

T h u s , there are three m a j o r scale components i n sea w a t e r : c a l c i u m carbonate , 
m a g n e s i u m h y d r o x i d e , a n d c a l c i u m sul fate . 

F r o m the s t a n d p o i n t of corros ion pro te c t i on , a s l ight a m o u n t of m i n e r a l scale 
f o r m a t i o n — i f the th ickness can be c o n t r o l l e d — i s desirable . T h i s helps to e x p l a i n w h y , 
i n some cases, sea w a t e r is f o u n d to be less corros ive t h a n a br ine of s o d i u m chlor ide 
w i t h the same s a l i n i t y . H o w e v e r , i n app l i ca t i ons where heat is be ing t ran s f e r red across 
the m e t a l w a l l , the presence of scale m a r k e d l y affects the efficiency. I n d i s t i l l a t i o n 
u n i t s , a m e t h o d of corros ion cont ro l based on i n t e n t i o n a l minera l - sca le f o r m a t i o n 
w o u l d thus l ead to greater fuel c o n s u m p t i o n . 

These scales also can be produced e l e c t r o l y t i c a l l y b y a p p l y i n g cathodic current 
to the m e t a l surface i m m e r s e d i n sea water . A s a result of the h y d r o x y l ions f o rmed 
at the cathode, the film of sea w a t e r at the m e t a l surface becomes h i g h l y a lka l ine 
a n d scale is p r e c i p i t a t e d . 

Metals Used în Sea Water 

Ferrous -Base Metals . S T E E L . Steel finds wide use i n sea water , espec ia l ly as a 
s t r u c t u r a l m a t e r i a l such as for ships , off-shore d r i l l i n g towers , p i l i n g for piers a n d 
docks , a n d sea w a l l s . I t is also used as p i p i n g to handle sea water . C o m p a r e d to 
other meta ls , steel is one of the least expensive mater ia l s of cons t ruc t i on . 

Steel is the basic m a t e r i a l of c ons t ruc t i on for m a n y sea-water p lants . E v e n t h o u g h 
i t m a y corrode i n some sections of a p l a n t , such as a d i s t i l l a t i o n u n i t , i ts l o w i n i t i a l cost 
m a y result i n l ower o v e r - a l l costs i f good design a n d good corros ion - contro l pract ices 
are fo l l owed . 

T h e rate of a t t a c k for i m m e r s e d condit ions is f a i r l y u n i f o r m i n u n p o l l u t e d sea 
w a t e r a n d averages about 5 m i l s per year . G e n e r a l a t t a c k , w h e n i t occurs , has been 
observed to be a l i n e a r f u n c t i o n of t i m e — t h a t is , i t continues at a f a i r l y u n i f o r m rate , 
despite a n a c c u m u l a t i o n of corros ion products or m a r i n e g r o w t h . 

O f t e n , however , steel is subject to p i t t i n g a t t a c k b y sea water . T h e deepest a t t a c k 
o n steel is r epor ted t o be about 10 to 15 m i l s per year . T h e presence of m i l l scale 
on the s tee l—espec ia l ly w h e n i t covers a large p o r t i o n of the exposed a r e a — s i g n i f i c a n t l y 
increases the rate of p i t t i n g , a n d penetrat ions of about 20 m i l s per y e a r c a n be expected. 
T h i s is a resul t of the m i l l scale serv ing as large cathodes to the s m a l l , bare anodic 
areas. P i t t i n g a t t a c k o f ten tapers off w i t h cont inued exposure. 

A recent p a p e r b y Forgeson , S o u t h w e l l , a n d A l e x a n d e r (2) gives the results of a n 
8-year exposure of s t r u c t u r a l steels to t r o p i c a l sea water . I t was f o u n d t h a t s m a l l a d ­
di t ions of copper d i d not a l ter the corros ion of m i l d steel . Steels c o n t a i n i n g 2 a n d 5% 
of n i c k e l were def ini te ly i n f e r i o r to m i l d steel on the basis of b o t h general a n d l o c a l 
a t t a c k . Steels c onta in ing 3 a n d 5% of c h r o m i u m were more res istant t h a n m i l d steel 
f or the first 3 years , b u t t h e n corroded s ign i f i cant ly more t h a n m i l d steel d u r i n g the 
r e m a i n i n g 5 years . T h e a m o u n t of p i t t i n g also was greater for chrome steels d u r i n g 
the l a t t e r per i od . F o r complete i m m e r s i o n , m i l d steel is pre ferred . I n other e x p e r i ­
ments conducted i n S a n D i e g o H a r b o r , C a l i f o r n i a , the rate of p i t t i n g for m i l d steel 
was f ound to be as h i g h as 60 m i l s per y e a r (8). 
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FINK—CORROSION OF METALS IN SEA WATER 33 

W R O U G H T I R O N . W r o u g h t i r o n has f o u n d considerable a p p l i c a t i o n i n mar ine -based 
s t ructures a n d i n p i p i n g . W h i l e w r o u g h t i r o n , a c cord ing to some sources, appears to 
be more resistant t h a n m i l d steel to general a n d loca l i zed corros ion b y sea w a t e r , there 
is no general acceptance of th is m a t e r i a l b y operators of m a r i n e p l a n t s . A d v a n t a g e 
is sometimes t a k e n of i t s d i r e c t i ona l p h y s i c a l proper t i es where corros ion resistance also 
is needed. I t shou ld be m e n t i o n e d t h a t for the same i n i t i a l cost a m u c h t h i c k e r w a l l 
can be purchased i n a cast i r o n or a steel p ipe t h a n for one of w r o u g h t i r o n . U n t i l 
d i r e c t l y c omparab le engineering d a t a are developed i n the economic use of w r o u g h t 
i r o n vs. steel or cast i r o n i n sea-water p lants , m a n y experienced m a r i n e operators hes i ­
tate to spec i fy i t i n place of other less expensive ferrous mater ia l s . 

A n older f o r m of w r o u g h t i r o n , as p r o d u c e d i n E n g l a n d , conta ined s lag layers . 
These layers , w h e n s u i t a b l y or iented , were f o u n d i n some corros ion env i ronments to 
prevent p i t t i n g a t t a c k f r o m progress ing deeply i n t o the m e t a l . W h i l e th is b e h a v i o r 
accounts for the longer l i f e t ime of the anc ient f o r m of the m a t e r i a l , i t does no t fo l l ow 
(accord ing to m a r i n e special ists) t h a t the m o d e r n f ibrous f o r m of w r o u g h t i r o n w i l l 
g r e a t l y out last steel i n i d e n t i c a l sea-water service . 

C A S T I R O N . T h e i r o n phase i n cast i r o n is r e a d i l y a t t a c k e d b y sea water , as is the 
case for m i l d steel . I f the l a y e r of g raph i te left w i t h the corros ion p r o d u c t is dense a n d 
compact , f u r t h e r corros ion tends to be st i f led. I f the l a y e r is porous , corros ion m a y be 
accelerated b y the ga lvan i c a c t i o n between the graph i te a n d the i r o n beneath . T h e 
a t t a c k t h e n approaches a rate s i m i l a r to t h a t f o u n d for the p i t t i n g of m i l d steel . 

A l u m i n u m and A l u m i n u m A l l o y s . A l u m i n u m can be e m p l o y e d i n sea w a t e r as 
a res istant m a t e r i a l of c ons t ruc t i on . E x p e r i m e n t s a t F o r t B e l v o i r , V i r g i n i a , a n d 
elsewhere, ind i ca te t h a t b y p r o p e r corros ion - contro l pract ices , a l u m i n u m can be used 
for a n ent ire p l a n t w h i c h processes sea water . T h e sea w a t e r enter ing the p l a n t 
shou ld be free of a l l meta l l i c ions, espec ia l ly copper or n i c k e l . I t is essential , i n such 
a p l a n t , t h a t no copper-base a l l oys be used a t a l l a n d t h a t g a l v a n i c couples to most 
other metals be avo ided . 

T o o b t a i n longer l i f e t ime i n sea-water service, a l u m i n u m - c l a d t u b i n g is r e c o m ­
mended . P r o p e r l y chosen, the c l a d d i n g acts as a sacr i f i c ia l m e t a l a n d the a t t a c k w i l l 
not penetrate in to the base m e t a l u n t i l most of the c ladd ing has been consumed b y 
corros ion . T h e a l u m i n u m u s u a l l y chosen for c ladd ing is b o t h more corros ion resistant 
a n d s l i g h t l y anodic to the base a l l oy . T h e fact t h a t a m e t a l is more anodic t h a n a n 
adjacent one i n the ga lvan i c series for sea w a t e r does not necessari ly i m p l y i t w i l l 
corrode at a higher rate w h e n exposed u n c o u p l e d . 

A l u m i n u m al loys have been used to fabr i cate heat ing coils for tankers i n w h i c h 
crude o i l a n d sea-water ba l las t are a l ternate cargoes. Sav ings i n weight a n d i n 
losses due to corros ion are r epor ted to be v e r y favorab le c o m p a r e d w i t h m i l d steel . 

Stainless Steels. I n spec ia l c i rcumstances , u n d e r care fu l l y contro l l ed cond i t i ons , 
some grades of stainless steel have g i v e n good service i n sea w a t e r . M o s t author i t i es 
s t rong ly r e commend c a u t i o n i n the use of stainless steel f or service i n sea water . 

I n heat exchanger service, stainless steels can be used at m u c h h igher veloc i t ies 
t h a n most c o m m o n meta ls . T h e r e i s , nevertheless, the ever-present poss ib i l i t y t h a t 
stress-corrosion c r a c k i n g m a y take place . T h i s becomes m u c h more l i k e l y as the m e t a l 
t e m p e r a t u r e is raised . A n y po ints at w h i c h h i g h stress a n d h i g h chlor ide concen­
t ra t i ons occur are p a r t i c u l a r l y prone to th i s t y p e of fa i lure . 

Stainless steel also is susceptible to crevice corros ion a n d deposit a t t a c k . D i f f e r ­
e n t i a l aera t i on cells, f o r m e d between s tagnant a n d we l l -aerated areas on the m e t a l 
surface, m a y promote r a p i d a t t a c k . 

I t is f o u n d t h a t T y p e 316, c o n t a i n i n g m o l y b d e n u m , is more resistant to the 
i n i t i a t i o n of p i t s . H o w e v e r , once a p i t is s tar ted , the rate of pene t ra t i on m a y be of 
the same order as for a m o l y b d e n u m - f r e e a l l o y . 

Since the process side i n a heat exchanger m a y d e m a n d stainless steel , as i n the 
case of a mar ine -based chemica l p l a n t t h a t has been forced to use sea w a t e r for cool ing 
purposes , i t is necessary t o consider measures f or o b t a i n i n g o p t i m u m service . T h e 
cool ing w a t e r shou ld be free f r o m solids w h i c h c o u l d deposit on the tubes. T h e 
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34 ADVANCES IN CHEMISTRY SERIES 

v e l o c i t y s h o u l d not be a l l owed to d r o p m u c h be low 5 feet per second. C r e v i c e areas 
a n d s tagnant areas shou ld be m i n i m i z e d or e l i m i n a t e d b y design. R e s i d u a l a n d service 
stresses shou ld be he ld to the lowest possible levels . U n d e r such care fu l l y c o n t r o l l e d 
condit ions , stainless steel cou ld g ive good service . 

Stainless steel p u m p impe l l ers are g i v i n g excellent service i n sea w a t e r . T h e same 
m a y be sa id for stainless steel sh ip prope l lers n o w i n use on coastal vessels. I n b o t h 
cases, i t is essential t h a t the stainless steel no t be left for l ong periods between runs i n 
stagnant sea w a t e r . 

Stainless steel genera l ly w i t h s t a n d s p o l l u t e d sea w a t e r a n d p o l l u t e d b r a c k i s h w a t e r 
bet ter t h a n copper-base a l loys . S u b s t i t u t i n g a n austeni t i c stainless screen for s i l i c o n -
bronze t r a s h racks has resul ted i n great ly i m p r o v e d service at a west coast power 
p l a n t . N o r m a l l y stainless steel screens, because of the crevices i n v o l v e d (where the 
wires cross ) , are not recommended for use i n sea water . T h i s a l t e r a t i o n of the u s u a l 
corros ion m e c h a n i s m , p r e s u m a b l y re lated to the h y d r o g e n sulfide content of p o l l u t e d 
sea water , needs to be s tud ied . 

M o n e l . E x t e n s i v e use for h a n d l i n g sea w a t e r is p r o v i d e d b y M o n e l . I t has g i v e n 
excellent service i n heat exchangers, p i p i n g , sheathing to pro tec t steel at the h a l f - t i d e 
zone, va lves , p u m p impe l l e rs , a n d fittings i n general . M o n e l has been used i n f a b r i c a t ­
i n g d i s t i l l a t i o n u n i t s . I n one t y p e , a M o n e l heat exchanger " b a s k e t " can be made to 
flex i n order t h a t the sea-water scale w i l l d r o p off, thus res tor ing i ts t h e r m a l efficiency. 
T h i s service is considered m u c h too severe for most meta ls . M o n e l shafts , such as the 
h a r d e r Κ M o n e l , are resistant to corros ion fat igue i n sea-water service. M a r i n e expe­
rience, i n general , considers M o n e l one of the best a l l - a r o u n d meta ls for h a n d l i n g sea 
water . 

Copper-Base A l l o y s . T h e r e is a wide range of copper-base a l loys t h a t have g iven 
good service i n sea water . A d m i r a l t y brass , 70 C u - 2 9 Z n - 1 S n , p lus a n i n h i b i t o r such 
as arsenic , has f o u n d wide use as condenser tubes i n mar ine -based p lants us ing sea 
w a t e r for cool ing. W h i l e i t is not so res istant as the cupro -n i cke l s , i t often seems to be 
pre ferred because of the lower i n i t i a l cost. 

A n o t h e r w i d e l y used a l l oy i n coo l ing-water service is a l u m i n u m brass , 76 C u - 2 2 
Z n - 2 A l . T h e a l u m i n u m content i m p r o v e s the resistance to v e l o c i t y a n d i m p i n g e m e n t . 
T h i s a l l oy seems to be more susceptible to p i t t i n g t h a n some of the other copper a l loys 
i n s tagnant sea water . A r s e n i c is added as a n i n h i b i t o r of dez inc i f i cat ion . 

T h e h i g h - t i n bronzes—e.g . , 90 C u - 1 0 S n — a r e k n o w n to have excellent l i f e t ime i n 
sea w a t e r as condenser tubes. U n d o u b t e d l y , the i r cost has res t r i c ted the w i d e r use of 
these res istant a l loys . 

O r d i n a r y copper is not recommended for sea-water p lants i f the w a t e r veloc it ies 
are m u c h greater t h a n 2 feet per second. I t remains to be demonst ra ted whether 
copper can be e m p l o y e d i n contact w i t h comple te ly deaerated sea w a t e r at m u c h 
higher veloc i t ies . 

C U P R O - N I C K E L S . A t the present t i m e , most m a r i n e operators agree t h a t the 
cupro -n i cke l s are the most useful m a t e r i a l of c ons t ruc t i on f or sea-water p l a n t s . S ince 
W o r l d W a r I I , the 90 C u - 1 0 N i a l l o y modi f i ed w i t h about 1.5% of i r o n has become 
w e l l establ ished. T h e lower n i c k e l content results i n a cost advantage over the 
70 C u - 3 0 N i a l l oy . A l l o y s c o n t a i n i n g 70 C u - 3 0 N i or 80 C u - 2 0 N i , each w i t h added 
i r o n , are pre ferred b y some designers to w i t h s t a n d more severe condi t ions . 

T h e cupro -n i cke l s have been w i d e l y accepted as the best ava i l ab l e a l l oy for 
condenser tubes. F o r h a n d l i n g hot sea water , there has been some favorab le experience 
w i t h c u p r o - n i c k e l for p u m p s a n d heat exchangers. 

T i t a n i u m . U n l i k e other meta ls , t i t a n i u m n o r m a l l y does not p i t , is no t susceptible 
to stress corros ion , is free f r o m l o ca l corros ion u n d e r f ou l ing organisms, i s free f r o m 
i m p i n g e m e n t a n d c a v i t a t i o n a t t a c k at velocit ies w h i c h a t t a c k copper-base a l l oys , a n d 
is no t suscept ible to sulfide a t t a c k i n c o n t a m i n a t e d sea w a t e r . E x p e r i m e n t s w i t h 
w a t e r velocit ies at 20 to 50 feet per second show no a t t a c k o n t i t a n i u m . 

T i t a n i u m a n d i t s a l loys are sa id to be less susceptible to m i n e r a l s ca l ing i n sea 
water t h a n most other meta ls . ( T h e corros ion products o n a m e t a l , such as steel , p r o b -
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FINK—CORROSION OF METALS IN SEA WATER 35 

a b l y he lp to anchor sea-scale deposits.) A l t h o u g h t h e r m a l c o n d u c t i v i t y is l ow , the 
o v e r - a l l efficiency, t a k i n g f u l l advantage of the v e r y h i g h veloc it ies p e r m i t t e d , can be 
greater t h a n w i t h m a t e r i a l used at present i n sea-water app l i ca t i ons i n v o l v i n g h i g h 
rates of heat t rans fer . 

Methods of Protection 
Protective Coatings. A v a r i e t y of pro tec t ive coatings is ava i lab le for steel i n 

sea-water service . F o r such a p p l i c a t i o n s as sh ips ' h u l l s , n o r m a l prac t i ce is to a p p l y 
c ompat ib l e a n t i f o u l i n g p a i n t over the corros ion-res is tant p r i m e r coat ing sys tem. 
F i g u r e 4 shows panels w h i c h have resisted f ou l ing for a y e a r or more as c o m p a r e d 
w i t h adjacent panels where the exper imenta l coat ing is not protec t ive . 

Figure 4. Experiments at Battel le's Daytona Beach 
Marine Station 

σ. Effect of cathodic protection on paint systems 
6. Antifouling paint studies 

Cathodic Protect ion. Steel can be protec ted b y cathodic cur rent , supp l i ed 
e i ther f r o m sacr i f i c ia l anodes or a n externa l d irect c u r r e n t source. T h e m e t h o d is 
effective for comple te ly i m m e r s e d steel—i.e . , for surfaces on structures be low the 
l o w - t i d e l eve l . C u r r e n t c o n s u m p t i o n can be g r e a t l y reduced b y a p p l y i n g a sui table 
p a i n t sys tem to the steel before i t is i m m e r s e d i n sea water . S u c h a p a i n t sys tem 
should be a l k a l i res istant . 
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36 ADVANCES IN CHEMISTRY SERIES 

A l u m i n u m can be cathocl ical ly pro tec ted , b u t caut i on m u s t be e m p l o y e d . I f there 
is too m u c h a l k a l i developed as a result of too h i g h a cathodic c u r r e n t , the a l u m i n u m 
w i l l be a t t a c k e d . F i g u r e 4 shows a ca thod i c -pro tec t i on exper iment be ing conducted at 
B a t t e l l e ' s m a r i n e s t a t i o n . 

W a t e r Treatment . M a n y years have been spent i n deve lop ing corros ion i n h i b i t o r s 
for o r d i n a r y waters . O n l y a v e r y few such t reatments have been s tud ied for use i n 
sea w a t e r . F o r a once - through p l a n t , corros ion p r e v e n t i o n b y the use of i n h i b i t o r s 
u s u a l l y is f o u n d to be too cost ly . 

I f sea w a t e r is first deaerated, on ly a s m a l l a m o u n t of corros ion i n h i b i t o r , i f a n y , 
p r o b a b l y w o u l d be needed to p r e v e n t a t t a c k o n steel, or copper-base a l loys . F o r 
a l u m i n u m , oxygen is needed to p r o m o t e a pro tec t ive film. 

M o s t of the interest , so far , has been i n deve lop ing water t reatments for scale 
p r e v e n t i o n , no t corros ion p r e v e n t i o n . 

Design Consideration in Heat Exchangers 

I n choosing mater ia l s f or sea-water , heat exchanger, or e v a p o r a t o r service, m a n y 
f a c t o r s — s u c h as cost, a v a i l a b i l i t y , efficiency, as w e l l as c o r r o s i o n — m u s t be cons id ­
ered. M a t e r i a l s ava i lab le i n w r o u g h t f o rms , such as t u b i n g a n d sheet, have been h i g h ­
l i g h t e d i n th i s rev iew . A l l of these meta ls c a n be fabr i ca ted b y wel l -es tab l i shed methods 
i n c l u d i n g w e l d i n g . W h i l e the t h e r m a l c o n d u c t i v i t y for the al loys var ies cons iderab ly , 
the p r o p e r t y of interest to the designer is the o v e r - a l l rate of heat t rans fer i n service . 
F o r efficiency, t h i n pro tec t ive films o n the surface are to be pre fe r red to h e a v y deposits 
of scale a n d corros ion produc t s . W h e r e space a n d we ight are i m p o r t a n t , such as on 
b o a r d s h i p , a n expensive m a t e r i a l (such as t i t a n i u m ) m i g h t cost less i n the l ong r u n 
because of i t s f reedom f r o m maintenance expense. 

H e a t Exchangers U s i n g C o o l i n g W a t e r . T u b u l a r - t y p e heat exchangers used 
i n m a r i n e service are a m o n g the m o s t c r i t i c a l i n a d i s t i l l a t i o n p l a n t . One troublesome 
area i n a tube a n d she l l - t ype heat exchanger is a t the in le t ends of the tubes . I m p i n g e ­
m e n t corros ion , w h i c h is caused b y h i g h - v e l o c i t y t u r b u l e n t flow, is encountered most 
f r equent ly over the first 6 inches of the in l e t ends of the tubes ( F i g u r e 3,a) . B e y o n d 
th i s p o i n t , the flow u s u a l l y tends to be l a m i n a r unless there is some o b s t r u c t i o n i n the 
tube . 

I m p i n g e m e n t a t t a c k at the in le t ends can be m i n i m i z e d b y p r o v i d i n g a sui tab le 
a m o u n t of cathodic c u r r e n t . W h i l e th i s c u r r e n t does no t enter the tube ends to a n y 
great d e p t h , i t protects the first few inches. T h e current m a y be p r o v i d e d b y sacr i f i c ia l 
anodes made f r o m i r o n , z inc , a l u m i n u m , or m a g n e s i u m . 

I f sacr i f i c ia l anodes are used i n condenser w a t e r boxes, i t is desirable to select a 
t y p e t h a t w i l l las t for several years . P u r e z inc or spec ia l ly f o r m u l a t e d z inc anodes 
have regained f a v o r i n recent years w i t h some operators . H i g h - p u r i t y z inc is sa id to 
be se l f - regu lat ing a n d does no t require a resistance to c o n t r o l the c u r r e n t . I n some 
cases, the tube sheet a n d tube ends also are coated to reduce the current d r a i n on 
the anodes. 

A n o t h e r m e t h o d of p r o v i d i n g pro tec t ive current is to use the heads or w a t e r boxes 
as sacr i f i c ia l anodes. These w a t e r boxes, w h e n made of h e a v y steel or of cast i r o n , 
p r o v i d e ga lvan ic p r o t e c t i o n t o the tube ends a n d tube sheet as t h e y corrode . 

I n c i d e n t a l l y , the s m a l l a m o u n t of i r o n i n t r o d u c e d i n t o sea w a t e r b y such 
corros ion , or b y i n t e n t i o n a l chemica l a d d i t i o n , is considered beneficial b y some a u t h o r i ­
ties for p r o m o t i n g pro tec t ive films o n copper-base a l l oys . R e d u c e d a t t a c k can also 
be accompl i shed b y flaring the tube ends to fac i l i ta te s t reaml ine flow. I t is essential 
t h a t the cross-over area i n the head or channe l be larger t h a n the cross-sect ional area 
of the tubes t o reduce turbu lence . M u n r o (6) recommends 1 2 5 % f or the cross-over 
area i n w a t e r boxes f or sea-water service . A l s o f r o m the s t a n d p o i n t of turbu lence , 
side e n t r y is pre fe r red t o a x i a l e n t r y a t the f r o n t e n d of the condenser. 

I f the ferrous heads o r w a t e r boxes i n a condenser are l i n e d w i t h a pro te c t i ve 
coat ing , o r w i t h a m e t a l such as M o n e l , the in le t tube ends w i l l no longer receive 
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FINK—CORROSION OF METALS IN SEA WATER 37 

cathodic pro tec t i on f r o m the i r o n to copper a l loy couple . I m p i n g e m e n t a t t a c k at t h e 
tube ends m a y be expected to be more severe. Sacr i f i c ia l anodes, as a l ready descr ibed, 
p r o b a b l y w i l l be needed. F o r p a i n t e d water boxes, the anode design a n d p lacement m u s t 
be care fu l l y designed. T o o m u c h current m a y result i n bl is ters o n the p a i n t c oa t ing 
a n d undes irable m i n e r a l scale on the tube in let sect ion. T h e r e are reports t h a t pieces 
of dis lodged p a i n t coat ing have caused sudden p lugg ing of condenser tubes w i t h serious 
loss of coo l ing c a p a c i t y . 

I n c e r ta in chemica l p lants , the process so lut i on be ing cooled is u n d e r pressure 
or is v e r y corros ive . I t is f o u n d expedient i n some cases to p u t the Ιολν-pressure sea 
water o n the shel l side of the heat exchanger. U n d e r these condit ions , the steel shel l 
w i l l suffer m o r e r a p i d a t t a c k because of ga lvan i c c oup l ing to the copper-base a l l oy 
tub ing . H o w e v e r , o n l y the outer tubes are " s e e n " b y the shel l i n th i s couple . N e v e r ­
theless, th is represents a large cathode. 

F o r each condenser-tube a l l oy , there is a recommended m a x i m u m as we l l as m i n ­
i m u m v e l o c i t y i n sea-water service . S i l t or other fine solids i n the cool ing water is a 
c o m p l i c a t i n g fac tor . I t m a y be h e l p f u l to raise the m i n i m u m v e l o c i t y to the po int 
where the s i l t is a lways m a i n t a i n e d i n suspension. 

I n b r a c k i s h waters , the same general corros ion pr inc ip l es m a y a p p l y as for sea 
water . E x p e r i e n c e has also s h o w n t h a t there m a y be considerable v a r i a t i o n f r o m p l a n t 
to p l a n t i n the per formance of meta ls , even where the cool ing w a t e r comes out of the 
same general source such as a deep b a y or es tuary . T h e r e are coastal sites where 
the s a l i n i t y m a y show v e r y m a r k e d seasonal f l u c t u a t i o n . P r o t e c t i v e film f o r m a t i o n is 
essential for l ong l i f e t ime i n condenser t u b i n g . T u b e s ins ta l l ed at the season of the y e a r 
w h e n condi t ions are most favorab le to f o r m pro tec t ive films t e n d to give longer service . 

T h e use of sacr i f i c ia l anodes for pro te c t i on of the heads of the heat exchanger m a y 
not be so effective i n b r a c k i s h water . T h e water m a y be v e r y corros ive because of p o l ­
l u t i o n or c o n t a m i n a t i o n , even w h e n the s a l i n i t y is r e l a t i v e l y l ow . M o r e anodes, w i t h 
closer spac ing , n o r m a l l y are needed to g ive sufficient p r o t e c t i o n i n b r a c k i s h water 
t h a n i n sea water . 

Evaporators and H e a t Exchangers for H a n d l i n g H o t Sea W a t e r . R e l a t i v e l y 
l i t t l e i n f o r m a t i o n is ava i lab le on mater ia l s of cons t ruc t i on for e l evated - temperature se rv ­
ice w i t h sea water . U s u a l l y , one also m u s t consider the a t t a c k b y flue gas, s team, or 
other m e d i u m on the other side of the m e t a l b a r r i e r . 

C u p r o - n i c k e l s are recommended for cons iderat ion i n evapora to r service, especial ly 
i f sea water is to be h a n d l e d at 200° F . or h igher . M o n e l shou ld give good service . 
T h e r e is some interest i n us ing e i ther T y p e 316 stainless steel or A l l o y 20. Because of 
the danger of stress corros ion , precaut ions m u s t be t a k e n w i t h these l a t t e r two m a t e ­
r ia l s . H a s t e l l o y C is sa id to be v e r y res istant to hot sea w a t e r . 

F r o m a corros ion v i e w p o i n t , the m e t a l w i t h the most ou t s tand ing promise for sea-
water heat exchangers is t i t a n i u m . L a b o r a t o r y exper iments s t a r t i n g w i t h sea water , 
a n d heat ing under pressure to above the c r i t i c a l t e m p e r a t u r e , have i n d i c a t e d t i t a n i u m to 
be great ly super ior to H a s t e l l o y C a n d M o n e l , u n d e r these condi t ions ( 4 ) . A l l i n d i c a ­
tions suggest t h a t t i t a n i u m is the most resistant of the c o m m e r c i a l l y ava i lab le meta ls 
to sea water at t emperatures u p to 750° F . 

A t the present t i m e , i t is recommended t h a t the heat - t rans fer surfaces of e v a p o r a ­
tors a n d the heat exchangers for h a n d l i n g hot sea w a t e r be made of 7 0 % copper , 3 0 % 
n i c k e l a l l oy w i t h 0 . 7 % i r o n . T h i s a l l oy has g iven excellent service i n heat exchangers 
a b o a r d ships u n d e r a wide v a r i e t y of service condi t ions . 

P u m p s . M a t e r i a l s of cons t ruc t i on for p u m p s v a r y w i t h the t y p e of service . A t 
lower veloc i t ies , sea water has been h a n d l e d successful ly i n p u m p s us ing casings made 
f r o m cast i r o n . C a s t i r o n conta in ing a few per cent of n i c k e l is repor ted to be finer 
gra ined a n d to have smal ler g raph i te flakes. T h i s m a y e x p l a i n i ts super ior per formance 
for sea-water service c o m p a r e d w i t h o r d i n a r y cast i r o n . 

A f t e r a year or t w o i n sea water , a res idual l a y e r of g raph i te forms on the cast -
i r o n surface. I f a cas t - i ron p u m p casing becomes g r a p h i t i z e d , the p o t e n t i a l r e la t i onsh ip 
is reversed a n d the casing m a y become cathodic to the bronze i m p e l l e r . T h e l a t t e r 
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38 ADVANCES IN CHEMISTRY SERIES 

c a n n o w be expected to corrode at a higher rate . M a n y operators prefer a more 
res is tant m a t e r i a l f or the casing, such as M o n e l , a bronze , or a c u p r o - n i c k e l . T h i s avo ids 
the above p r o b l e m w i t h cast i r o n . 

A l t h o u g h i m p e l l e r s are c o m m o n l y made of one of the bronzes , m a n y operators 
pre fer M o n e l a n d S M o n e l because of the longer service obta ined . 

Severa l instances of corros ion c r a c k i n g of austeni t i c stainless steel p u m p shafts 
have been repor ted . I t is f o u n d t h a t p u m p shafts of Κ M o n e l g ive excellent service 
i n sea water. 

T h e l i f e t ime of the p u m p , p a r t i c u l a r l y the i m p e l l e r , is great ly extended i f i t is o p ­
erated be low i ts r a t e d c a p a c i t y for fresh w a t e r w h e n i t is used for sea w a t e r . 

F o r h a n d l i n g hot sea water , C a r p e n t e r 20 i m p e l l e r a n d casings have been used w i t h 
success. C u p r o - n i c k e l also has been used for p u m p s h a n d l i n g hot sea water . 

Impingement or E r o s i o n - C o r r o s i o n . A considerable n u m b e r of fa i lures i n sea-
w a t e r service t e n d to occur on the d o w n s t r e a m side of va lves , fittings, b r a n c h connec­
t ions , etc. E x c e s s i v e l y h i g h sea-water velocit ies a n d turbu lence were i n v o l v e d . I t is 
n o t considered good prac t i ce t o c o n t r o l rates of f low b y t h r o t t l i n g a t the v a l v e , since 
th i s in troduces turbu lence just b e y o n d the v a l v e . V a l v e s shou ld be used for i so la t i on 
service . G o o d h y d r a u l i c design is essential for l ong l i f e t ime i n a p l a n t for h a n d l i n g 
sea water . Ve loc i t i es i n pipe's, etc., shou ld be i n the range recommended for the m a ­
t e r i a l i n sea water. 

Intake to Plant . C l e a n sea w a t e r (or b r a c k i s h water ) free f r o m suspended m a t t e r 
is essential f r o m a n operat i ona l s t a n d p o i n t . She l l fish, t r a s h , etc., i f a l l owed i n t o the 
w a t e r sys tem i n the p l a n t , m a y become lodged at c r i t i c a l po ints , such as heat exchanger 
t u b i n g . 

Conclusions 

F o r economy i n cons t ruc t i on a n d operat i on of p lants for h a n d l i n g sal ine water , 
p a r t i c u l a r a t t e n t i o n m u s t be p a i d to corros ion factors . Steel can be used i n m a n y a p ­
p l i ca t i ons , i f i t is pro tec ted b y the use of coatings or is g iven cathodic p r o t e c t i o n . A l ­
lowance also can be made i n the design for the corros ion of steel . I f i t does n o t confl ict 
w i t h other design factors , i n c o m i n g sea water shou ld be deaerated to c o n t r o l steel c o r ­
ros ion . C o r r o s i o n i n h i b i t o r s a n d chemica l t r e a t m e n t m a y be e m p l o y e d to reduce the 
a t t a c k , b u t f r e q u e n t l y th i s m e t h o d is too cost ly . 

A large n u m b e r of copper-base a n d nickel -base a l loys (such as cupro -n i cke l s , M o n e l , 
a n d a l u m i n u m brass) have been used i n sea-water service w i t h success. Spec ia l m a ­
ter ia ls such as H a s t e l l o y C , I l l i u m , a n d t i t a n i u m are ava i lab le for extremely corros ive 
s i tuat ions . T h e evidence, so far , indicates t i t a n i u m to be o u t s t a n d i n g a n d to r a n k above 
other c o m m e r c i a l l y ava i lab le meta ls i n corros ion resistance u n d e r condi t ions i n v o l v i n g 
h i g h t e m p e r a t u r e , ve l o c i ty , a n d other adverse e n v i r o n m e n t a l condi t ions . 

C h l o r i n a t i o n to a res idua l of 0.5 p . p . m . is w i d e l y used. I t is r e q u i r e d to prevent 
f ou l ing of the M o n e l or bronze i n t a k e screens, the ducts , p ipes , etc., t h r o u g h o u t the 
sys tem. E x p e r i e n c e has shown t h a t c h l o r i n a t i o n , unless care fu l l y contro l l ed to l o w 
residuals , tends to increase the c o r r o s i v i t y of saline waters . 

Sacr i f i c ia l anodes f r equent ly are used to protec t the r o t a t i n g steel f rame w h i c h 
suppor ts the M o n e l screens at the p l a n t i n t a k e . 

R e c e n t l y , a l u m i n u m has been demonstra ted to be a v e r y useful m a t e r i a l of c o n ­
s t r u c t i o n for sea-water p l a n t s . Spec ia l care m u s t be t a k e n w i t h a l u m i n u m to a v o i d 
contact w i t h most other meta ls . H e a v y m e t a l ions i n the i n c o m i n g sea w a t e r , such 
as copper , m u s t be removed before the water enters a n a l u m i n u m i n s t a l l a t i o n to prevent 
l o ca l a t t a c k such as p i t t i n g . 

W i t h g rea t ly increas ing interest i n the ocean for m a n y purposes , the corros ion 
experts w i l l be increas ing ly ac t ive i n h e l p i n g to design corros ion-res is tant a p p a r a t u s 
a n d p l a n t s for sea-water service . 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
05



FINK—CORROSION OF METALS IN SEA WATER 39 

Acknowledgment 

T h e a u t h o r is indebted to a large n u m b e r of special ists who generously c o n t r i b u t e d 
t i m e , experience, a n d ideas to th is paper . T h e a u t h o r v e r y m u c h apprec iates the 
s u p p o r t of the Office of Sal ine W a t e r on a pro ject c losely re lated to the subject of th i s 
paper . 

Literature Cited 
(1) Badger, W. L., and Associates, Inc., Ann Arbor, Mich., "Critical Rev i ew of L i terature 

on F o r m a t i o n and Prevent i on of Scale," Research and Deve lopment Progr . R e p t . N o . 
25, Office of Saline Water , July 1959. 

(2) Forgeson, B. W . , Southwel l , C . R., Alexander, A. L., Corrosion 16, No. 3 (1960). 
(3) Hache , Α., Rev. mét. 53, No. 1 (1956). 
(4) Laserson, G. L., et al., "Extraction of Fresh Water f rom Sea W a t e r in the Supercr i t ical 

State , " to the Office of Saline Water , by Nuc lear Deve lopment Associates, Inc. , W h i t e 
P la ins , N. Y., NDA 32-2, p. 36, July 31, 1954. 

(5) L y m a n , J o h n , Abel, R. Β., J. Chem. Educ. 35, 113-5 (1958). 
(6) M u n r o , J. D., Proc. Am. Petrol. Inst. 34, 19 (1954). 
(7) Pa lmaer , W . , J. lutte contre corrosion, 18-24 (1938). 
(8) Peterson, M. H., W a l d r o n , L. J., "An Invest igation of the Corros ion R a t e of Mild 

Steel in San Diego H a r b o r , " Natl. Assoc. Corros ion Engrs . , 16th A n n . Conf . , Da l las , 
Tex. , M a r c h 14-18, 1960. 

(9) U h l i g , H. H., ed., "Corros i on H a n d b o o k , " p. 416T, Electrochemica l Society, 1948. 

RECEIVED for review July 15, 1960. Accepted July 28, 1960. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
05



The Place of Solvent Extraction in 
Saline Water Conversion 

DONALD W. HOOD and RICHARD R. DAVISON 

Texas A & M College, College Station, Tex. 

No method of desalination is likely to be best in all 
circumstances and the conditions most favorable for 
solvent extraction are investigated. In this process, 
saline water is contacted with an organic solvent to 
produce a more concentrated raffinate and an ex­
tract containing the low salinity water which sepa­
rates upon heating. The solvent is recycled and the 
product and raffinate are stripped of the residual 
solvent content. Data on both the extracting and 
stripping steps indicate their practicality. Of the 
many types of compounds investigated as solvents, 
secondary and tertiary amines are the best in every 
respect, except that the resulting high pH precipi­
tates magnesium. Low temperatures in the process 
minimize scale and corrosion and make possible the 
use of low-level heat, and by varying the solvent 
mixture, the operating temperature may be varied 
to suit ambient conditions. As for any stagewise 
process, the costs are less for low salinity feed. 
From a competitive standpoint, water of low mag­
nesium and 5000 to 10,000 p.p.m. solids are 
favored. 

T h e c o m p l e x i t y of the p r o b l e m a n d the d i v e r s i t y of operat ing condit ions i n sal ine w a t e r 
convers ion m a k e i t u n l i k e l y t h a t a n y process based o n one p r i n c i p l e or p h en om en on 
w i l l p r o v i d e the most efficient convers ion i n a l l opera t in g s i tuat ions encountered . T h e 
a r t of sal ine w a t e r convers ion has n o w reached a leve l at w h i c h one can beg in to take 
stock w i t h respect to the p a r t i c u l a r advantages of the m a n y different processes i n a n y 
g i v e n s i t u a t i o n . T h e final selection of a process w i l l o n l y be possible a f ter care fu l c o n ­
s idera t i on of process opera t i on d a t a as a p p l i e d to the convers ion p r o b l e m at h a n d . 
S ince such d a t a are ava i lab le o n b u t v e r y few processes a t the present t i m e , i t is o n l y 
possible to pro jec t o n the basis of t h e o r y a n d experience those po ints w h i c h set a p a r t 
one process f r o m another . T h e purpose of th i s paper is to present i n f o r m a t i o n n o w 
ava i lab le w h i c h m a y he lp to locate the so lvent e x t r a c t i o n process i n i t s r i g h t f u l pos i t i on 
i n the sal ine w a t e r convers ion field. 

So lvent e x t r a c t i o n was proposed as a m e t h o d for saline w a t e r convers ion b y H o o d 
a n d H a r w e l l i n 1953 (1), a n d has been u n d e r i n v e s t i g a t i o n since t h a t t i m e t h r o u g h s u p ­
p o r t of the Office of Sa l ine W a t e r a t T e x a s A & M Col lege . A n u m b e r of rev iew 
art ic les have been p u b l i s h e d concerning th i s process {2-5). 
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HOOD AND DAVISON—SOLVENT EXTRACTION 41 

Process 

T h e process operates on the p r i n c i p l e t h a t c e r ta in solvents w h i c h c o n t a i n s t rong 
electronegative atoms w i t h i n the molecule have the p r o p e r t y of f o r m i n g h y d r o g e n 
bonds w i t h w a t e r molecules a n d y e t because of t h e i r h y d r o p h o b i c side c h a i n d r a w the 
water -so lvent couple in to the solvent phase. S u b s t i t u t i o n of a l k y l groups o n or near 
the n i t rogen , as i n b r a n c h e d secondary or t e r t i a r y amines , results i n extreme sens i t i v i t y 
of s o l u b i l i t y to t e m p e r a t u r e , m a k i n g i t possible to separate so lvent a n d w a t e r b y a 
s m a l l change i n t e m p e r a t u r e . W i t h these conf igurat ions of the so lvent molecule , w a t e r 
is ex t rac ted f r o m the b r i n e solut ions w i t h the exc lus ion of salt . A schematic of the 
e x t r a c t i o n process is shown i n F i g u r e 1. I f ref lux is necessary, s l ight modi f i cat ions w i l l 

REFLUX 

RAW 
WATER 

Ï 

ίο 

§ 1 

SOLVENT 

PHASE 
SEPARATION 

TANK 

WATER 

REFLUX 

BRINE 

STEAM 

\STRIPPER 

STEAM 

STRIPPERl 

WATER 
PRODUCT 

[BRINE 

Figure I. Schematic of solvent extraction process for 
saline water conversion 

be requ i red . F e e d w a t e r enters at the t o p of the ex t rac to r (or i n t e r m e d i a t e l y , i f ref lux 
is required) a n d the so lvent is contacted i n countercurrent flow b y the so lvent enter ing 
the ex t rac tor at the b o t t o m . T h e extrac t , w h i c h contains apprec iab le w a t e r a n d a 
l i t t l e sa l t , leaves the ex t rac tor a n d flows t h r o u g h the heat exchange sys tem. T h e ex t rac t 
is d i v i d e d i n t o two s t reams : One exchanges heat w i t h the s t r i p p e d so lvent , a n d the 
other w i t h the separated water . H o t extract f r o m the exchanger enters the extrac t 
heater f r o m w h i c h i t emerges a t a separat i on t e m p e r a t u r e T - 2 before enter ing the 
separator . T h e s t r i p p e d so lvent flows b a c k to the exchangers a n d t h r o u g h a cooler 
f r o m w h i c h i t is recyc led to the ex t rac tor . T h e w a t e r f r o m the separator flows t h r o u g h 
the exchangers a n d t h r o u g h the p r o d u c t so lvent recovery u n i t . I f ref lux is used , p a r t 
of the produc t water s t r e a m is r e m o v e d p r i o r to so lvent r e m o v a l a n d r e t u r n e d to the 
e x t r a c t i o n c o l u m n . M a n y modi f i cat ions of th i s basic process have been considered, 
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42 ADVANCES IN CHEMISTRY SERIES 

w i t h p a r t i c u l a r reference to t y p e of extractors , sources of heat , a n d thus mod i f i ca t i on 
of heat exchangers a n d solvent recovery processes. I n essence, however , a l l consist of 
the three basic p a r t s : ex t rac t i on , separat ion , a n d solvent recovery . 

I n F i g u r e 2, the s o l u b i l i t y curve of a t y p i c a l l y good so lvent is shown. I n th i s 
curve the weight per cent of w a t e r i n the so lvent is p l o t t e d vs. t e m p e r a t u r e . I f one 
chooses a n ex t rac t i on t e m p e r a t u r e of 38° C , the solvent w i l l dissolve a p p r o x i m a t e l y 
3 0 % water . I f a lower t e m p e r a t u r e is used a n d thus a h igher water content , the 

o 0 l ι ι ι ι ι 1 1 1 1 1 
0 10 20 30 40 50 60 70 80 90 100 

WATER , WEIGHT PER CENT 

Figure 2. Typical solubility diagram of typical solvent 
useful in saline process 

solvent dissolves water w h i c h contains increas ing amounts of sa l t . E x p e r i e n c e has 
s h o w n t h a t a water content of the extract i n excess of 35 to 4 0 % u s u a l l y causes excess 
so lut i on of salt i n the solvent phase for o p t i m u m operat i on . F i g u r e 3 shows the effect 
of so lvent water content on the se lec t iv i ty of w a t e r over salt for some secondary a n d 
t e r t i a r y amines . I f the solvents represented were t h e n heated to 75° C , a l l except 
8 % of the water w o u l d phase out . A f t e r phase separat ion of w a t e r a n d so lvent , the 
solvent can be recyc led t h r o u g h the e x t r a c t i o n phase to m a k e the process cont inuous . 

Solvent Chemistry 
D u r i n g th is inves t i ga t i on about 400 solvents have been s tud ied for s u i t a b i l i t y i n 

the so lvent ex t rac t i on process. I n c l u d e d i n th i s g roup have been esters, f a t t y acids , 
a ldehydes , ketones, alcohols , g lycero l ethers, e thylene g l y c o l , p r o p y l e n e g l y c o l , th ioethers , 
e thanolamines , a m i n o ethers, phosphate a n d phosphi te esters, m o r p h o l i n e der iva t ives , 
a large v a r i e t y of subs t i tu ted a r o m a t i c a n d cyc l i c compounds , a n d p r i m a r y , secondary , 
a n d t e r t i a r y amines . O f th is vast a r r a y of compounds , i t appears t h a t o n l y those 
compounds conta in ing s t rong electronegative groups such as oxygen, n i t r o g e n , a n d 
poss ib ly phosphorus , have propert ies useful i n th is process. O f these, the n i t r o g e n - c o n ­
t a i n i n g compounds a n d p a r t i c u l a r l y the amines are f o u n d to have b y f a r the best 
so lvent propert ies . T h e s o l u b i l i t y curves for some of the amines are shown i n F i g u r e 4. 
T h i s figure po ints out ra ther d r a m a t i c a l l y the effect of one c a r b o n a t o m i n a c o m ­
p o u n d a n d the effect of s u b s t i t u t i o n i n the a l i p h a t i c c h a i n w i t h respect to the n i ­
t rogen a t o m . M e t h y l p e n t y l a m i n e a n d m e t h y l b u t y l a m i n e are not p a r t i c u l a r l y use fu l 
because, i n the case of the f o rmer , the s o l u b i l i t y curve is too p e r p e n d i c u l a r a n d , i n 
the l a t t e r , insufficient water is lost b y heat ing w i t h i n n o r m a l t emperatures . A l t h o u g h 
the m e t h y l p e n t y l a m i n e is somewhat bet ter t h a n m e t h y l b u t y l a m i n e , the s o l u b i l i t y does 
not change suff ic iently w i t h t e m p e r a t u r e f or a good s o l v e n t ; however , e t h y l i s o p r o p y l 
a n d e t h y l s e c -buty lamine w h i c h c o n t a i n a m e t h y l g r o u p a l p h a t o the n i t r o g e n show 
great i m p r o v e m e n t i n s o l u b i l i t y propert ies . I n the case of e t h y l i s o p r o p y l a m i n e , a n 
a lmost i dea l so lvent s i t u a t i o n results except t h a t the o p e r a t i n g t e m p e r a t u r e is m u c h 
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HOOD AND DAVISON—SOLVENT EXTRACTION 43 

higher t h a n is desirable . C o n v e r s e l y , the e t h y l se c -buty lamine requires a n e x t r a c t i o n 
t e m p e r a t u r e t h a t is too l o w for a n effective so lvent . T h e r e are a n u m b e r of amines 
w h i c h have so lvent propert ies s i m i l a r to those shown. T h e final decis ion w i t h respect 
to selection is based o n the c o m p a r a t i v e cost of synthesis , the se lec t iv i ty of w a t e r over 
sal t , dens i ty , v i s cos i ty , ease of phase separat i on , mo le cu lar weight , a n d other p h y s i c a l 
a n d chemica l propert ies desirable i n the process. 

60 70 
WATER, MOLE PER CENT 

Figure 3. Effect of solvent content on the selectivity of 
water over salt for some amines 

1. n-Methyl-l, 3-dimethylbutyl-
amine 

2. η-Ethyl sec-butylamine 
3. η-Ethyl rerr-butylamine 
4. n, n-Dimethyl rerr-butyl­

amine 

• 0.1% NaCl 

X 1.0% NaCl 
A 5.0% NaCl 
• 10.0% NaCl 

( !·!* \ 
\ salt + water / water 

( s a l t ï 

\ salt + water /solvent 

K+ = Na + 

K - = C l ­
i n o u r extensive i n v e s t i g a t i o n , p r a c t i c a l l y a l l s t r u c t u r a l conf igurat ions of the amines 

w h i c h c o n t a i n five a n d s ix c a r b o n a toms were ob ta ined c o m m e r c i a l l y o r synthes ized . 
T h e propert ies of m a n y of the amines have been f o u n d su i tab le , b u t the authors have 
been unab le to find a so lvent w h i c h happened to f a l l i n the r i g h t op era t in g t e m p e r a t u r e 
range. F u r t h e r s t u d y i n d i c a t e d t h a t m i x t u r e s of so lvents b o t h of w h i c h h a d n ear i d e a l 
propert ies b u t were dif f icult to use i n the process because of opera t ing t e m p e r a t u r e , 
w o u l d g ive s o l u b i l i t y curves of a lmost i dea l character is t i cs w h e n m i x e d i n the r i g h t 
p r o p o r t i o n s . D a t a ob ta ined for t w o of these are s h o w n i n F i g u r e 5. These d a t a show 
t h a t a n ex t rac t i on t e m p e r a t u r e f r o m 18° to 55° C . is possible b y use of m i x t u r e s of 
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44 ADVANCES IN CHEMISTRY SERIES 

these t w o amines . I n the desert southwest the feed water w i l l have a t e m p e r a t u r e 
between 25° a n d 35° C , a n d i n order to a l l ow for heat of so lu t i on of the w a t e r i n 
solvents , a n e x t r a c t i o n t e m p e r a t u r e between 35° a n d 45° C . w o u l d result . F o r th is 
c o n d i t i o n , a c o m b i n a t i o n of one p a r t t r i e t h y l a m i n e a n d t w o p a r t s m e t h y l d i e t h y l a m i n e 
prov ides a near - idea l so lvent . T r i e t h y l a m i n e is the best so lvent of the t w o a n d t h e r e ­
fore, operat i on at colder t emperatures w o u l d be somewhat advantageous . A feed w a t e r 
t e m p e r a t u r e of 12° to 15° C . w o u l d a l l ow use of t r i e t h y l a m i n e as a single so lvent . 

A second i m p o r t a n t po in t of cons iderat ion is the short t e m p e r a t u r e range requ i red 
for th is sys tem of solvents . T h e 1 to 2 m i x t u r e of m e t h y l d i e t h y l a m i n e - t r i e t h y l a m i n e 
dissolves 3 5 % b y weight of w a t e r at 4 0 ° C . a n d at a separat i on t e m p e r a t u r e of 55° C . 
i t dissolves o n l y 1 0 % w a t e r . A feed w a t e r t e m p e r a t u r e of 30° C . w o u l d be desirable 
a n d to heat to the separat ion t e m p e r a t u r e b y means of heat exchangers, a source 
of heat at 65° C . w o u l d be adequate . 

? 0 i ι ι ι ι ι ι ι ι l _ 

T) 10 2 0 30 4 0 50 60 7 0 80 9 0 
WATER , WEIGHT PER CENT 

Figure 4. Effect of structure on water solubility 

X—X n-Methylbutylamine 
• — · n-Methylamylamine 
• — • n-Ethylpropylamine 
A — A n-Ethylisopropylamine 
• — τ η-Ethyl sec-butylamine 

I n order to test the l a b o r a t o r y d a t a ob ta ined , a s m a l l ex trac tor sys tem was used 
w i t h those solvents h a v i n g sui table propert ies , w h i c h were obta inab le i n sufficient q u a n ­
t i t ies for tes t ing , us ing n a t u r a l waters or s o d i u m chlor ide so lut ions . T h e ex t rac t i on 
sys tem consists of a 2 - inch p a c k e d c o l u m n a p p r o x i m a t e l y 4 feet h i g h to w h i c h w a t e r 
a n d solvent were fed c o u n t e r c u r r e n t l y . A n analys is of the resu l t ing extract feed a n d 
br ine was made to determine the m a t e r i a l balance for the sys tem. T h e d a t a ob ta ined 
f r o m th i s c o l u m n us ing d i i s o p r o p y l a m i n e as solvent are shown i n T a b l e I . T h e feed 
concentrat i on was 2000 p . p . m . of s o d i u m ch lor ide . T h e p r o d u c t conta ined 490 p .p .m. , 
of w h i c h p a r t was the amine h y d r o c h l o r i d e . I n prac t i ce , th i s w o u l d be replaced i n 
the so lvent recovery sys tem b y a n equiva lent a m o u n t of s o d i u m to give the t o t a l salt 
content i n d i c a t e d . Sufficient d a t a have been obta ined t o ind i cate t h a t the ca lcu lat ions 
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HOOD AND DAVISON—SOLVENT EXTRACTION 45 

\ 

J I I I I I I I I I 
10 20 30 4 0 50 60 70 80 90 100 

WATER , WEIGHT PER CENT 

Figure 5. Solubility diagram of methyldiethylamine, triethylamine, and 
mixtures of the two 

• — A Triethylamine 
• — • Methydiethylamine 
X—X 1-2 mixture 
• — • I -3 mixture 
• — · I-1 mixture 

based on l a b o r a t o r y d a t a are compat ib l e w i t h those ob ta ined i n p r a c t i c a l e x t r a c t i o n 
studies . S i m i l a r runs w i t h th i s c o l u m n us ing a c t u a l b r a c k i s h w a t e r ob ta ined f r o m b r i n e 
wel ls gave comparab le results . I n th i s exper iment , no ref lux was used a n d the c o l u m n 
gave about three theore t i ca l stages. I t is expected t h a t the m i x e d so lvent sys tem 
p r e v i o u s l y i n d i c a t e d w o u l d g ive bet ter results t h a n d i i s o p r o p y l a m i n e , b u t sufficient 
quant i t i es of so lvent have not been ava i lab le for such tes t ing . 

Table I. Production of Fresh Water from Salt Water with Diisopropylamine 
Sodium Chlor ide 

M e q . P . p . m . M e q . P . p . m . 
Feed—Sal t , 2000 p .p .m. 

33 .3 800 33 .3 1200 

P r o d u c t — S a l t , 491 p .p .m. 
6 .0 144 8 .4 325 
2 .4 (amine as sodium) 

Raff inate—Salt , 7150 p .p .m. 
128 3090 115 4060 

Solvent Recovery 
F r o m the t i m e of i n c e p t i o n of th i s process, m u c h concern has been i n d i c a t e d c o n ­

cern ing the p r o b l e m of so lvent recovery f r o m the p r o d u c t w a t e r a n d raff inate. T h i s 
concern stems f r o m two i m p o r t a n t cons iderat ions : first, the cost of so lvent losses; a n d 
second, the possible t o x i c i t y of the r e m a i n i n g so lvent . T o invest igate so lvent recovery 
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46 ADVANCES IN CHEMISTRY SERIES 

o n a scale use fu l i n p l a n t scale -up, a l a b o r a t o r y sys tem was constructed w h i c h uses a 
s team s t r i p p e r consist ing of a 6 - inch p a c k e d c o l u m n a p p r o x i m a t e l y 6 feet t a l l . W a t e r 
c onta in ing amine was fed t h r o u g h the s t r i p p e r c o u n t e r c u r r e n t l y to the s team a n d the 
d a t a shown i n T a b l e I I were ob ta ined . These d a t a show t h a t p r o d u c t w a t e r c onta in ing 

Table II. Solvent Recovery 

Rate , L b . / H r . 
Water Steam Water Feed A m i n e Concn . , P . P . M . 
feed overhead Temp. , ° C . Feed Product 
394 21.1 83 3200 3.3 
394 26 .4 85 3200 1.6 

3200 p .p .m . of d i i s o p r o p y l a m i n e was s t r i p p e d to a concentrat i on of a p p r o x i m a t e l y 2.5 
p . p . m . w i t h 0.06 p o u n d of s team per p o u n d of p r o d u c t . T h i s represents v e r y favorab le 
so lvent recovery a n d the s team used f r o m th i s process w i l l p rov ide a p p r o x i m a t e l y one 
hal f the heat requirements necessary for the separat ion stage. I t is expected t h a t 
s t r i p p i n g i n a m o r e efficient c o l u m n w o u l d reduce the amine concentra t i on even f u r t h e r . 
F r o m a n economic po int of v i ew , th i s a m o u n t of solvent const i tutes a loss of 0.02 p o u n d 
of amine per 1000 gallons of water produced . A t a n es t imated cost of $0.50 per p o u n d 
for the amine , the solvent losses w o u l d a m o u n t to $0.01 per 1000 gal lons of p r o d u c t . 
F r o m the t o x i c i t y po in t of v i ew , i t is no t possible to est imate w h a t a d d i t i o n a l amine 
r e m o v a l w i l l be necessary since few d a t a o n chronic t o x i c i t y of amines to h u m a n s are 
ava i lab le . Some d a t a on t o x i c i t y of a l i p h a t i c amines to p o u l t r y have been presented 
i n the l i t e r a t u r e . C l a r k a n d D u b o s e (2) f o u n d t h a t chickens fed 25 m g . of n - o c t y l a m i n e 
per k i l o g r a m of b o d y weight for 10-week periods gave no s ta t i s t i ca l evidence of damage. 
A c u t e t o x i c i t y was reached o n l y w h e n the diet conta ined 1100 m g . per k i l o g r a m of body 
weight . W h i l e these d a t a are not d i r e c t l y app l i cab l e i n establ ish ing the chronic t o x i c i t y 
leve l of a l i p h a t i c amines to h u m a n s , yet assuming s i m i l a r effects, a h u m a n w o u l d need 
to d r i n k a p p r o x i m a t e l y 750 l i ters of p r o d u c t water per d a y c o n t a i n i n g 2.5 p . p . m . of 
amine , i n order to reach the l ower l i m i t set for chickens . S h o u l d i t be necessary to 
reduce the amine content be low t h a t p r o v i d e d b y s t r i p p i n g w i t h s team, l a b o r a t o r y tests 
have shown t h a t amine solutions of th is c oncentra t i on q u i c k l y lose t h e i r amine content 
w h e n a l lowed to s t a n d i n a l a b o r a t o r y for a per i od of 1 to 2 days , i n d i c a t i n g r a p i d b a c ­
t e r i a l decompos i t i on . These d a t a w o u l d i m p l y t h a t storage of the water for b r i e f periods 
or use of t r i c k l e filters w o u l d be advantageous i n r e m o v i n g the last traces of amine i n 
the water p r o d u c t . 

Limitations of the Process 
C e r t a i n l i m i t a t i o n s exist for th is m e t h o d of saline water convers ion . F i r s t , due to 

the f u n d a m e n t a l propert ies of solut ions of w a t e r i n solvents , the process is most a p p l i ­
cable to l ow saline waters or those c o m m o n l y classified as b r a c k i s h , i n a range of 2000 
to 10,000 p .p .m . of t o t a l salt . T h e r e are several reasons for th i s . T h i s is a stagewise 
process so t h a t the n u m b e r of stages a n d reflux r equ i red are a f u n c t i o n of the rat io of 
feed to water p r o d u c t concentrat i on . A l s o , increas ing salt concentrat ion reduces the 
s o l u b i l i t y of water i n the so lvent . Because i t is necessary to c i rculate at least t w o to 
two a n d a ha l f t imes as m u c h so lvent as water p r o d u c t w i t h larger amounts for higher 
salt concentrat ion , the p r o b l e m of heat exchange a n d e x t r a c t i o n w i t h these large q u a n ­
t i t ies of solvent becomes i m p o r t a n t . T h e economics of heat exchange necessitate t h a t 
some t h e r m a l energy be discarded to the e n v i r o n m e n t ra ther t h a n a t t e m p t to m a k e a 
closed heat sys tem. H o w e v e r , since the process can ut i l i ze extremely l ow cost s team or 
even hot water for a good p o r t i o n of i ts heat ing cycle , p a r t of th is l i m i t a t i o n is removed . 
Secondly , since the so lvents f o u n d to have the best so lvent propert ies produce solut ions 
suff ic iently a l k a l i n e to prec ip i ta te m a g n e s i u m h y d r o x i d e , i t is necessary to remove m a g ­
n e s i u m f r o m water p r i o r to ex t rac t i on , or to feed a v e r y l ow m a g n e s i u m conta in ing 
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HOOD AND DAVISON—SOLVENT EXTRACTION 47 

water . A t h i r d l i m i t a t i o n , whi l e a p p a r e n t l y not i m p o r t a n t except f r o m a psycho log ica l 
po in t of v i e w , is the s m a l l q u a n t i t y of amine t h a t m a y r e m a i n i n the p r o d u c t w a t e r . I t 
is l i k e l y , there w i l l be some resistance to use of th is w a t e r b y the general p u b l i c , b u t 
such a l i m i t a t i o n shou ld be m u c h less t h a n t h a t imposed b y i n i t i a t i o n of the c h l o r i n a t i o n 
of water for s a n i t a r y purposes some years ago. 

Advantages of the Process 
T h e process has several d i s t inc t advantages t h a t set i t somewhat a p a r t f r o m m a n y 

of the other processes. F i r s t , a n d poss ib ly most i m p o r t a n t , is the v e r s a t i l i t y of the 
process w i t h respect to energy sources, since essential ly free heat m a y be obta ined f r o m 
such sources as exhaust s team, or gases of i n d u s t r i a l engines, coo l ing water f r o m c o n ­
densers, solar heaters, or f r o m a n y other source w i t h a r e l a t i v e l y l o w t e m p e r a t u r e heat . 
U n d e r present concepts of deve lopment of the process, a p p r o x i m a t e l y one ha l f the 
energy requ i red w i l l need to be l o w pressure s team. T h i s s team m a y be produced b y 
flashing a large q u a n t i t y of w a t e r at temperatures ava i lab le f r o m cool ing towers . Sec­
o n d l y , the process lends i tsel f w e l l to a d a p t a t i o n to existent e n v i r o n m e n t a l condi t ions . 
F e e d w a t e r r a n g i n g i n t emperatures f r o m 18° to 55° C . can be h a n d l e d b y a l t e r n a t i n g the 
nature of the so lvent compos i t i on to give the most economic advantage . Some a d v a n ­
tage is rea l ized , based on present solvents , i n the lower t e m p e r a t u r e feed water . T h i r d l y , 
the process is especial ly app l i cab le to b r a c k i s h waters w h i c h are more l i k e l y to be located 

IBOr-

10,000 20,000 
FEED CONCENTRATION 

35,000 

Figure 6. The effect of feed concentration 
on the cost of product water at various 
heat costs as compared to membrane and 
freezing processes for feed water at 25° C , 

in 10,000,000-gallon-perrday plant 

Ethyl sec-butylamine 
1-2 mixture of triethylamine and 

methyldiethylamine 
x-.x-. Ionic membranes 
0 Freezing process 
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48 ADVANCES IN CHEMISTRY SERIES 

at po ints of need t h a n sea water . I n this r egard , the process competes f a v o r a b l y w i t h 
the ionic m e m b r a n e processes c u r r e n t l y i n operat i on . I t has the advantage t h a t the 
cost of w a t e r p roduced increases m u c h less r a p i d l y w i t h salt content of the feed t h a n i t 
does i n the m e m b r a n e process. T h e so lvent e x t r a c t i o n process is therefore a d a p t a b l e 
to a range of feed w a t e r concentrat i on between 5000 a n d 10,000 p . p . m . i n w h i c h few, 
i f a n y other processes, are especial ly adaptab le . I n F i g u r e 6, cost d a t a are presented 
for the so lvent e x t r a c t i o n process i n w h i c h the concentra t i on of salt vs. e s t imated cost is 
p l o t t e d . I t is be l ieved t h a t l ower cost energy t h a n $0.20 per 1 0 6 B . t . u . w i l l be p r a c t i c a l 
u n d e r cer ta in c i rcumstances . E n e r g y cost r educ t i on w o u l d affect the curve i n a n a p ­
p r o x i m a t e p r o p o r t i o n a l m a n n e r as is i n d i c a t e d for the d a t a g iven for n - e t h y l - s e c - b u t y l -
amine . T h e d a t a o n ion ic membranes are t a k e n f r o m p i l o t p l a n t d a t a of Ionics , I n c . ( 7 ) . 
F r o m these d a t a i t is i n d i c a t e d t h a t v e r y l o w sal ine waters are conver ted at a somewhat 
l ower cost b y the m e m b r a n e sys tem, b u t i n the range f r o m 5000 to 10,000 p . p . m . the 
so lvent e x t r a c t i o n process appears to have decided advantage . T h e d a t a for the freez­
i n g process as a p p l i e d to sea w a t e r are t a k e n f r o m the C a r r i e r C o r p . R e p o r t (8). W h i l e 
cost d a t a are not ava i lab le for b r a c k i s h water us ing the C a r r i e r process i t is not expected 
t h a t m u c h advantage w i l l be real ized f r o m lower feed water - sa l t concentrat ions . 

F i n a l l y , i n those processes r e q u i r i n g h i g h t e m p e r a t u r e , the prob lems of sca l ing a n d 
corros ion present f o rmidab le b a r r i e r s to economic p r o d u c t i o n of fresh water . I n solvent 
e x t r a c t i o n , the p r o b l e m of sca l ing is e l i m i n a t e d b y the l ow t e m p e r a t u r e of the opera t i on , 
a n d the solvents e l iminate the g r o w t h of s l i m i n g a n d i n c r u s t i n g organisms. C o r r o s i o n 
i n th i s sys tem is expected t o be m i n i m a l because of the i n h i b i t o r y a c t i o n of amines 
t o w a r d corros ion of i r o n . I n T a b l e I I I , d a t a are presented on the corros ion of m i l d steel 
i n the a m i n e - w a t e r so lut ions . These d a t a show t h a t even a 5 % s o d i u m chlor ide so lut i on 
w h i c h contains 2 % of d i i s o p r o p y l a m i n e gives a corros ion rate of less t h a n 1 m i l per y e a r 
o r less t h a n 2 0 % of t h a t repor ted for sea water . I n the lower salt content waters , the 
rate of corros ion is negl ig ible . 

Table III. Corrosion of Mild Steel in Amine Water Solutions 
A Β C 

W t . loss/specimen, gram 0.0585 0.0015 0.0054 
W t . loss /sq . cm. , gram 3 .6 X 10~ 3 9 X 10 ~ 5 3 .3 X ΙΟ-
Thickness loss, m i l 0 .11 0.003 0.012 
Thickness /yr . , m i l 0.62 0.017 0.064 
Test period 64 days : temp. 30° C , specimen area 16.3 sq. cm. 
A. 5 % sodium chloride plus 2 % diisopropylamine i n water 
B. 2 % di isopropylamine i n water 
C. 3 0 % water i n di isopropylamine 

Conclusions 
E x t r a c t i o n of potable w a t e r f r o m saline waters b y means of i m m i s c i b l e solvents has 

been shown to be t h e o r e t i c a l l y possible , e x p e r i m e n t a l l y feasible, a n d economica l ly a t ­
t r a c t i v e . D a t a presented show the process t o be especia l ly adaptab le t o the convers ion 
of feed w a t e r i n the range of 5000 t o 10,000 p . p . m . I t is adaptab le to use of l o w - q u a l i t y 
heat such as hot w a t e r f r o m coo l ing towers or l o w pressure waste s team. B y use of 
m i x e d so lvent systems, the process can be o p t i m i z e d to take advantage of seasonal 
changes i n t e m p e r a t u r e a n d sources of co ld feed water a n d l o w - l e v e l heat sources. T h e 
process, i n general , is somewhat more economica l w h e n a co ld source of feed w a t e r is 
ava i lab le . 

T h e prob lems of corros ion a n d sca l ing inherent to most of the other processes are 
v i r t u a l l y e l i m i n a t e d i n th i s process ; however , m a g n e s i u m m u s t be r e m o v e d f r o m h i g h 
m a g n e s i u m waters because of p r e c i p i t a t i o n at the h i g h p H values of amine -water 
systems. 

E c o n o m i c recovery of so lvent f r o m the w a t e r produc ts can be r e a d i l y accompl i shed 
b y s team s t r i p p i n g . S m a l l r e m n a n t concentrat ions (1 to 2 p.p.m.) m a y be removed b y 
b a c t e r i a l decompos i t i on , e i ther o n storage or b y use of t r i c k l e f i l ters . 
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HOOD AND DAVISON—SOLVENT EXTRACTION 49 

T h e so lvent ex t rac t i on process has not yet undergone p i l o t p l a n t inves t iga t i on , a n d 
a l l the above estimates are based on s m a l l l a b o r a t o r y or bench scale exper iments . I f 
f u r t h e r test ing under p r a c t i c a l condit ions substant iates the l a b o r a t o r y observat ions , i t 
appears t h a t the so lvent e x t r a c t i o n process def inite ly has a n area of spec ia l i zat ion i n the 
o ver - a l l saline water convers ion p r o g r a m . 

Literature Cited 
(1) Bosworth , C . M., Carfagno, S. S., B a r d u h m , A. J., Sandel l , D. J., " F u r t h e r Deve lopment 

of a Direc t -Freez ing Cont inuous Wash-Separat ion Process for Saline Water C o n v e r ­
s ion, " Carr ier Corp . , Office of Saline Water , Research and Deve lopment Progr . Rept . , 
N o . 32, p. 31, Washington , D. C., 1959. 

(2) C l a r k , S. P., Dubose, R . T . , J. Agr. Food Chem. 8, 47 (1960). 
(3) Dankese, J. P., Kirkhum, T. Α., Maheras , G . , Mintz, M. S., P o w e l l , J. H., Rosenberg, N. 

W . , "Des ign , Construct ion and Field Test ing Cost Analyses on the E x p e r i m e n t a l 
Electrodia lys is Demineral izer for Brack i sh Waters , " Ionics, Inc., Office of Saline 
Water , Research and Deve lopment Progress Repor t , No. 11, Washington , D. C., 1956. 

(4) D a v i s o n , R. R . , H o o d , D. W., Office of Saline Water , U. S. D e p t . of Interior , Publ. 568, 
408-16 (1957). 

(5) D a v i s o n , R. R., Isbel l , A. F., S m i t h , W . H., Jr., H o o d , D. W., "Deve lopment of the 
Solvent Deminera l i zat ion of Saline W a t e r , " A n n u a l Rept . , 1958. 

(6) D a v i s o n , R. R . , Jeffrey, L. M., Whitehouse, U. G., H o o d , D. W., "Research on Liquid­
-Liquid E x t r a c t i o n for Saline Water Convers ion , " Office of Saline W a t e r Research and 
Deve lopment Progr . Rept . , No. 22, December 1958. 

(7) D a v i s o n , R. R . , S m i t h , W . H., Jr., H o o d , D. W., J. Chem. Eng. Data 5, 420 (1960). 
(8) H a r w e l l , Κ. E., Futrell, M. D . , H o o d , D. W . , "Desa l inat i on by Liquid-Liquid Extrac­

tion," 1st Ann. Rept., A. & M. Research Foundat i on , Ref . 54-54T, 1954. 

RECEIVED for review J u l y 20, 1960. Accepted August 1, 1960. C o n t r i b u t i o n f rom Department 
of Oceanography and Meteoro logy , A g r i c u l t u r a l and M e c h a n i c a l College of Texas, Ocean­
ography and Meteoro logy Series No. 168. W o r k sponsored b y Office of Saline Water , U. S. 
Department of Interior , Contract N o . 14-01001-174. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
06



Exploratory Research on 
Demineralization 

ARTHUR ROSE, R. F. SWEENY, T. B. HOOVER, and V. N. SCHRODT 

Applied Science Laboratories, Inc., State College, Pa. 

Six ideas have been investigated for possible use in 
desalinization. The first two, involving use of ion 
retardation resins, are advanced; the next step is to 
obtain enough data to make economic calculations. 
The third idea, use of algae in a regenerative multistage 
process, has been briefly studied, but seems 
worthy of further work. Precipitation of salt is only 
a general idea, but a challenging one. The last 
two ideas, recompressive freezing and electrolysis, 
apparently have no chance of success. 

Sea w a t e r deminera l i za t i on research has l a rge ly been of a deve lopmenta l n a t u r e . P r o c ­
esses a l ready k n o w n to be w o r k a b l e , i f no t economical , have been chosen, t h e n 
" d e b u g g e d " or i n some cases r a d i c a l l y modi f i ed i n order to adapt them to the p e c u l i ­
ar i t ies of the desa l in izat ion p r o b l e m . I n contrast to this a p p r o a c h , the w o r k repor ted 
here has been a n endeavor to explore u n k n o w n areas, a n d to invest igate the mere sc ien­
ti f ic poss ib i l i t y of v a r i o u s methods . 

T h e ob ject ive was to l a y the f o u n d a t i o n for a process w h i c h w i l l produce water a t 
less cost t h a n a n y process n o w k n o w n . I n v i e w of recent advances i n desa l in izat ion , a n d 
cons ider ing present costs for m u n i c i p a l water , one m i g h t wonder i f such a n object ive 
is w o r t h w h i l e . A reasonable cost for m u n i c i p a l water at the d i s t r i b u t i o n p o i n t ( a s sum­
i n g new fac i l i t ies m u s t be purchased) is 38 cents per 1000 gallons. T h i s is w i t h i n the 
range (30 to 50 cents) expected for w a t e r f r o m desa l in izat i on processes n o w i n the 
a d v a n c e d stages of deve lopment ( evapora t i on , f reez ing) . H o w e v e r , there is no obvious 
reason for be ing satisfied w i t h m a k i n g desa l in izat ion c o m p e t i t i v e — i t shou ld be possible 
to reduce costs of desa l in izat ion be low those for p u m p i n g fresh water in to large c o m ­
m u n i t i e s . A n o t h e r incent ive is the poss ib i l i ty of c a p t u r i n g the a g r i c u l t u r a l m a r k e t , 
w h i c h requires w a t e r at less t h a n 12 cents per 1000 gallons. 

T h e p r o b l e m i n th is exp l o ra t i on was to t r y to find new ideas on h o w to m a k e water 
for 10 to 20 cents per 1000 gal lons. 

I n order to o b t a i n potable water f r o m sea water , one m u s t e i ther remove good watex 
f r o m the so lut ion or remove salt f r o m the so lut i on , l e a v i n g the good water b e h i n d . M o s t 
we l l k n o w n desa l in izat ion processes w o r k on the p r i n c i p l e of r e m o v i n g good w a t e r f r o m 
s o l u t i o n ; the i o n m e m b r a n e process is the notab le except ion . I t seems obvious t h a t , 
since sea w a t e r is 9 6 . 5 % w a t e r a n d o n l y 3 .5% salt , i t w o u l d be preferable to remove 
the sa l t . S u c h processes received spec ia l a t t e n t i o n i n the w o r k repor ted here. 

T h e ideas inves t igated i n c l u d e d complete d e m i n e r a l i z a t i o n a n d d iva l ent i o n r e m o v a l 
us ing a m p h o t e r i c or i o n r e t a r d a t i o n resins, salt r e m o v a l us ing algae, recompress ive 
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ROSE ET AL.—DEMINERALIZATION RESEARCH 51 

f reezing, the p r e c i p i t a t i o n of salt b y r a d i a t i o n , a n d electrolysis of sea water w i t h 
r e c o m b i n a t i o n of h y d r o g e n a n d oxygen i n a fuel ce l l . N o a t t e m p t was m a d e to o b t a i n 
extensive, precise, or conclusive d a t a . A l t h o u g h the economics of a process m u s t 
i n e v i t a b l y enter the f ina l decis ion, such cons iderat ion was no t a l l owed to i n h i b i t the 
i n i t i a l thoughts a n d invest igat ions . I t is a l l too easy to find reasons w h y a n y process 
w i l l be too cost ly . 

Ion Retardation Resins 

One a p p r o a c h w h i c h a lmost c e r ta in ly deserves f u r t h e r a t t e n t i o n is based on the 
use of a m p h o t e r i c or i o n r e t a r d a t i o n resins, w h i c h have the c a p a c i t y to remove b o t h 
pos i t ive a n d negat ive ions s imul taneous ly f r o m a so lut i on ( F i g u r e 1 ) . T h e res in ho lds 
b o t h ions i n close p r o x i m i t y , a n d the pos i t ive a n d negat ive charges t e n d to neutra l i ze 
one another because t h e y o c cupy adjacent posit ions on the res in . T h e r e is no need t o 
s u p p l y energy a c t u a l l y to neutra l i ze the ions. 

Positive 
Portion 

of 
Resin 

Negative 
Portion 

of 
Resin 

CI ion 

Attractive force 
between ion and (+j 
resin 

Ionized Salt 

Θ θ 

Salt "Molecule" 

Attractive Force, or 
"Neutralization" 
between ions 

Na ion 
Figure I. Ion retardation resin working 

scheme 

T h e r e is no doubt t h a t these resins remove sal t . B u t the res in m u s t obv ious ly be 
used over aga in , thus r e q u i r i n g a step i n w h i c h the salt is r e m o v e d f r o m the res in . T h e 
proposed process depends o n m i x i n g fresh or regenerated res in w i t h salt water at a r e l a ­
t i v e l y l o w t e m p e r a t u r e , poss ib ly r o o m t e m p e r a t u r e , a n d , a f ter i t has r e m o v e d the sal t 
f r o m sal ine w a t e r , w a s h i n g the res in w i t h p a r t of the p r o d u c t w a t e r a t a h i g h t e m p e r a ­
t u r e . E v e n a modest difference at the t w o temperatures i n the d i s t r i b u t i o n of salt b e ­
tween l i q u i d a n d res in w i l l enable such a process to w o r k , i f a mul t i s tage m e t h o d of c o n ­
t a c t i n g is used. Suppose l ine A i n F i g u r e 2 represents e q u i l i b r i u m condit ions for a res in 
i n contact w i t h salt w a t e r of v a r i o u s concentrat ions at r o o m t e m p e r a t u r e a n d l ine Β 
represents e q u i l i b r i a a t a higher t e m p e r a t u r e . T h i s res in c o u l d be used i n a m u l t i s t a g e 
contac t ing process such as t h a t shown i n F i g u r e 3, where there are t w o contactors . I n 
the desa l in i zat i on contactor , sea w a t e r is sent i n at one end , regenerated res in a t the 
other end . T h u s , the regenerated res in w o r k s on the " p u r e w a t e r " end of the contactor , 
a n d the p a r t i a l l y l oaded res in w o r k s on fresh sea w a t e r . T h e l oaded res in is sent to the 
regenerat ion contactor , a n d washed , at a n elevated t e m p e r a t u r e , w i t h p a r t of the p u r i ­
fied water . T h e p r i n c i p l e of counter current contac t ing is a g a i n used to o b t a i n a 
m a x i m u m d r i v i n g force for regenerat ion . 

T h e construct ions i n F i g u r e 2 represent a g r a p h i c a l ca l cu la t i on m u c h l i k e the 
M c C a b e - T h i e l e ca l cu la t i on i n d i s t i l l a t i o n . H e r e , the opera t in g l ine of the u p p e r c o n -
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52 ADVANCES IN CHEMISTRY SERIES 

g.NaCI/IOOg.resin 

Figure 2. Typical equilibria for resin and 
salt water at two different conditions 

s t r u c t i o n is the regenerat ion l ine , the slope is the a m o u n t of res in d i v i d e d b y the a m o u n t 
of w a s h water , a n d the steps are the n u m b e r of w a s h i n g stages. T h e lower cons t ruc t i on 
is for desa l in izat ion . Since the a m o u n t of res in m u s t be the same i n b o t h contactors , 
the degree of spread between the two opera t ing l ines is i n d i c a t i v e of the inverse of the 
ref lux ra t i o . A l t h o u g h present p r e l i m i n a r y l a b o r a t o r y d a t a o n just one res in ind i cate 
t h a t such a process is feasible, there are not yet enough d a t a ava i lab le to support, cost 
pred ic t ions . T h e poss ib i l i t y of dev is ing more sui table resins also exists. 

Feed 

Salt-Loaded 
Resin • 

Heat 
Exchange 

Desalinization 
Contactor, 25 ° C . 

-Product 

r—"Reflux" 

-Regenerated 
Resin 

Heat 
Exchange 

Regeneration 
Contactor, 7 0 ° C. 

Waste 
Brine 
Figure 3. Ion retardation resin process 

A v a r i a t i o n of th is process m a y prove to be va luab le i n p r e p a r i n g feed for e v a p o ­
ra tors . A m a j o r d i f f i cu l ty i n a l l d i s t i l l a t i o n a n d e v a p o r a t i o n methods is the deposit 
caused b y m a g n e s i u m ions. T h e a m p h o t e r i c res in pre f e rent ia l l y removes these ions . 
H o w e v e r , a v e r y concentrated so lu t i on of s o d i u m ions w i l l d isplace m a g n e s i u m ions. I t 
w o u l d seem possible to contact the res in w i t h sea w a t e r to remove m a g n e s i u m , e v a p o -
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ROSE ET AL.—DEMINERALIZATION RESEARCH 53 

rate the resu l t ing magnes ium-free salt water , t h e n displace the m a g n e s i u m ions f r o m 
the l oaded res in b y contac t ing w i t h the concentrated br ine c o n t a i n i n g s o d i u m ions f r o m 
the evaporator . T h i s process is shown s chemat i ca l l y i n F i g u r e 4. 

IOO#Solution 
3.5# NaCl 
No MgCI2 

Solid Liquid | 
Contactors, 

Resin with 
Mg Cl 2 

rt 

86.5 # 
Pure Water 

Evaporator 

Saturated Brine 
IO#H20 
3.5#NaCI 

Waste Brine 

2.9#NaCI 
0.6#MgCI2 

Regenerated Resin 
loaded with NaCl 

No MgCI 2 

Feed 100 lb. 
Sea Water 
2.9# NaCl 
0.6#MgCI 2 

Figure 4. Process for removing divalent ions 

A g a i n , p r e l i m i n a r y d a t a ind icate th is process is feasible, a l t h o u g h there are not 
sui l i c ient d a t a to s u p p o r t economic ca lculat ions . 

Algae 

A n o t h e r m e t h o d w h i c h m a y be w o r t h y of f u r t h e r inves t i ga t i on is the r e m o v a l of 
salt w i t h algae. I t was f o u n d i n the a u t h o r s ' laborator ies t h a t m a n y types of algae show 
r e m a r k a b l e a d a p t a b i l i t y to saline so lut ions . I n a saline so lut i on , salt tends t o concen­
t rate i n the algae. T h u s , one poss ib i l i t y is s i m p l y to grow algae i n saline so lut i on , thus 
r e m o v i n g the salt f r o m the w a t e r ( p r o b a b l y i n several stages) a n d d i s card ing the s a l t -
r i c h algae. S u c h a process cou ld be accelerated w i t h a cheap source of c a r b o n d iox ide . 
T h e necessary n u t r i e n t s w o u l d come f r o m n a t u r a l sources i n the sea. P r e v i o u s p r o ­
posals a n d invest igat ions a long th is l ine have been greeted b y more or less e laborate 
proofs t h a t the suggested processes w i l l not be economic , or w i l l not w o r k at a l l . T h e 
authors ' a l t e rnat ive is to use a stagewise a n d countercurrent regenerative process, 
whereby the algae w i l l remove salt i n the presence of heat , sun l ight , or other energy a n d 
give salt u p to sea w a t e r w h e n energy is at a lower l eve l . S u c h a process m i g h t resemble 
the i on r e t a r d a t i o n res in process, the algae t a k i n g the place of the res in . 

Salt Precipitation 

Because water is such a c o m m o n substance, i t s propert ies are of ten accepted as 
" n o r m a l . " A c t u a l l y , w a t e r is extremely a b n o r m a l . I f saline so lut ions were i d e a l , one 
w o u l d expect a s o l u b i l i t y of s o d i u m chlor ide i n w a t e r a t 0 ° C of o n l y 500 p . p . m . A l l 
t h a t is needed t h e n for d e m i n e r a l i z a t i o n is to influence the so lut ion i n some w a y so as 
to m a k e i t r e l a t i v e l y idea l . T h e salt w o u l d t h e n s i m p l y p r e c ip i ta te , l e a v i n g good w a t e r . 
Some thought has gone i n t o the t y p e of influence needed. T h e assoc iat ion of w a t e r m o l e ­
cules a r o u n d salt ions ( F i g u r e 5) is w h a t holds the salt i n so lut i on . T h e h y d r o g e n a toms 
of the water molecules, w h i c h are somewhat p o s i t i v e l y charged, t u r n a w a y f r o m the 
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54 ADVANCES IN CHEMISTRY SERIES 

Q V 

a : ^ Η 

<f ( ? ) > ^ 

Figure 5. Hydration of ions 

p o s i t i v e l y charged s o d i u m ions, a n d are a t t r a c t e d to the negat ive ly charged ch lor ide ions. 
These molecules f o r m a sheath of " h y d r a t i o n " a r o u n d the ions, p r e v e n t i n g t h e m f r o m 
a t t r a c t i n g one another a n d consequent ly p r e c i p i t a t i n g . I f th is l i t t l e b i t of order i n the 
w a t e r can be suff ic iently d i s t u r b e d , the salt shou ld prec ip i ta te . T h i s m i g h t be done b y 
a p r o p e r l y selected f o r m of r a d i a n t energy. I f the a t t r a c t i v e force between water a n d 
ions has a character i s t i c energy, or a reasonably n a r r o w range of energy, i t w o u l d seem 
possible to s u b m i t the so lut ion to selected r a d i a t i o n (of wave l e n g t h corresponding to 
the associative energy) a n d achieve p r e c i p i t a t i o n of the salt . S u c h r a d i a n t energy w o u l d 
u n d o u b t e d l y be expensive, b u t i t is conceivable t h a t the a m o u n t needed w o u l d be i n 
the v i c i n i t y of the m i n i m u m energy requ i rement for separat ing salt a n d water . 

T h e elegant a p p r o a c h to the p r o b l e m is to invest igate spec tra of w a t e r a n d salt 
so lut ions . T h e appearance of a concentrat ion-dependent a b s o r p t i o n b a n d w o u l d i n d i ­
cate a l i k e l y region for r a d i a t i o n i n order to cause p r e c i p i t a t i o n . A p a r t i a l inves t i ga t i on 
of the i n f r a r e d a b s o r p t i o n of saline water was not conclusive as to the existence of 
concentrat ion-dependent bands . I t is also possible t h a t s u c h bands m a y exist a t rad io 
frequencies, a n d these shou ld be s tud ied . 

T h e preced ing ideas are considered w o r t h y of f u r t h e r s t u d y . T h e f o l l owing schemes 
were also considered, b u t do not a p p e a r w o r t h f u r t h e r effort. 

Recompressive Freezing 
Recompress ive freezing is analogous to recompressive d i s t i l l a t i o n . P u r e ice w i l l 

m e l t be low 0 ° C , i f i t is compressed. T h u s , one cou ld theore t i ca l l y s tar t a process b y 
freezing ice f r o m sea water , at about — 4 ° C , separate ice f r o m b r i n e , t h e n freeze another 
b a t c h of ice b y compress ing the f irst one to s u c h a pressure t h a t i t w i l l m e l t below 
— 4 ° C , a n d s imul taneous ly absorb the heat of fus ion f r o m the ice be ing f rozen. S u c h 
a process cou ld be cont inued , w i t h the o n l y energy requ i rement t h a t of compress ing the 
ice. I t is essential ly one w a y of p u m p i n g heat to a higher t e m p e r a t u r e . 

O n first cons iderat ion i t seems a good idea . B u t there are several serious dif f icult ies. 
E v e n i n a n i m a g i n a r y idea l i zed f o r m , the process w o u l d i n v o l v e heat t rans fer 

t h r o u g h one w a l l a n d t w o films, whi l e a process us ing expans ion of a l i g h t h y d r o c a r b o n 
i n d i rec t contact w i t h saline l i q u o r for the f reez ing step, a n d also d i rec t contact of the 
h y d r o c a r b o n a n d ice for the m e l t i n g step, w o u l d i n v o l v e o n l y t w o films. D e t a i l e d ca l cu -
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lations for the direct expansion-type process suggest that its energy efficiency is already 
sufficiently high to raise a question as to whether any competitive scheme can have a 
major energy advantage. 

Calculations of the energy requirement for the process, if it is carried out in a 
continuous manner, indicate that the efficiency would only be about one tenth that of 
the familiar ammonia refrigeration cycle, unless the energy released when the melted 
ice is decompressed could be efficiently recovered. Achievement of the latter in actual 
practice requires invention of some practical mechanical arrangements. 

Entrainment difficulties would be at least as serious as with other freezing 
processes. 

It is conceivable that a batch version of the process might be devised, and that this 
would be free of the energy penalties of the continuous flow process, and that heat 
transfer resistances would be comparable or less than with a direct contact refrigerant, 
but even in these events a major over-all advantage does not seem likely. 

Electrolysis with Use of Fuel Cell 

Several schemes have been put forth in the past for desalinization by use of elec­
trolysis. They had been discarded because of the large amounts of energy required. 
The idea was resurrected in anticipation of much more efficient recovery of energy 
through the use of fuel cells. 

One new way in which electrolysis could be used is by simply electrolyzing sea 
water to hydrogen and oxygen and then converting these to water in a fuel cell, which 
would supply the energy to decompose more water. Such enormous amounts of energy 
are used in this process that to be competitive, the over-all efficiency of the electrolysis 
fuel cell combination would have to be over 99 .5%. It is doubtful that this could ever 
be attained. Other schemes of electrolysis in which sodium and chlorine are removed 
are subject to the same disadvantage. 
RECEIVED for review August 8 ,1960. Accepted August 23, 1960. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
07



Energy Computations for Saline 
Water Conversion by Idealized 
Freezing Processes 

HENRY M. CURRAN 

St. Edward's University, Austin 4, Tex. 

Theoretical energy equations are developed for 
saline water conversion by means of idealized freez­
ing processes utilizing reversible refrigeration ma­
chines. These equations may be used to compute 
the minimum energy required for saline water con­
version by a freezing process at specified values of 
extraction ratio, ambient saline water temperature, 
and heat exchange temperature differentials. Min­
imum energy values so computed provide criteria 
for feasibility analyses and for comparison of actual 
freezing processes. 

Among the more i m p o r t a n t economic factors i n v o l v e d i n large-scale convers ion of 
sal ine water are the a m o u n t a n d cost of the energy necessary for operat i on of the c o n ­
vers i on processes. T h e purpose of th i s p a p e r is to estab l i sh the theore t i ca l energy r e ­
q u i r e d b y c e r t a i n idea l i zed convers ion processes u t i l i z i n g freezing. 

T h e theoret i ca l a m o u n t of energy r e q u i r e d for the revers ib le p a r t i t i o n of a m u l t i -
component sys tem h a v i n g a p a r t i c u l a r component ra t i o is equa l to the change i n free 
energy corresponding to th is p a r t i t i o n . I n the case of saline w a t e r convers ion , the t h e ­
oret i ca l a m o u n t of energy r e q u i r e d is equa l to the change i n free energy corresponding 
to the revers ib le p a r t i t i o n of sal ine w a t e r i n t o po tab le w a t e r a n d concentrated b r i n e . 
T h i s theoret i ca l energy is a f u n c t i o n of the ex t rac t i on r a t i o — i . e . , the potab le w a t e r o u t ­
p u t d i v i d e d b y the potable w a t e r f r a c t i o n of the saline w a t e r i n p u t — a n d approaches 
i ts absolute m i n i m u m va lue as the e x t r a c t i o n r a t i o approaches zero. Because a n y a c t u a l 
convers ion process m u s t necessari ly be t h e r m o d y n a m i c a l l y i r revers ib le , the a c t u a l 
energy requ i rement for a specified e x t r a c t i o n ra t i o m u s t a lways exceed the theoret i ca l 
energy requ i rement for a revers ib le process at the same e x t r a c t i o n r a t i o . 

I n th is paper idea l ized convers ion processes u t i l i z i n g reversible re f r igerat ion m a ­
chines are a n a l y z e d w i t h respect to energy requirements . F i r s t , energy equat ions are 
establ ished for a comple te ly revers ib le process. S e v e r a l i r revers ib le modi f i cat ions of 
th is process are t h e n a n a l y z e d . 

The Freezing of Saline Water 
T h e use of freezing for sal ine water convers ion is based o n the p h y s i c a l p r i n c i p l e 

t h a t ice c rysta ls obta ined b y freezing a n aqueous salt so lu t i on are pure w a t e r i n the so l id 
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CURRAN—COMPUTATIONS FOR IDEALIZED FREEZING 57 

phase. Because of the commensurate densities of the ice crysta ls a n d the res idual b r ine , 
there is no a u t o m a t i c separat i on of the pure w a t e r phase f r o m the b r i n e corresponding 
to the separat i on of v a p o r i n d i s t i l l a t i o n processes. T h u s saline w a t e r convers ion b y 
freezing invo lves the t w o basic operat ions of f o r m a t i o n of ice c rys ta ls a n d separat ion o l 
these crysta ls f r o m the res idua l b r i n e . I n general , these are d i s t inc t operat ions , b u t 
i t is p h y s i c a l l y possible to effect t h e m s imul taneous ly . Per f e c t separat ion of ice a n d 
br ine is assumed i n each of the processes discussed i n th i s paper . 

D e p e n d i n g o n the freezing process, the freezing of saline water produces one or the 
other of two basic ice f o rmat ions : 

1. I ce -br ine s lush , essential ly a s l u r r y of ice c rys ta l s i n b r i n e , the o v e r - a l l s a l i n i t y 
r a n g i n g f r o m t h a t of the feed w a t e r d o w n to about one h a l f of th is v a l u e . 

2. I ce -br ine solids consist ing of connected c r y s t a l lat t i ces c o n t a i n i n g br ine i n i n t e r -
c rys ta l l ine spaces, the over -a l l s a l i n i t y r a n g i n g f r o m t h a t of the feed w a t e r d o w n to p o ­
table values . 

T w o basic freezing methods m a y be d is t inguished : 

1. Ind i re c t freezing i n w h i c h the heat of c r y s t a l l i z a t i o n is r e m o v e d f r o m the saline 
so lut ions t h r o u g h a so l id b a r r i e r . 

2. D i r e c t freezing i n w h i c h the heat of c r y s t a l l i z a t i o n is r e m o v e d b y p a r t i a l evapo ­
r a t i o n of the so lvent , or b y contac t ing the so lut ion w i t h a n i m m i s c i b l e re f r igerant . 

Depression of Freez ing Temperature. One of the co l l igat ive propert ies of 
solut ions of nonvo la t i l e solutes is t h a t the freezing t e m p e r a t u r e is l ower t h a n t h a t of 
the pure so lvent . T h e depression of the freezing t e m p e r a t u r e is a p p r o x i m a t e l y p r o ­
p o r t i o n a l to the mass ra t i o of solute to s o l v e n t — t h a t is , 

i n w h i c h Κ is a constant of p r o p o r t i o n a l i t y a n d Ζ is the mass ra t i o of solute to so lvent . 
F o r sea w a t e r , w h i c h is the p r i n c i p a l saline water be ing considered for convers ion , 

the depression of the freezing t e m p e r a t u r e is closely a p p r o x i m a t e d b y t a k i n g Κ = 52.41 
for the K e l v i n scale (1 ) or Κ = 94.34 for the R a n k i n e scale. 

T a k i n g s as the mass f r a c t i o n of salt i n the saline water , we m a y w r i t e 

where Τ is the e q u i l i b r i u m temperature for ice i n contact w i t h saline water h a v i n g a 
salt mass f r a c t i o n s, a n d T0 is the freezing t e m p e r a t u r e of pure w a t e r . 

Ice F r a c t i o n . T h e mass f r a c t i o n , / , of ice p r o d u c e d b y coo l ing a u n i t mass of 
sal ine water h a v i n g a n i n i t i a l salt mass f r a c t i o n si f r o m i ts freezing t e m p e r a t u r e , Ti} 

to a lower t e m p e r a t u r e , T, is 

AT = -KZ (1) 

(4) 
s 

where s is the solute mass f r a c t i o n i n the res idua l so lu t i on at t e m p e r a t u r e Τ. 
B y c o m b i n a t i o n of E q u a t i o n s 3 a n d 4, / is obta ined as a f u n c t i o n of Τ : 

(5) 

E x t r a c t i o n Ratio . I n the idea l ized processes discussed the sal ine w a t e r is assumed 
cooled to a final t e m p e r a t u r e , Tf, a n d the resu l t ing ice is assumed to be per fec t ly sep­
ara ted f r o m the res idua l b r i n e . W h e n m e l t e d , th is ice becomes the fresh w a t e r p r o d u c t . 
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58 ADVANCES IN CHEMISTRY SERIES 

T h u s the e x t r a c t i o n ra t i o , r, def ined as the mass ra t i o of fresh w a t e r p r o d u c t to the 
w a t e r content of the saline w a t e r i n p u t , is d i r e c t l y p r o p o r t i o n a l to the final ice f r a c t i o n , 

1 - si T0 - Tf 

(6) 

Reversible Refrigeration Machines 
A l l of the idea l ized convers ion processes discussed are assumed to incorpora te 

reversible re f r igerat i on machines . 

q+w 

_ T q - T c 

Figure I. Type I reversible 
refrigeration machine 

T y p e I . F i g u r e 1 i l lus t ra tes revers ib le re f r igerat i on machines of T y p e I . T h i s 
mach ine receives a n a m o u n t of heat q r e v e r s i b l y a t t e m p e r a t u r e Tc a n d discharges i t 
r e v e r s i b l y a t a h igher t e m p e r a t u r e , Ta. B y the first p r i n c i p l e of t h e r m o d y n a m i c s the 
necessary energy i n p u t , w, m u s t also be d ischarged revers ib ly at Ta. T h e coefficient of 
per formance of th i s m a c h i n e is the same as t h a t of a C a r n o t re f r igerat ion m a c h i n e . 
T h u s we have 

w h i c h y ie lds 

cp. 
Tc 

W Ta - Tc 

w — q 
Τ g - Tc 

Tc 

(7) 

(8) 

q+w 

For uniform discharge of ^ over Tjjto Τ α , 

Figure 2. Type II reversible refrigeration machine 
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CURRAN—COMPUTATIONS FOR IDEALIZED FREEZING 59 

T y p e I I . F i g u r e 2 i l lustrates reversible re f r igerat ion machines of T y p e I I . T h i s 
mach ine receives a n a m o u n t of heat q r e v e r s i b l y a t t e m p e r a t u r e Tc a n d discharges i t 
revers ib ly over a higher t e m p e r a t u r e range f r o m Tb t o Ta. T a k i n g Τ as a n y t e m p e r ­
a ture between Tb a n d Ta a n d assuming a T y p e I m a c h i n e operat ing between Tc a n d Τ 
w h i c h receives a di f ferent ia l a m o u n t of heat dq at Tc, we have the di f ferent ia l equat i on , 

dw = dq 
Τ - Tc 

Tc 
(9) 

M a k i n g the f u r t h e r a s s u m p t i o n t h a t the discharge of q over the range Tb to Ta is ex­
pressible as a f u n c t i o n q(T), the energy i n p u t is 

Τ - Tc 

Tc 

dT (10) 

I f q is a l i n e a r f u n c t i o n of Τ—that is , q is d ischarged u n i f o r m l y over the range Tb t o Ta 

— t h e energy is 

_ 9 Γ* 
T . - n J T b 

a Τ - Tc 

Tc 

dT ( ID 

E q u a t i o n I I differs f r o m E q u a t i o n 8 for a T y p e I mach ine o n l y i n h a v i n g the a v e r ­
age of Ta a n d Tb i n the place of Ta. 

T y p e III . F i g u r e 3 i l lus trates revers ib le re f r igerat ion machines of T y p e I I I . T h i s 

q'(T) 

For uniform reception of q over toTct 

Figure 3. Type III reversible refrigeration machine 

mach ine receives a n a m o u n t of heat q r evers ib ly over a t e m p e r a t u r e range f r o m Td t o Tc 

a n d discharges i t r evers ib ly a t t e m p e r a t u r e Ta. T a k i n g Τ as a t emperature i n the range 
Td to Tc, a n d assuming a T y p e I mach ine operat ing between Τ a n d Ta w h i c h receives 
a d i f ferent ia l a m o u n t of heat dq at T, the d i f ferent ia l equat i on for energy i n p u t is 

dw = T a - Τ (12) 

A s s u m i n g t h a t the recept ion of η over the range Τd to Tc is expressible as a f u n c t i o n 
q(T), the energy i n p u t is 

%) Τ d 
(13) 

I f g is a l inear f u n c t i o n of Τ—that is , q is rece ived u n i f o r m l y over the range Td t o Tc 

— t h e energy requ i red is 

= τ^τγ, J*j/ '^Ύ1 d T - T^TTt [ T ° l n S - ( T c - T d ) ] (14) 
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ADVANCES IN CHEMISTRY SERIES 

For uniform reception α discharge of q , 

Figure 4. Type IV reversible refrigeration machine 

w,+w 2 

Capacity = 

w.-

« ι - Ά 
T e - T c 

Figure 5. Combination of two Type I re­
versible refrigeration machines in series to 

utilize a limited isothermal reservoir 
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CURRAN—COMPUTATIONS FOR IDEALIZED FREEZING 61 

T y p e I V . F i g u r e 4 i l lustrates reversible re f r igerat ion machines of T y p e I V . T h i s 
t y p e of m a c h i n e receives a n a m o u n t of heat q r evers ib ly over a t e m p e r a t u r e range Td t o 
Tc a n d discharges i t r e v e r s i b l y over a h igher range, Tb t o Ta. T h i s may be considered 
as a c o m b i n a t i o n of a T y p e I I m a c h i n e w i t h a T y p e I I I m a c h i n e . Limiting the present 
discussion to the spec ia l case of u n i f o r m discharge of over the range Tb t o Ta, it m a y 
also be considered as a T y p e I I I machine w i t h discharge at x/^{Ta + Tb) in place of 
Ta. T h e energy is t h e n g i v e n b y the corresponding mod i f i ca t i on of E q u a t i o n 13 as 

^ m ' « ^ h i f f a s ) 

F o r the case of q received u n i f o r m l y over the range Td to Tc, mod i f i ca t i on of E q u a t i o n 14 
gives 

w = T c Î T d [l/2(Ta + T b ) l n Yd " { T c " Td)] ( 1 6 ) 

Combinations of Reversible Refrigeration Machines . Revers ib l e re f r igerat ion 
machines m a y also be used i n c o m b i n a t i o n i n order to effect the u t i l i z a t i o n of heat 
reservoirs of l i m i t e d c a p a c i t y . F i g u r e 5 i l lus t ra tes t w o machines of T y p e I i n series t o 
ut i l i ze a n i s o t h e r m a l reservo ir a t Te having a c a p a c i t y just equa l to q,. T h e first machine 
receives q at Tc a n d discharges q at Te, the energy i n p u t be ing wx. Because the heat 
re jec t ion corresponding to wY cannot be a c compl i shed at Te, a second mach ine receives 
wY at Te a n d discharges i t at Ta. F r o m E q u a t i o n 8 we have 

W l = 5 Έ±ΎΓ ( 1 7 ) 

a n d 

W 2 « W l (18) 

E q u a t i o n 18 also appl ies w h e n the first m a c h i n e is of T y p e I I I , wl t h e n be ing obta ined 
f r o m E q u a t i o n 13 or 14. 

[ A n o t h e r w a y of o b t a i n i n g the same resul t w o u l d be b y the use of T y p e I machines 
i n p a r a l l e l , one rece iv ing q(Tc/Te) at Tc a n d d ischarg ing at Te, the other rece iv ing 

(1 - Tc/Te) at Tc a n d d i s charg ing a t Ta.] 

First Idealized Process 
T h e first idea l i zed process, i l l u s t r a t e d i n F i g u r e 6, deviates f r o m complete r e v e r s i ­

b i l i t y o n l y i n m i n o r s i m p l i f y i n g assumpt ions . Sa l ine w a t e r enters the process a t t e m ­
perature Tu. ( T h i s is assumed to be the lowest t e m p e r a t u r e to w h i c h the saline w a t e r 
can be cooled b y heat exchange w i t h the coldest m e d i u m i n the e n v i r o n m e n t . The c o n ­
d i t i o n Tu > T0 is also assumed.) T h e i n c o m i n g sal ine w a t e r is t h e n cooled b y perfect 
c ounter current heat exchange w i t h the fresh w a t e r p r o d u c t a n d the waste b r i n e d o w n 
to the m e l t i n g t e m p e r a t u r e of ice, T0, the m e a n specific hea t - t emperature f u n c t i o n of the 
effluent s treams be ing assumed equa l to the specific hea t - t empera ture f u n c t i o n of the 
i n c o m i n g sal ine water . ( T h i s a s s u m p t i o n introduces a n error of negl igible m a g n i t u d e 
i n the energy equat ions to follow.) F u r t h e r coo l ing to the i n i t i a l freezing t e m p e r a t u r e , 
Tiy is accompl i shed b y perfect c ountercurrent heat exchange w i t h ice a n d waste b r i n e , 
supp lemented b y a re f r igerat i on m a c h i n e , Rz, th is a u x i l i a r y re f r igerat ion be ing necessary 
because the specific heat of ice is o n l y about one ha l f t h a t of water . 

B e l o w t e m p e r a t u r e Tx changes of e n t h a l p y m a y be conven ient ly assumed to be 
composed of t w o components , one corresponding t o the sensible coo l ing of the sal ine 
water, a n d the other c o rresponding to the removal of l a tent heat of c r y s t a l l i z a t i o n t o 
f o r m ice c rys ta l s . T h u s , the sensible coo l ing be low Tt is accompl ished b y f u r t h e r p e r ­
fect c ountercurrent heat exchange supp lemented b y re f r igerat ion machine Rs, a n d heat 
of c r y s t a l l i z a t i o n is received b y another re f r igerat ion mach ine , R{. 
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62 ADVANCES IN CHEMISTRY SERIES 

Brine Saline Water Fresh Water 

Relative Mass: ~ - -1 y - I 

Figure 6. Schematic diagram of first idealized process 

A s crysta ls of ice are f o rmed , they are per fec t ly separated f r o m the res idua l b r i n e 
a n d passed to a m e l t i n g t a n k , be ing raised to the m e l t i n g t e m p e r a t u r e , T0, en route b y 
the p r e v i o u s l y m e n t i o n e d countercurrent heat exchange w i t h the i n c o m i n g saline w a t e r . 

F r e e z i n g a n d r e m o v a l of ice are cont inued to a f ina l t e m p e r a t u r e Tf, at w h i c h 
p o i n t the b r i n e a t ta ins i t s highest c oncentra t i on a n d is disposed of as waste , a f ter be ing 
ra ised back to t e m p e r a t u r e Tu b y absorb ing heat f r o m the i n c o m i n g sal ine w a t e r . 

R e f r i g e r a t i o n mach ine iuj t ransfers the heat of c r y s t a l l i z a t i o n f r o m the freezing 
t e m p e r a t u r e range to T0, where i t is absorbed b y the ice a c t i n g as a n i s o t h e r m a l heat 
s ink . T h e w a t e r obta ined b y m e l t i n g the ice is t h e n ra ised to t e m p e r a t u r e Tu b y 
absorb ing heat f r o m the i n c o m i n g saline w a t e r before be ing d ischarged as the fresh 
w a t e r p r o d u c t . 

F o r s teady-state opera t i on , the c a p a c i t y of the ice i n the m e l t i n g u n i t to absorb 
heat i s o t h e r m a l l y is just equa l to the heat of c r y s t a l l i z a t i o n r e m o v e d i n freezing the 
ice. T h u s another re f r igerat i on mach ine , R2, is e m p l o y e d to t rans fer the a d d i t i o n a l 
heat re jected b y R1 to the saline water mass , w h i c h , i n th i s i d e a l i z a t i o n , m a y be c o n ­
sidered as h a v i n g in f in i te heat -absorb ing c a p a c i t y a t i t s a m b i e n t t e m p e r a t u r e , Tu. 

R e f r i g e r a t i o n mach ine Rx is of T y p e I I I , rece iv ing heat of c r y s t a l l i z a t i o n over the 
range Τ τ to Tt a n d d i scharg ing i t i s o t h e r m a l l y at T0. I n order to u t i l i z e E q u a t i o n 13 
for the energy i n p u t , the rate of heat recept ion w i t h respect to t e m p e r a t u r e m u s t be 
k n o w n . 

F o r a u n i t mass of ice f o r m e d over the t e m p e r a t u r e range f r o m Tf to Ti the a m o u n t 
of heat of c r y s t a l l i z a t i o n rece ived b y RY between some intermediate t e m p e r a t u r e Τ a n d 
T V s 
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CURRAN—COMPUTATIONS FOR IDEALIZED FREEZING 63 

if 

i n w h i c h Lc is the heat of c r y s t a l l i z a t i o n per u n i t mass of ice. S ince / is a f u n c t i o n of T, 
w i t h a negat ive first d e r i v a t i v e , w i t h i n the range Tf t o Ti the di f ferent ial equat ion f o r 
the rate of recept ion of heat of c r y s t a l l i z a t i o n is 

dL = - ^T(T)dT (20) 
if 

E q u a t i o n 13 m a y n o w be modi f i ed to g ive 

Wi = - f ? Ι I XT) ^ ™ dT (21) 
7 ' JTf T 

Wi be ing the energy i n p u t to Rx per u n i t mass of ice f o r m e d over the range Tt t o T{. 
E q u a t i o n 5 gives I(T). S u b s t i t u t i o n of the d e r i v a t i v e in to E q u a t i o n 21 y ie lds 

% T i dT _ KLC si C T i 

(T0 - T) 
(22) 

β KLcSj Ti(T0- Tf) 
IfT. Tf(T0 - Ti) 

A t the cond i t i on of the e x t r a c t i o n ra t i o a p p r o a c h i n g zero, corresponding to the 
p r o d u c t i o n of a u n i t mass of fresh w a t e r f r o m a n in f in i te mass of sal ine w a t e r , the 
va lue of If also approaches zero, so t h a t E q u a t i o n s 21 a n d 22 m a y n o t be used . I n t h i s 
case, however , Rx becomes a T y p e I mach ine a n d the energy i n p u t is g i v e n b y m o d i f i ­
c a t i o n of E q u a t i o n 8, 

Wt - L c
T o ~ T\r^0, If-^0 (23) 

R e f r i g e r a t i o n m a c h i n e R2 is of T y p e I , so t h a t the energy i n p u t is 

Wi - W, T u ~ T° (24) 

A s p r ev i ous ly noted , re f r igerat ion mach ine Rs is needed to augment the sensible 
coo l ing ob ta ined b y heat exchange. T a k i n g as a basis the p r o d u c t i o n of a u n i t mass o f 
ice, the f r a c t i o n of a mass u n i t of sal ine w a t e r w h i c h cannot be cooled b y c o u n t e r c u r r e n t 
heat exchange is (1 — Cj/C9) i n the range Ti t o T0 a n d (1 — 0§/08) (1 — / / / / ) i n t h e 
range Tf t o Tif C§ a n d Cs be ing the specific heats of ice a n d sal ine w a t e r , respec t ive ly . 
These specific heats m a y be assumed constant w i t h negl igible e r r o r . T h e fac tor (1 — 
/ / / / ) accounts for the decrease i n the b r i n e mass as ice is f o r m e d . 

T h e di f ferent ia l equat i on for sensible heat rece ived b y R3 is 

dHs = (1 - C, - /C. ) ( l - / / / / ) Cs dT 

= (Cs - C,-)(l - I/If) dT, I = 0 when Τ > Ti (25) 

a n d the energy i n p u t is 

(C, - C,) 
τ ι Γ^ί τ — τ 

, 1η ψ - ( Γ . - Τ,) - r: \_ ΚΤ) ^ Ϊ Γ ^ d T I ( 2 β ) 

T h e i n t e g r a l o n the r ight of E q u a t i o n 26 m a y be eva luated b y s u b s t i t u t i n g the 
f u n c t i o n of E q u a t i o n 5 for I(T). T h u s , 
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64 ADVANCES IN CHEMISTRY SERIES 

(1 - «,) [ ΐ ' . g - (Τ, - Γ , ) ] - Κ „ [ £ t o j i g ' l g - In (27) 

Substitution of this in Equation 26 gives 

W3 - (C. - 6',) £ r . l n ^ - ( Γ . - T/) - i |(1 - « , )(ϊ '« In J - ' - (Γ, - Γ , ) ) -

The total energy required for the operation of the first idealized process is the sum 

W = TTi + W2 + Wz (29) 

In this idealization the formation and removal of ice are assumed to be simultane­
ous, so that the mass flow rate decreases throughout the transition from the initial 
freezing temperature, Tiy to the final temperature, Tf. The above computation of the­
oretical energy is not dependent upon removal of the ice in this manner, however. Ice 
formed at temperatures above Tf could, for example, remain in contact with the brine 
and be cooled to Tf before separation, the cooling being accomplished by perfect counter-
current heat exchange with previously formed ice. 

Because this process is essentially reversible, the equations above provide a means 
of computing the minimum theoretical energy as a function of extraction ratio for saline 
water conversion. 

Second Idealized Process 

The second idealized process, illustrated in Figure 7, differs from the preceding 
process only in the freezing arrangement. In this case the incoming saline water is 
cooled to temperature Tt as before ; then it is mixed with a large volume of brine at the 
exit concentration and the corresponding freezing temperature, Tr. Refrigeration 
machine Rh which is of Type I, receives heat of crystallization at Tt so as to form ice 
at a rate corresponding to the mass flow rate of the incoming saline water and the ex­
traction ratio. A s Rx and R2 are T y p e I machines in series, the theoretical energy 
inputs per unit mass of ice formed are 

Wi - Lc
 T ° T f

T / (30) 

and 

W2 = W i T u ~ o
T o (31) 

Addition of these two equations yields the theoretical energy input for freez­
ing part of the process, 

Wi + W2 = Lc
 T u ( T f o T f

T f ) (32) 

Because the ice is formed isothermally in this process, the mass requiring auxiliary 
refrigeration over the range Tf to T0 is (1 — Cj/C8) per unit mass of ice formed, and the 
differential of sensible heat to be received by Rs is 

dHz - (1 - Cj/OC, dT = (C. - Ci) dT (33) 

Refrigeration machine # 3 is of Type III with uniform reception of sensible heat 
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CURRAN—COMPUTATIONS FOR IDEALIZED FREEZING 

Brine Saline Water Fresh Water 

65 

Relative Mass: τ - - I I I 

W3" 

V 

Tj-

W9 

Brine at T f 

4w,+w2 

W2 R 2 

w, 

LJw, 
h-w, 

Ice 
Figure 7. Schematic diagram of second idealized process 

over the range Tt to Τω so modification of Equation 14 gives the theoretical energy 
input to Rs as 

= ( f t - ft) [ r „ l n ψ - {T0 - Tf)j (34) 

The total theoretical energy input for the second idealized process, per unit mass 
of fresh water product, is the sum of Equations 32 and 34: 

W = Le 

TU(T0 - Tf) 
T0Tf + ( f t - ft) [ t u In ^ - (T. - Tf)] (35) 

The theoretical energy at all extraction ratios, except r = 0, is greater for this 
process than for the first idealized process. This is due to the irreversibility introduced 
into the second idealized process by the mixing of saline water with brine at the exit 
concentration, and the consequent necessity of separating fresh water, in the form of 
ice, at the exit concentration instead of throughout the range from the inlet concen­
tration to the exit concentration. More precisely, this irreversible internal mixing is 
accompanied by an increase in entropy, requiring a proportionately larger amount of 
energy input to effect the separation, in accordance with the second principle of thermo­
dynamics. 

Third Idealized Process 
The third idealized process, illustrated in Figure 8, is a modification of the first to 

include irreversible heat transfer across finite temperature differences, and discharge of 
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waste heat to a finite stream of saline cooling water. The following temperature dif­
ferences are assumed: 

tx, for countercurrent heat exchange 
te, for reception of heat of crystallization 
tm, for discharge of heat of fusion to melting ice 
tw, for discharge of waste heat to saline cooling water 
tv, for temperature rise of saline cooling water 
tVf between temperatures of input and effluent streams 

The general equation for theoretical energy input to Rlf per unit mass of ice, ob­
tained by modification of Equation 21 to account for the increased difference between 
reception and discharge temperatures is 

Wi - - j-c f T i i m ( y « + *»> - (Τ - I) dT (36) 
If jTf Τ - te 
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CURRAN—COMPUTATIONS FOR IDEALIZED FREEZING 67 

B y substitution of Γ(Τ) obtained from Equation 5 into Equation 36, the theo­
retical energy input to Rt is 

. _ Κ LeSi CTi (Ta - T) + tm + te ,T 

if jTf {Το-ΤηΤ-Q a i 

KjjçSi Γτ< Γ ι tm + u Ί , T 

Κ LcSj \( tm + te\ (Tj - tc)(T0 - Tf) (tm + te)(Tj - Tf) 1 
If(T0 - tc) LV T.- tc) m (Tf - tc)(T0 - Ti) (To - Ti)(T0 - Tf)] 

When tc = tm = 0, Equation 37 reduces to Equation 22. 
Refrigeration machine R2 is of T y p e II with uniform discharge over the range 

(Tu + tw) to (Tu + tw + ty), and operating in series with Rv Modification of E q u a ­
tions 11 and 18 yields 

W2 = Wi [Γμ Vo^tm*" ~ *] ( 3 8 ) 

In this process two refrigeration machines are employed for sensible cooling. 
Machine R3 provides the supplementary cooling of the incoming saline water neces­
sitated by the difference between the specific heats of ice and saline water, and machine 
# 4 provides the supplementary cooling necessitated by the temperature differential, tx. 

R3 receives heat over the range Tf to T0 from incoming saline water in the range 
(Tf + tx) to (T0 + tx), and discharges heat uniformly over the same range as R2. F o r 
each unit mass of ice produced, the mass fraction of incoming saline water between 
(Ti + tx) and (T0 + tx) which cannot be cooled by heat exchange with the unit mass 
of ice between T 4 and T0 is (1 — Cj/C8). Below T% the mass fraction of ice is a function 
of temperature, [1 — I(T)/If]y so that the mass fraction of saline water below ( T { + tx) 
which cannot be cooled by heat exchange with ice is [1 — (Cj/C8) (1 — I(T)/If)]. If 
the condition (Tf + tx) < T { exists, the mass of saline water to be cooled by R3 de­
creases from Ti to (Tf + tx) and the expression for the mass fraction requiring cooling 
becomes [(1 - C / C , ) (1 - I(T)/If) - I(T + tx)/If). This latter expression may be 
used as the general expression throughout the operative range of R3f if the following 
restrictions are observed: I(T) = 0 when Τ > T{ and I(T + tx) = 0 when (T + tx) 
> T^ When tx = 0, the expression reduces to that used in Equation 25. 

The differential equation for sensible heat received by R3 is 

- [ f t - ft + jj I(T) - I(T + tx)]dT (39) 

in which I(T) = 0 when Τ > Ti} I(T + tx) = 0 when (T + tm) > Tt. 
Refrigeration machine R3 is of T y p e IV , so substitution into Equation 15 gives the 

theoretical energy as 

CTo φ _ τ f. CTi τ — τ = (ft - ft) J ^ dT + g j j(T) 5 y u dr -IT, 

(7 Γ^* — tx T„ — Τ 

jj J t I(T + tx) dT (40) 
in which Tn = Tu + tw + x/2tv, and the last integral exists only when ( T { — tx) > Tf. 
When ^ = tw = 0, Equation 40 reduces to Equation 26. 

Substitution of the function of Equation 5 for I(T) into Equation 40 gives the value 
of W3 as 
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68 ADVANCES IN CHEMISTRY SERIES 

Wz = (C, - C,) [r. In |? - (Γ . - 2V)] + 

g [d - «) (r. m J; - (τ, - τ,)) - κ « (g m g^gg _ m ^ ) ] _ 

g [d - « ) ( Γ . in ^ - ( Γ < - fc - Γ , ) ) - Κ « ( £ in -

J] ( 4 1 ) 

in which the last term exists only when (2^ — ί Λ ) > Τ/. 
Refrigeration machine # 4 receives sensible heat over the range (Tf — tx) to Tf 

from the total mass of saline water in the range Tf to (Tf + tx), and discharges heat 
uniformly over the range (Tu 4- tv) to ( T w 4- tx + 2ί υ ) into the effluent steams of brine 
and fresh water over the range (Tu — tx) to (Tu + 

1 — Κ Τ 4- £ ) 
Per unit mass of ice formed, the mass of brine to be cooled by Ré is ^ — -

the variable being (Τ 4- ί Λ ) because the range of integration is (Tf — tx) to Tf. If 
( T r + y > Tif the mass to be cooled between Γ« and (J1, 4- t,) is 1//;. The differen­
tial equation for reception of sensible heat by i£ 4 is thus 

dHA = 1 ~ / (
Γ

Γ + t x ) C8 dT (42) 
if 

with 1 = 0 when (T7 + £ f ) > T{. 
This is also a machine of Type IV , so the theoretical energy is 

W A C . Γ p ( r , + V A ) - r d T _ Γτ* + + 
I f L J T f - t s

 T JTf-t, T J 
(43) 

in which T 7* is the lesser of Tf and (Τ* - ί , ) . When tx = 0, I F 4 = 0, by virtue of a 
reduction of the range of integration to 0. Since tv is not arbitrary, but dependent on 
a simultaneous solution of energy and heat balance equations, it is omitted from E q u a ­
tion 43 for convenience. Since tv is relatively small, this introduces only a negligible 
error in W 4 . 

Substitution of the function of Equation 5 into Equation 43 gives 

WA = ψ [ ( Γ . + 1/2tx) In ψ^ΓΤχ - tx - (1 - ·,) ( ( T t t + V A ) In fy^rj, ~ 

( r . ^ T , + t x ) ) + K s i ( * - ± ^ ι » T o , f , r* - m r ^ ï - V ) ] ( 4 4 ) 

in which T * is the lesser of Tf and ( T 4 — ί Λ ) . 
The effluent exit temperature differential, tv, may be computed by means of a heat 

balance. The heat capacity of the effluent streams between (Tu — tx) and (Tu + Tv), 
per unit mass of product water, is equal to the heat discharged by # 4 . Thus 

«· + tx) [ft Q- - l) + l] - W< + H< (45) 

which gives 

W< + H4 

*<έ-ο 4-X 
(46) 

The sensible heat, H4, is obtained by integration of Equation 42, in which tx may 
be omitted by taking the range of integration from Tf to (Tf + tx) : 
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CURRAN—COMPUTATIONS FOR IDEALIZED FREEZING 69 

]f? Jj* 0 + ΨΓ=τ) d T + Γ, ( 7 V + l* " r < ) ( 4 7 ) 

/ / 4 = 

IT, 

= ^ [ ( . + i f ln ^Ξττ{ + (Γ / + « > Λ 

Upon substitution of values of W4 and H4 from Equations 44 and 47, respectively, 
Equation 46 may be solved for tv. 

Designating by Y the mass of saline cooling water per unit mass of product, a heat 
balance gives 

Y _ Wi + W2 + Wz + #3 ( 4 8 ) 

The sensible heat, H3> is obtained by integration of Equation 39: 

//, = (C. - c,xr. - 77) + g JJ* [l - », (l + 5 γ 4 Γ ) ] D T ~ 

g (1 - - Tf) - ln - g (1 - 8,·)(Γ. " «. " Γ,) -

^ΤΓ1ηΤ°τΧ~τ^ m 

in which the last two terms exist only when (Tt — ί^) > Tf. 

Fourth Idealized Process 

The fourth idealized process, illustrated in Figure 9, is a modification of the second 
to include irreversible heat transfer across finite temperature differences, and discharge 
of waste heat to a finite stream of saline water. The notation for temperature differ­
entials is the same as for the third idealized process. 

Refrigeration machine Ri is of Type I, and R2 is of Type II with uniform discharge 
of heat, so that by simple modification of Equation 30, 

Wi = Le
 { T ° + tmr],~_}T

t
f ~ T e ) (50) 

and Equation 38 applies, giving 

W2 - Wi [3»^^ - l ] (38 repeated) 

Addition of these two equations yields the theoretical energy input, per unit mass 
of ice, for the freezing part of the process, 

W l + W t ~ L ' ( Γ . + UM, - u) ( 5 1 ) 

F r o m (Tf + tx) to (T0 + tx) the mass of saline water requiring auxiliary refrig­
eration by R$f per unit mass of ice formed, is (1 — Cj/C8). This is received by Rz uni ­
formly over the range Tf to T0. This machine is of T y p e I V with uniform reception 
and discharge of heat. Equation 33 gives the differential of sensible heat, so that E q u a ­
tion 16 becomes 
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70 ADVANCES IN CHEMISTRY SERIES 

Wt = ( f t - ft) [ r n l n ^ - (To - Tf)] (52) 

Refrigeration machine R4 is also of T y p e IV , receiving heat over the range (Tf — 
t9) to from 1/If mass units of saline water per unit mass of ice, and discharging over 
the range (Tu + tv) to (Tu + tx + 2 i v ) . The differential of sensible heat received by 
R4 is thus 

dHA = ^ ft d2 T (53) 
i / 

and, again applying Equation 16, 

W< - ^ + V A ) In ψρ~£ - I , ] (54) 

Brine Saline Cooling Fresh 
Water Water Water 

Figure 9. Schematic diagram of fourth idealized process 
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CURRAN—COMPUTATIONS FOR IDEALIZED FREEZING 71 

The sum of Equations 51, 52, and 54 gives the total theoretical energy per unit 
mass of product. The temperature differential, tv, has been omitted in Equation 54 
for the same reason as given in the case of Equation 43. Equation 46 may be used to 
compute tv with Hé given by 

#4 - jf tx (55) 

Equation 48 may be used to compute Y with Hs given by 

Hz = (C. - C / X T . - Tf) (56) 

Computations 
Figure 10 shows some curves of theoretical energy vs. extraction ratio for the con­

version of sea water by these idealized freezing processes. Values of constants and 
parameters used in computing these curves are listed in Table I, and the computed 
values are given in Tables II to V . The last two tables also list computed values of tv 

and Y. 

INITIAL CONDITIONS: 3.5%SALT, 60*F 

ι 0 I 1 1 1 1 1 1 1 1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

EXTRACTION RATIO, r 

Figure 10. Theoretical energy curves for 
sea water conversion by idealized freezing 

processes 

The lowest broken-line curve, A, in Figure 10 corresponds to the first idealized proc­
ess, which is completely reversible. The other broken-line curves correspond to the 
third idealized process and illustrate the effect of the specified heat transfer temperature 
differentials. T o be noted are the high values of the theoretical energy, approaching 
infinity as the extraction ratio approaches zero, introduced by a finite temperature 
differential, tx, in the countercurrent heat exchange. This is due to the large cooling 
loads imposed on refrigeration machine Ré at low extraction ratios. The curves are 
rather flat for extraction ratios in the range 0.4 to 0.8. 
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72 ADVANCES IN CHEMISTRY SERIES 

Table I. Summary of Assumed and Computed Values Used in Computations for 
Sea Water Conversion by idealized Freezing Processes 

Κ = 94.34° R 
Tu - 519.69° R (60.00° F.) s< = 0.035 
To = 491.69° R (32.00° F.) C, = 0.50 B.t.u./lbm-° R 
Ti = 488.27° R (28.58° F.) Ca = 0.94 B.t.u./lbm-° R 
Le - 143.4 B.t.u. / lbm 8333 lbm/1000 gal. fresh water 
Basis of computations. One lbm of fresh water product. 

^ Hh B.t.u./Lbm° 
r T/, °R / / / / 1,3 2,4 

0.0 488.27 0.0 00 0.0350 1.50 1.50 
0.1 487.89 0.0965 10.36 0.0387 1.78 1.67 
0.2 487.41 0.1930 5.18 0.0434 2.11 1.88 
0.3 486.80 0.2895 3.45 0.0493 2.57 2.15 
0.4 485.99 0.3860 2.59 0.0570 3.18 2.51 
0.5 484.85 0.4825 2.07 0.0676 4.06 3.01 
0.6 483.14 0.5790 1.73 0.0831 5.42 3.76 
0.7 480.28 0.6755 1.48 0.1079 7.79 5.02 
0.8 474.58 0.7720 1.30 0.1535 12.66 7.53 

β Numbers 1, 2, 3, 4 over last two columns refer to first, second, third, and fourth idealized 
processes, respectively. 

Table II. Summary of Computed Values for Sea Water Conversion Utilizing First 
Idealized Process 
(See also Table I) 

Wi + W2, w3, W9 TF, Kw. -hr . / 
r B.t .u . /Lbm B.t .u . /Lbm B.t .u . /Lbm 1000 Gal. 

0.0 1.06 0.08 1.14 2.79 
0.1 1.13 0.09 1.22 2.98 
0.2 1.19 0.10 1.29 3.15 
0.3 1.27 0.11 1.38 3.37 
0.4 1.36 0.12 1.48 3.61 
0.5 1.48 0.13 1.61 3.93-
0.6 1.63 0.14 1.77 4.32 
0.7 1.84 0.16 2.00 4.88 
0.8 2.16 0.21 2.37 5.78 

Table III. Summary of Computed Values for Sea Water Conversion Utilizing 
Second Idealized Process 

(See also Table I) 
Wi + W2, w9, 

B.t .u . /Lbm 
w, W, Kw.-hr . / 

r B.t .u . /Lbm 
w9, 

B.t .u . /Lbm B.t .u . /Lbm 1000 Gal. 
0.0 1.06 0.08 1.14 2.79 
0.1 1.18 0.10 1.28 3.13 
0.2 1.33 0.11 1.44 3.53 
0.3 1.52 0.13 1.65 4.03 
0.4 1.78 0.16 1.94 4.72 
0.5 2.14 0.19 2.33 5.69 
0.6 2.68 0.25 2.93 7.16 
0.7 3.60 0.35 3.95 9.63 
0.8 5.46 0.57 6.03 14.72 

The lowest solid-line curve, A', corresponds to the second idealized process, in 
which the only irreversibility is that of internal mixing, and the other solid-line curves 
correspond to the fourth idealized process. A t low extraction ratios the two sets of 
curves are almost coincident. A t higher extraction ratios the curves for the second and 
fourth processes rise above those for the first and third processes, because of the increas­
ing effect of the irreversible internal mixing with increasing extraction ratio. The 
curves for the fourth idealized process are seen to have minimums at extraction ratios 
approximating 0.5. 
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74 ADVANCES IN CHEMISTRY SERIES 

Energy values obtained from the curves of Figure 10 or by computation from the 
equations closely approximate the theoretical minimum values for saline water con­
version by freezing processes at the specified values of constants and parameters. A n y 
actual conversion process utilizing freezing will necessarily require considerably more 
energy than these minimum values for the same specified values of constants and 
parameters. 

Nomenclature 

Cj — specific heat of ice 
Cs = specific heat of saline water 
c.p. = coefficient of performance 
H = sensible heat 
Hz, H4 = sensible heat to refrigeration machines R$ and R4 
I = ice fraction 
hf = subscripts denoting initial and final values 
Κ freezing point depression constant 
L = heat of crystallization 
Lc latent heat of crystallization 
q = heat 
Q = amount of heat 
r = extraction ratio 
Ri, R2, R3, R4 = refrigeration machines 
s salt fraction 
Τ = absolute temperature 
To = melting temperature of ice 
Tu ambient saline water temperature 
Τη = Τ η + TW + l/2ty 

temperature differentials tz,e,m,w,v,v = 
Τ η + TW + l/2ty 
temperature differentials 

W = energy input 
Wi, W2, W3, W4 = energy inputs to refrigeration machines ft, ft, ft, ft 
Y = ratio of saline cooling water to fresh water product 
Ζ = mass ratio of solute to solvent 

Acknowledgment 
The author expresses his gratitude to E . D . Howe, Director of the Sea Water C o n ­

version Laboratory, University of California at Berkeley, for providing him with the 
opportunity of undertaking preliminary work on this paper during the summer of 1959, 
and to the Administration of St. Edward's University for providing the opportunity of 
subsequently completing it. 

Literature Cited 
(1) Lyman, J., Fleming, R. H., J. Marine Research 3, 134-46 (1940). 

RECEIVED for review July 7, 1960. Accepted July 15, 1960. 

PRINTED IN U. S. A. 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
08



Water Purification by Zone-Freezing 
WILLIAM H. MINK, GEORGE F. SACHSEL, and R. B. FILBERT, Jr. 

Battelle Memorial Institute, 505 King Ave., Columbus 1, Ohio 

The economics of purification of saline water by 
zone-freezing were investigated using analog simu­
lation as a tool to optimize the design. Estimated 
costs for the process were found to be too high to 
make it competitive with other processes now under 
development. 

F or some time the United States Department of the Interior has been carrying out 
a program aimed toward the selection of an economical method of obtaining potable 
water from sea water. One method investigated at the Battelle Memorial Institute 
(1) is an adaptation of the zone-purification process which had previously been used 
satisfactorily in the purification of metals (8). In the process, as applied to purification 
of sea water, a narrow zone of water is frozen in a tube containing sea water. As this 
zone is made to traverse the length of the tube, the formation of ice crystals tends to 
concentrate the salt in the solution ahead of the crystals. This results in the concen­
tration of the salt at one end of the tube and the depletion of salt at the other end. 
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76 ADVANCES IN CHEMISTRY SERIES 

The Vertical-Tube Unit 
Before costs could be estimated with any degree of accuracy for a possible large-

scale operation, it was necessary to select some type of apparatus in which the process 
could operate in a continuous manner. The apparatus which Battelle believed would 
offer the greatest advantage from an economic and technical standpoint was the 
vertical-tube unit which is similar to the zone-void refiner described by Pfann (4) and 
is shown in Figure 1. In this unit a number of vertical tubes pass through closely 
spaced, insulated, horizontal plates. The spaces between the plates are connected by 
automatic valves to either the heating or the cooling part of a refrigeration system. 
It is thus possible to have any space between the plates be a melting or a freezing 
zone. Sea water is introduced near the top of the tubes. B y selective operation of 
the valves, freezing and melting zones move upward through the tubes. Sea water 
passes down the tube and is subject to a zone purification each time it passes a freezing 
zone. It leaves the bottom of the tube as purified water, while the salt is concentrated 
in the form of brine at the top of the tube, where it is removed periodically by flushing. 

%ΈΜΠΏ BRINE ANO/OR SEA WATER 
V///////X FREEZING ZONE 

BRINE OUT SEA WATER IN N W V M FRESH WATER 

AIR VALVE OPEN 

A Β C 0 Ε F β 

Figure 2. Schematic representation of vertical-tube 
process 

The sequential operation of a two-stage, vertical-tube, zone-freezing unit is shown 
in Figure 2. In this figure, for purposes of clarity, the individual zones are shown large 
in comparison to the tube. In an actual unit the zone spacing would be a fraction 
of the tube diameter. In Figure 2,4, a single tube is shown as it might appear during 
operation. In the melting zone ice melts and the resulting water falls through an air 
space to the water below. Around the water is a dead zone and no heat is being trans­
ferred in either direction. Below the water is an ice plug formed by a freezing zone. 
The lower end of the bottommost ice plug melts, and water falls through an air space 
into the reservoir for pure water. However, since there is no passage for air into the 
tube, the level of pure water will rise in the tube as the ice melts. 

A t some time later the conditions shown in Figure 2,B, will exist in the tube. 
Operation of the automatic valves has shifted each zone upward one space. The top 
plug of ice melts as before and becomes smaller. Water falls from this zone through 
the air space to the water below. The second plug has in effect been moved upward, 
since the dead zone which had previously been above it has now become a freezing 
zone and the freezing zone which had previously been below it has now become a 
melting zone. A t the bottom of the tube a third plug begins to form. 
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MINK, SACHSEL, AND FILBERT—ZONE-FREEZING 77 

In Figure 2,C, which shows the tube at some time after that illustrated in Figure 
2,B, the top plug has melted completely. The water in the top of the tube is concen­
trated to a salinity considerably above that of sea water, so that at this point the brine 
is flushed out and replaced with fresh sea water. The remainder of the tube operates 
as described previously. 

As the zones continue to move upward as a result of the operation of the automatic 
valves, the plugs shown in Figure 2,D, also move upward. The water above the top 
plug becomes more concentrated because its volume is being reduced and because of 
the segregation action of freezing. This segregation action is the tendency to exclude 
salt from the ice formed, thus concentrating the salt in the liquid phase. U p to this 
point there has been no net downward flow of water. 

Some time later the conditions shown in Figure 2,E, exist. The ice plugs continue 
to move upward as before. However, air is permitted to enter the /bottom of the tube, 
so that as the bottom plug melts, the outside level of the reservoir is maintained within 
the tube, and purified water overflows. 

When the air space has reached the desired volume as shown in Figure 2J?, the air 
inlet is closed and the plugs continue to move upward, concentrating the saline water. 

In Figure 2,G, a cycle has been completed and the system is at the point shown in 
Figure 2,A. 

The air space below each plug is necessary to obtain a net downward flow of water. 
The air space rises in the tube and is displaced by water as shown in Figure 2 , C ; in 
Figure 2,E, air displaces water. 

Simulation of Operation of the Vertical-Tube Unit 

T o obtain both equipment and operating costs it was necessary to determine the 
optimum number of stages. The number of stages required to produce a given purity 
of water is in turn a function of the configuration and size of the vertical-tube unit, the 
segregation coefficient, and the extent to which the brine is concentrated (or converted) 
before discharge. Although mathematical relationships have been developed for the 
zone-void refiner (4), it appeared that the quantity of data required for optimization 
of the vertical tube unit could be obtained more efficiently by simulation on an analog 
computer. This was accomplished by simulation of each freezing zone individually and 
then by means of a programming relay connecting and disconnecting the proper zone 
at the proper time. A simplified block diagram of the computer setup is shown in 
Figure 3. The information obtained from the simulation was the salinity of the product 
water as a function of time. A n actual tracing of the output of the computer is shown 
in Figure 4. B y integrating the output it was possible to obtain an average value of 
product salinity for a given set of conditions. B y obtaining product salinities for 
different sets of operating conditions it was possible to develop an expression correlating 
the concentration of salt in the output with different operating conditions. This re­
lationship is shown in Figure 5, where the curves characterize a procedure to yield a 
product water of 500 p.p.m. salt from sea water with 35,000 p.p.m. of salt. 

Experimental Studies 

Before the curves of Figure 5 can be used, two things must be determined: the 
variation of the segregation coefficient, k, with the temperature of the coolant outside 
the tubes; and the time required to freeze a zone of ice in the tube (not needed for 
simulation, because it does not affect the product salinity) which affects the production 
rate from a given unit. 

The effect of temperature difference on the segregation coefficient was determined 
experimentally. Although the segregation coefficient data vary with concentration, the 
effect is small in this type of system and was considered to have no significance in the 
economic study. Tubes ranging i n size from 7/16 to 1 inch containing salt water were 
immersed in a constant temperature bath and the segregation coefficient was determined. 
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78 ADVANCES IN CHEMISTRY SERIES 

H ZONE 
SIMULATOR 

ZONE 
SIMULATOR 

ZONE 
SIMULATOR 

ZONE 
SIMULATOR 

TIME 
OELAY 

_ INITIAL 
CONDITION 

REPETITIVE 
OSCILLATOR 

Figure 3. Simplified block diagram for 
simulation of a four-stage vertical 

tube zone-freezing unit 

Figure 4. The instantaneous salinity out from a two-stage 
zone-freezing unit 

§ 0.6 

0.2 0.3 0.4 0.5 0.6 

SEGREGATION COEFFICIENT, k 

Figure 5. Conversion and segregation 
coefficient required to produce water 

with 500 p.p.m. salt for various 
number of stages 
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MINK, S AC H SEL, AND FILBERT—ZONE-FREEZING 79 

It was found that, although tube size has no effect, the temperature difference has a 
large effect on the segregation coefficient, as shown in Figure 6. 

ο ι—; 1 ι I I 1 
Ο 0.2 0.4 0.6 0.8 1.0 

SEGREGATION COEFFICIENT, k 

Figure 6. Effect of temperature 
difference on segregation 

coefficient 

Using reasonable values of film coefficients and thermal conductivities, it can be 
shown that the time to freeze to the center of a tube is given approximately by : 

φ = 3.2Ρ*·» 
At 

where 

Τ = time required to freeze, hours 
D = inside diameter of tube, inches 

At = temperature difference between coolant and water, ° F . 

As a check on the above equation, the time required to freeze in a 1-inch tube 
was determined experimentally. In one case, using a At of 17.8° F . , the observed time 
was 13.4 minutes and the calculated time was 18.7 minutes. In another case, using 
a At of 9.7° F . , the observed time was 27.5 minutes and the calculated time was 34.8 
minutes. It can be seen that the theoretical calculation gives conservative values. 
This may be due to the difficulty of observing when crystal formation begins, and to 
the possibility of supercooling, both factors tending to reduce the observed freezing time. 

Estimate of Costs 
F o r optimizing the operating cost of the process, the variable operating cost (which 

is only that cost affected by the design and operating parameters of the vertical-tube 
unit) was determined as a function of number of stages and conversion using informa­
tion from a heat exchanger manufacturer. 

The variable, operating cost is plotted in Figure 7 for units containing two to six 
stages. It can be seen from the curve that the lowest variable operating cost occurs at 
four stages, with a conversion of 0.13. Under these conditions the At should be 3° F . 

Cost estimates were made for plants producing 100,000 gallons per day and 10,000,-
000 gallons per day of product water containing 500 p .pjn . of dissolved solids from sea 
water containing 35,000 p.p.m. of dissolved solids, using the procedure outlined by the 
Office of Saline Water (#). F o r the larger plant, a total of 77,000,000 gallons per day 
of sea water is required, of which 67,000,000 gallons per day are discharged as brine 
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80 ADVANCES IN CHEMISTRY SERIES 

β.ο 

5.01 I I I I I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 

CONVERSION, θ 

Figure 7. Variable operating costs for the 
vertical-tube zone-freezing process 

containing about 40,000 p.p.m. of dissolved solids. It was estimated that 387,000 
kw.-hr. of electric power would be required per day. Capital costs are shown in Table 
I and operating costs in Table II. Investment plays a large part in the operating costs; 

Table I. Capital Costs for the Vertical-Tube Zone-Freezing Process 
Capital Costs, Dollars 

105 gal /day 107 gal./day 
Item plant plant 

Vertical-tube unit, installed 892,000 10,020,000 
Standard engineering equipment, installed 636,000 52,940,000 
Other plant costs 1,054,000 51,769,000 
Working capital 57,000 2,420,000 

Total investment 2,639,000 117,149,000 
Unit investment, dollars/gal./day 26.40 11.70 

Table II. Operating Costs for the Vertical-Tube Zone-Freezing Process 
Operating Costs, Dollars/Day 

10* gal./day 107 gal./day 
Item plant plant 

Power 27 2,710 
Labor 103 3,227 
Amortization 578 25,700 
Other 251 10,504 

Total 959 42,141 
Cost per 1000 gallons of product water 9.59 4.21 

it accounts for about 60% of these costs. Increasing the plant size beyond the 10,000,-
000-gallon-per-day capacity would result in only a slight decrease in the estimated 
operating costs, since multiple units would be required and other costs would change 
little. The possibility of better design does not hold much promise for reduced costs 
either. The principal difficulty is that low freezing rates are required to obtain low 
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MINK, SACHSEL, AND FILBERT—ZONE-FREEZING 81 

segregation coefficients. I f the freezing rate is decreased enough t o p e r m i t o p e r a t i o n 
of a single-stage u n i t , the p r o d u c t i o n ra te f r o m the u n i t approaches zero. 

A t the present t i m e , t h e authors h a v e no p u b l i s h e d cost d a t a o n other convers ion 
processes ob ta ined o n the same basis as those presented here w i t h w h i c h to compare 
the results . T h e es t imated costs are, however , above the desired l eve l set b y the Office 
of Sa l ine W a t e r . 
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Saline Water Conversion 
by Freezing 
HERBERT F. WIEGANDT 

Cornell University, Ithaca, N. Y. 

Favorable energy relationships and a convenient 
refrigeration cycle make freezing look attractive. 
Movement of a crystal bed by hydraulic forces 
combines adequate production with a simple wash­
ing procedure. 

Investigations at Cornell University are based on process concepts in which an ice slurry 
is produced from saline water by evaporation of a suitable immiscible refrigerant. After 
washing, the ice crystals are melted by direct condensation on the ice of the compressed 
refrigerant vapors. Potable water is the product, and the immiscible refrigerant re­
cycles to the process. 

η-Butane and isobutane are the preferred economical refrigerants which allow the 
process to operate close to atmospheric pressures and thereby allow use of large-volume 
process equipment. Experimentally much use has been made of methylene chloride as 
a convenient refrigerant. 

Energy Requirements 

Although the minimum energy needed for the conversion of saline water to fresh 
water is the same for any isentropic process, the goal is to achieve this conversion 
efficiently in a real process, on a large scale, at low cost, and with easily maintained 
equipment. 

The minimum work theoretically required at a specified salinity and temperature 
may be equated by a number of alternatives: 

—Wrev = reversible work in B.t.u. per pound of product 

s= In 77 (distillation) 
M F\ 

. W in 4-2 (extraction) 
M A\ 

= 77g = f e e t °* n e a c * across membrane) (osmosis) 

= 3560 X C X AE ( * » = voltage; C = ^ j g g g " ^ ) ^ < ^ ^ 

_ Δ Η ν Χ Α Γ , Ρ , Ι . (distillation) 

= A g t x A ! ^ p - J«P» - ' ° - (freezing) 

82 
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WIEGANDT—CONVERSION BY FREEZING 83 

Δ Τ ABOVE MINIMUM, # F , 

Figure I. Energy penalty for driving force 

I n F i g u r e 1 is s ingled out the most i m p o r t a n t reason w h y a n a c t u a l f reez ing process 
m a y be c o m p e t i t i v e w i t h d i s t i l l a t i o n i n energy requ irements . T h i s is b y no means a 
complete energy c o m p a r i s o n . O p e r a t i n g inefficiencies i n the v a p o r recompress ion p r o c ­
ess i n p a r t a c t u a l l y become u t i l i z a b l e energy , whereas i n freezing these inefficiencies 
resul t i n a n added re f r igerat i on l o a d . 

F i g u r e 1 represents single-stage conversions a n d a steady-state generat ion of ice o r 
s team f r o m a b r i n e a t the i n d i c a t e d convers ion l eve l . Intersect ions w i t h the ord inate 
represent revers ib le convers ion f r o m b r i n e a t the i n d i c a t e d convers ion l e v e l . 

T h e freezing p o i n t depression a t 5 0 % convers ion i s 7.6° F . a n d the b o i l i n g p o i n t 
r ise is 1.05° F . a t the t r i p l e p o i n t . I n order t o achieve reasonable rates , i t becomes 
necessary t o operate between t e m p e r a t u r e l i m i t s w h i c h r e a c h b e y o n d the m i n i m u m s o f 
the freezing p o i n t depression o r the b o i l i n g p o i n t r ise . I t is desirable t o keep these 
d r i v i n g f o r c e - t e m p e r a t u r e increments as s m a l l as possible f or e i ther d i s t i l l a t i o n o r 
freez ing , b u t t h e p e n a l t y f o r each degree is over seven t imes greater f o r d i s t i l l a t i o n t h a n 
f or f reez ing. A compar i son of th i s k i n d c o u l d also be m a d e for osmosis (f low pressure 
d r o p ) , e lectrodia lys is ( ohmic res is tance ) , so lvent e x t r a c t i o n ( concentra t i on g r a d i e n t ) , 
a n d c r i t i c a l pressure d i s t i l l a t i o n (difference i n counter current heat exchange t e m p e r a ­
ture ) . 

I n F i g u r e 2 are represented energy requirements over a wide range of design c o n ­
d i t i ons . T h e B r i t i s h t h e r m a l u n i t p e r p o u n d of p r o d u c t is the energy r e q u i r e m e n t a t 
the compressor shaft . T o t a l p l a n t energy m u s t s t i l l consider d r i v e r efficiency, l i q u i d -
p u m p i n g energy , a n d heat l eaks . A n u m b e r of balances w h i c h concern the o p t i m u m 
between p l a n t inves tment cost a n d t o t a l energy cost ind i ca te a n o v e r - a l l convers ion l e v e l 
of 5 0 % to be a good design basis . 

I n the first p l o t the i m p o r t a n c e of effective heat interchange i n precoo l ing t h e feed 
against the effluent p r o d u c t a n d concentrated b r i n e s treams is considered. T h e increase 
i n energy requ irements , as less effective feed precoo l ing is done, affects m o s t l y the sec­
o n d a r y compressor . T h i s is t o be expected, w h e n i t is t a k e n i n t o account t h a t t h e 
secondary compressor exists sole ly to a l l o w the o p e r a t i o n t o proceed be low a m b i e n t 
t e m p e r a t u r e b y r e m o v i n g a l l the t h e r m a l inefficiencies a t the lowest o p e r a t i n g t e m p e r a ­
t u r e a n d t r a n s f e r r i n g t h e m to coo l ing w a t e r ava i l ab l e a t 8 0 ° F . A n in teres t ing c o n c l u -
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84 ADVANCES IN CHEMISTRY SERIES 

F r e e z e r 2 ° F . 

M e l t e r 2 ° F . 

T o t a l 4 ° F . 

A p p r o a c h e s 

F e e d P r e c o o l e r 5 ° F . F r e e z e r i ° 2 ° 

M e l t e r 1 ° 2 ° 

F e e d P r e c o o l e r 2 ° 5 ° 

I II 

nl I I I » I I I ι ι I Τ ι ι ι ι I ι ι ι ι I Γ I ι I I f f i l l ! 1 
Ο 10 20 I 5 10 I 2 5 10 

APPROACH IN FEED TOTAL APPROACH NUMBER OF PRIMARY STAGES 
PRECOOLER Δ Τ β Ρ . FREEZER MELTER AT*F. 

Figure 2. Refrigeration energy requirements. Influence of driving forces 
on compressor loads 

Sea water 8 0 ° F. Compressor efficiency 80% 
Total conversion 50% Reflux 10% 

s ion t h a t can be d r a w n is t h a t i f precoo l ing is efficient, the secondary compressor is 
r e l a t i v e l y u n i m p o r t a n t i n the t o t a l energy requ irements . I t w o u l d be desirable , o f 
course, for the c r y s t a l l i z a t i o n t e m p e r a t u r e to be above a m b i e n t t e m p e r a t u r e , t h e r e b y 
a l l o w i n g the secondary compressor to be e l i m i n a t e d en t i r e l y . W a t e r is k n o w n to f o r m 
hydrates w i t h numerous compounds , b u t unless the m e l t i n g po int of t h a t h y d r a t e is 
above ambient t e m p e r a t u r e , a secondary compressor s t i l l is requ i red . T h e m a x i m u m 
possible gains, assuming good precoo l ing , are m a r g i n a l for a l l hydrates m e l t i n g be low 
a m b i e n t t empera ture . T h e r e is a c t u a l l y a s l ight p e n a l t y because the la tent heats of 
fus ion , based on the mass of water , are a l i t t l e greater for hydra tes t h a n for ice. I t 
w o u l d seem t h a t the most c o m m o n c r i t i c i s m of the freezing-to- ice c y c l e — n a m e l y , oper ­
a t i n g below ambient t emperature—represents a m i n o r engineering h u r d l e . 

I n the second p lo t , the energy requ i red b y the p r i m a r y compressor is s h o w n to be 
sensit ive to the pressure i n the evaporator - f reezer a n d condenser -melter . Because b o t h 
the e v a p o r a t i o n a n d condensat ion are b y direct contact of the re fr igerant w i t h w a t e r or 
ice, the o p p o r t u n i t y exists for real ist ic achievement of a l o w o v e r - a l l d r i v i n g force. 
E x p e r i m e n t a l l y , the e v a p o r a t i o n has been f o u n d to occur so r a p i d l y t h a t a rate measure ­
m e n t has not been p r a c t i c a l . T h e m e l t i n g of the ice is more of a p r o b l e m because the 
condensate film is a heat t rans fer b a r r i e r . H o w e v e r , the b a r r i e r is a fluid a n d no t a 
s t a t i o n a r y w a l l as i n a d i s t i l l a t i o n u n i t , w h e r e i n s team is condensed against w a t e r or 
bo i l ing water . 

I n the t h i r d p lo t , the i m p o r t a n c e of ach iev ing 5 0 % convers ion i n stages is shown. 
T h e u p p e r curve considers t e m p e r a t u r e approaches t h a t m a y reasonably be expected 
i n a large i n s t a l l a t i o n ; the lower curve assumes condit ions w h i c h are so o p t i m i s t i c t h a t 
no p r a c t i c a l design is envis ioned w h i c h achieves t h e m . T h e in teres t ing observat i on to be 
made is t h a t the difference i n energy requirements between a real ist ic design a n d a n 
" u l t i m a t e " design is less t h a n 3 B . t . u . per p o u n d of p r o d u c t . A comparab le ga in can 
be m a d e s i m p l y b y use of two p r i m a r y compressors , assuming convers ion to 2 5 % i n the 
first flash chamber a n d f u r t h e r convers ion of the resu l t ing b r i n e to a n o v e r - a l l 5 0 % 
convers ion l eve l i n the second flash chamber . I f a v e r y large p l a n t were to ca l l for t w o 
p r i m a r y compressors , th i s advantage cou ld be real ized w i t h o u t p e n a l t y . 

D i s t i l l a t i o n a n d flash-freezing processes b o t h require the condensat ion of vapors . 
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WIEGANDT—CONVERSION BY FREEZING 85 

T h e v o l u m e of these vapors m u s t be recognized i n the design of vessels. F o r direct 
condensat ion of v a p o r on ice a n d for vapor - re compress i on d i s t i l l a t i o n , the v o l u m e is also 
i m p o r t a n t i n the compressor design. F i g u r e 3 compares the vo lumes of v a p o r generated 
for each p o u n d of produc t . T h e f a i r l y h i g h opera t ing pressure makes propane to p r o ­
pane h y d r a t e the sys tem w i t h the least generated gas v o l u m e a m o n g the systems 
considered. 

loooi 

Freezing Processes Distillation Processes 

Figure 3. Volume of gas flow to compressor 

T h e three h y d r o c a r b o n s be ing discussed a l l f o r m hydrates . T h e i r h y d r a t e m e l t i n g 
po ints are above 32° F . , a n d the h y d r a t e is the stable so l id phase. O n f lash e v a p o r a t i o n 
i n the absence of b a c k m i x i n g , ice f orms so m u c h more r a p i d l y t h a n the h y d r a t e t h a t the 
l i q u i d h y d r o c a r b o n is gone before a measurable a m o u n t of h y d r a t e f orms . I n a process 
arrangement i n w h i c h h y d r a t e f o r m a t i o n is encouraged b y re fr igerant e v a p o r a t i o n f r o m 
a h y d r a t e - w a t e r s l u r r y , the pressures for the h igher - t empera ture h y d r a t e cyc le w o u l d 
be s l i gh t ly greater a n d the vo lumes corresponding ly less. T h e c o m p a r i s o n c o u l d also 
have been represented i n F i g u r e 3 for isobutane a n d η-butane h yd ra t es . W h e t h e r o r 
not condensat ion a n d ice m e l t i n g can be accommodated w i t h o u t the f o r m a t i o n of the 
m o r e stable h y d r a t e u n d e r susta ined opera t ing condit ions remains to be tested. I n the 
case of η-butane the quest ion is academic , because i ts h y d r a t e mel ts a t less t h a n 34° F . , 
w h i c h is economica l ly be low the condensat ion t e m p e r a t u r e of the η-butane f r o m the 
p r i m a r y compressor . 

T h e f o r m a t i o n of a n ice s l u r r y b y v a c u u m flashing of w a t e r benefits f r o m the h i g h 
la tent heat of e v a p o r a t i o n of water . T h e large v o l u m e v a p o r represented i n F i g u r e 3 is 
a consequence of w a t e r v a p o r pressures at the opera t ing t e m p e r a t u r e of about 3.5 m m . 
of m e r c u r y . These pressures a n d vo lumes pose engineering prob lems of a n a t u r e d i f ­
ferent f r o m those us ing h y d r o c a r b o n re fr igerants . 

D i s t i l l a t i o n processes have a degree of flexibility not ava i lab le to freezing processes 
i n the choice of a n operat ing t e m p e r a t u r e . T h e a lmost v e r t i c a l i ce -water l ine i n the 
temperature -pressure phase d i a g r a m for w a t e r indicates essent ial ly a fixed o p e r a t i n g 
t empera ture . S i m i l a r l y th i s is t r u e for the h y d r a t e - w a t e r l ine i n the h y d r a t e systems. 
T h e effect on v a p o r v o l u m e resu l t ing f r o m the re la t i onsh ip between v a p o r pressure a n d 
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86 ADVANCES IN CHEMISTRY SERIES 

bo i l ing po in t is i n d i c a t e d i n F i g u r e 3. E v e n at 220° F . th i s v o l u m e is four t imes greater 
t h a n t h a t f r o m the process us ing η-butane. I n order to establ ish the engineering poss i ­
b i l i t ies of a process us ing a n i m m i s c i b l e so lvent , a n e x p e r i m e n t a l u n i t was construc ted 
f o l l owing a n u m b e r of bench-scale exper iments (1, 2). 

Experimental Unit 
F i g u r e 4 is a d i a g r a m of the exper imenta l u n i t . I n i ts opera t i on the two-phase 

feed of br ine a n d methy lene ch lor ide enters the flash c o l u m n . Ice s l u r r y f orms i n the 
u p p e r p a r t of the c o l u m n as the methy lene chlor ide vapor izes , a n d the s l u r r y is t r a n s ­
ferred b y the s l u r r y p u m p to the glass tee at the b o t t o m of the separat i on c o l u m n . I n 
the glass tee, the ice floats in to the separat ion c o l u m n , where i t is washed a n d removed . 
T h e b r i n e recycles f r o m the b o t t o m of the separat ion u n i t to the ice generator b y j o i n i n g 
a s t r e a m of fresh feed a n d l i q u i d re f r igerant . 

Figure 4. Pilot plant arrangement 

T h e flashed re f r igerant v a p o r s are de -entra ined b y a sect ion of Y o r k mesh l ocated 
near the t o p of the generator a n d flow to a Stokes , M o d e l H - 1 4 9 , M i c r o v a c compressor . 

C o n d e n s a t i o n fol lows i n a re fr igerant condenser, w h i c h serves also for surge storage 
of re f r igerant . T h e re f r igerant condenser vents in to a re fr igerated secondary condenser 
t h r o u g h w h i c h iner t leakage gases escape f r o m the sys tem. Pressures i n the v a p o r space 
of the ice generator a n d at the b o t t o m of the separat ion c o l u m n are i n d i c a t e d b y 
manometers . T h e rates of re fr igerant a d d i t i o n to the feed l ine a n d sa l t -water feed 
a d d i t i o n just p r i o r to the s l u r r y p u m p are read f r o m rotameters . 

T h e ice generator consists of two v e r t i c a l l y assembled 5-foot sections of 6 - inch 
boros i l i cate glass p ipe . T h e re fr igerant a n d br ine m i x t u r e jets t o w a r d the w a l l near the 
t o p of the c o l u m n . T h e re f r igerant flashes off i m m e d i a t e l y , l e a v i n g the ice s l u r r y to 
sl ide d o w n the w a l l s . A large w a l l area is p r o v i d e d to a l l ow t i m e for the s m a l l a m o u n t 
of methy lene ch lor ide h y d r a t e w h i c h forms to decompose. A l t h o u g h metastab le a t the 
c o l u m n pressure, the h y d r a t e w h i c h does f o r m decomposes s l owly . A t the b o t t o m of 
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WIEGANDT—CONVERSION BY FREEZING 87 

the generator , a m e t a l cone directs the s l u r r y i n t o a l ine l ead ing to a M o y n o L - 3 s l u r r y 
p u m p . T h e m a x i m u m b o t t o m ice discharge rate is 65 pounds per h o u r . A rate above 
this results i n p lugg ing of the cone. T h i s has p r o v e d t o be the c a p a c i t y l i m i t a t i o n of the 
ice generator a n d the u n i t . 

T h e ice floating i n t o the separat ion sect ion rises a n d adds to the ex is t ing bed . Some 
recycle w a t e r is routed t h r o u g h a s igni f icant p o r t i o n of the b e d a n d out t h r o u g h a 
screened probe m o u n t e d ins ide the bed . T h i s flow of w a t e r serves to compac t the bed 
a n d furnishes a pressure d r o p t h r o u g h the b e d w h i c h aids the u p w a r d m o v e m e n t of the 
ice. T h e m a x i m u m rate of rise of the ice b e d f r o m the w a t e r i n the 6 - inch glass separa ­
t i o n c o l u m n is greater t h a n the 65 pounds per h o u r t h a t can be s u p p l i e d f r o m the 
generator . 

T h e u p p e r p o r t i o n of the ice b e d emerges as a d r a i n e d bed . A p r o p e r ba lance of 
feed rate , spent -br ine discharge rate , a n d rate of outf low t h r o u g h the probe p e r m i t s the 
c o l u m n l i q u i d l eve l to be m a i n t a i n e d a t a desired distance above the probe screen. T h e 
d r a i n e d b e d is washed w i t h a s m a l l a m o u n t of ref lux ( 1 0 % or less of the ice rate) to 
y ie ld a p r o d u c t of less t h a n 300 p . p . m . i n salt content . 

Hydraulic-Piston Bed 
A n analys is of the h y d r a u l i c forces w h i c h are responsible for the m o v e m e n t of the 

porous ice b e d so t h a t countercurrent flow of l i q u i d occurs t h r o u g h the u p p e r p a r t of 
the bed is presented i n F i g u r e 5. A t o t a l i ce-bed height of 30 feet is considered w i t h 

HEIGHT OF DRAINED BED 

CURVE FEET 

O.OO 

J " 0 0 7 « 
Ο 

0.015 
Ο 

0.020 
Ο 

LINEAL ICE R A T E , F T / H R . 

Figure 5. Piston flow bed hydraulic 
characteristics 

co - current flow of w a t e r for a distance of 20 feet f r o m the b o t t o m . V e r t i c a l filter screens 
or leaves w h i c h a l l ow the ice bed to s l i p b y are located a t th i s l eve l . T h e flow of l i q u i d 
above the screens m a y be countercurrent i f the h y d r a u l i c forces are ad justed a p p r o p r i ­
a te ly . T h e b e d is considered as a porous p i s t on , a n d the flow u p t h r o u g h the b e d a n d 
out the screens is re ferred to as p i s t o n leakage a n d represented as s l i p . N u m e r i c a l l y , 
s l ip is the ra t i o of the l i n e a l w a t e r rate re la t ive to the l i n e a l ice rate . T h e curves labe led 
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88 ADVANCES IN CHEMISTRY SERIES 

A represent a case i n w h i c h the ice b e d rides w i t h 10 feet of i ts height out of the water . 
T h e par t i c l e d iameters refer to equ iva lent d iameters as defined b y the C a r m e n - K o z e n e y 
equat ion w h i c h equates par t i c l e d iameter to the filter propert ies of a bed . Because 
s m a l l part i c les give poor filterability, there w i l l be less p i s t o n leakage for beds made u p 
of fine part i c les t h a n for those of coarse part i c l es . L i k e w i s e , the drainage propert ies of 
the bed f r o m the t o p to the screen are affected b y par t i c l e d iameter . I f i t is assumed 
that the m i n i m u m pressure at the screen were to be the same as the pressure above the 
b e d — i n other words , f u l l g r a v i t y d r a i n a g e — t h e n the m a x i m u m l i n e a l ice rate is es tab­
l ished for each equ iva lent par t i c l e d iameter . C a l c u l a t i o n s based o n the filtration be ­
h a v i o r of the bed a n d on ca l o r imetr i c de terminat ions of poros i ty ind i cate the a p p r o x i ­
mate re la t i onsh ip : 

F m a x = 1.56 X 106 D P
2 

Vm&x = m a x i m u m l ineal ice rate, feet per hour 
Dp = equivalent particle diameter, inches 

Ice velocit ies greater t h a n Vmax w i l l result i n salt w a t e r a c c o m p a n y i n g the p r o d u c t ice. 
T h e conc lus ion to be d r a w n is t h a t at the m a x i m u m ice rate w h i c h a l lows downf low 
wash ing b y g r a v i t y drainage , the percentage s l ip is greater for beds of large ice part i c les , 
bu t the m a x i m u m ice rate is also greater for large part i c les . T h e r e is a n o p t i m u m , 
w h i c h has not yet been establ ished, between o b t a i n i n g a h i g h p r o d u c t i o n rate per u n i t 
bed area a n d m i n i m i z i n g the costs of r e cyc l ing the p iston- leakage water . 

Crystal Growth 
W i t h flash e v a p o r a t i o n of solvent f r o m a s p r a y e d m i x t u r e of solvent a n d br ine the 

crysta ls have a D e q of 0.0024 i n c h . A l t h o u g h l i t t l e c o n t r o l of c r y s t a l size is possible b y 
the s p r a y technique , the a l l owable l i n e a l i c e - p r o d u c t i o n rate is 9 feet per h o u r w i t h these 
crysta ls . T h i s is comple te ly sa t i s fac tory for a n economica l p l a n t . 

I t is recognized t h a t decreasing the coo l ing rate w i l l a l l ow larger c rys ta ls to f o r m 
when the cool ing results f r o m the e v a p o r a t i o n of a n i m m i s c i b l e l i q u i d . P l a t e s 3 x 3 m m . 
i n cross sect ion were r e a d i l y achieved b y e v a p o r a t i o n of butane w i t h the pressure r e g u ­
lated for a n e v a p o r a t i o n t e m p e r a t u r e less t h a n 1° F . be low the c r y s t a l l i z a t i o n t e m p e r a ­
ture a n d w i t h poor m i x i n g . 

I n F i g u r e 5 the points p l o t t e d at — 1 0 0 % s l ip ind icate the ice rates for g r a v i t y 
ra ther t h a n for h y d r a u l i c - p i s t o n m o v e m e n t of the ice bed . T h e ice pro j e c t i on or d r a i n ­
age height for these po ints is o n l y 1 foot. I f ice is r i s ing f r o m a so lu t i on , the so lut i on is 
e x h i b i t i n g a t o t a l reverse s l ip re la t ive to the ice bed , a l t h o u g h i n a c o l u m n the ice moves 
u p w a r d a n d the so lut i on is s t a t i o n a r y to the observer . F o r g r a v i t y opera t i on a D e q of 
0.015 i n c h w o u l d be adequate i f a m i n i m u m of w a l l f r i c t i o n were encountered . F u r t h e r 
s t u d y is requ i red w h i c h considers the p r o b l e m of ach iev ing the large c rys ta l s a t reason­
able rates. T o a v o i d the diff iculties w h i c h result f r o m the change i n freezing p o i n t 
w i t h convers ion , i t becomes necessary e i ther to operate w i t h a h i g h rate of recycle or to 
devise a n evapora to r h a v i n g a h i g h degree of b a c k m i x i n g . 

Melting 
T h e m e l t i n g of s lush ice b y b u b b l i n g butane v a p o r s in to a concentrated ice s l u r r y 

gave a v o l u m e t r i c U of 3200 B . t . u . / h r . , eu. ft. ,° F . I n a d u m p e d ice b e d the heat t r a n s ­
fer is less effective, v e r y l i k e l y because of the channe l ing a n d the i n a b i l i t y for the c o n ­
densing vapors to come i n contact w i t h more t h a n the outside surface of wet ice c l u m p s . 
Desp i t e a v o l u m e t r i c U of o n l y 2000 to 2500 B . t . u . / h r . , cu . f t . , °F . , the l o w pressure d r o p 
a n d s i m p l i c i t y of condensing the re fr igerant i n a large chamber charged w i t h d u m p e d 
ice m a k e th is procedure a t t r a c t i v e . 

Office of Saline Water Pilot Plant 
P l a n n e d for the w i n t e r of 1960 is a 35 ,000-gal lon-per -day p i l o t p l a n t to s t u d y a n d 
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WIEGANDT—CONVERSION BY FREEZING 89 

demonstrate the feas ib i l i t y of saline w a t e r convers ion w i t h the use of b u t a n e as a 
re f r igerant . T h e B l a w - K n o x C o . w i l l test b o t h the R o t o c e l ex t rac tor a n d the h y d r a u l i c -
p i s t o n b e d for effectiveness i n ice w a s h i n g . F i g u r e 6 is a sketch of the freezer-washer-
mel ter u n i t for the h y d r a u l i c - p i s t o n opera t i on . 
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Figure 6. Proposed 35,000 
gallon-per-day sea water 
conversion pilot plant 
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A 15,000-Gallon-Per-Day Freeze-
Separation Pilot Plant for Conversion 
of Saline Waters 
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Chemical Engineering Department, Syracuse University, Syracuse, N.Y. 
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Results from operation of a 300-gallon-per-day 
plant were extrapolated to a 15,000-gallon plant 
which began making ice in October 1959. Since 
presentation of the paper in April 1960, the plant 
has operated at design capacity for periods of 1 to 
2 days and previous cost estimates of 60 cents to 
$1.00 per 1000 gallons appear to be attainable. 

T h e chemica l a n d pe t rochemica l industr ies have u t i l i z e d d i s t i l l a t i o n , f reez ing , i o n ex­
change, e lectrodia lys is , selective m e m b r a n e , a n d h y d r a t e processes for a n u m b e r of 
years to separate ce r ta in species or components f r o m a m u l t i c o m p o n e n t so lu t i on i n t h e i r 
re f ining operat ions . R e c e n t emphasis has been p laced o n deve lop ing a n d m o d i f y i n g these 
basic processes to o b t a i n fresh w a t e r f r o m b r a c k i s h a n d sea w a t e r suppl ies . 

T h e need for greater water suppl ies is e v i d e n t ; however , i n a d d i t i o n to the r e ­
q u i r e m e n t for deve lop ing a m e t h o d for convers ion , a p a r a m o u n t fac tor is t h a t i t be 
done inexpens ive ly to a l low usage for domest ic , i n d u s t r i a l , a n d poss ib ly a g r i c u l t u r a l 
needs. 

F r e e z i n g processes have been inves t igated m o r e a c t i v e l y since the feas ib i l i t y of 
direct freezing a n d s impl i f i ed wash -separat i on of ice part i c les f r o m the b r i n e has been 
establ ished i n s m a l l scale operat ions . 

Sea w a t e r c o n t a i n i n g 35,000 p . p . m . (3.5%) of solids is representat ive of m a n y 
saline water suppl ies i n the e a r t h . I t contains a n u m b e r of i o n species, molecules , a n d 
chemica l complexes d isso lved i n water . I t is possible a n d prac t i cab le to separate a p o r ­
t i o n of th is w a t e r f r o m the so lut ion b y l ower ing the t e m p e r a t u r e a n d causing the w a t e r t o 
f o r m into ice c rys ta l s . A n e q u i l i b r i u m freezing curve for sea w a t e r ( F i g u r e 1 ) , p l o t t e d 
f r o m a n ear ly p u b l i c a t i o n of T h o m p s o n a n d N e l s o n (6)y shows the e q u i l i b r i u m freez ­
ing t e m p e r a t u r e i n degrees F a h r e n h e i t as a f u n c t i o n of per cent solids content i n sea 
water . F o r example , the 3.5% sea w a t e r begins to y i e l d ice c rys ta l s at 28.5° F . a n d 
continues to increase ice content i n the i ce -br ine m i x t u r e u n t i l 17.2° F . is reached. A t 
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Figure I. Equilibrium freezing curve for sea water 

th i s t e m p e r a t u r e s o d i u m sul fate decahydrate c rys ta ls also beg in to f o r m . O n l y 7 3 % 
of the w a t e r is frozen out above th i s t e m p e r a t u r e . 

T h e freeze-separat ion process w h i c h has been developed at C a r r i e r C o r p . since 1956 
operates i n the range of 3.5 to 7 .0% solids or freezing temperatures of 28.5° t o 25° F . 
I ce -br ine separat i on takes place a t t e m p e r a t u r e levels of 25° to 32° F . f r o m concen­
t r a t e d b r i n e a t the b o t t o m of the c o l u m n to pure ice at the t o p . 

Severa l design v a r i a t i o n s are possible for a direct freeze-separat ion process. T h e 
one repor ted ut i l i zes the e v a p o r a t i o n of w a t e r d i r e c t l y i n a n evacuated freeze chamber 
to f o r m ice crys ta l s a n d concentrated b r i n e . S e p a r a t i o n of ice f r o m b r i n e does no t 
use a n y m e c h a n i c a l devices, such as centri fuges, b u t s i m p l y a counterf low w a s h c o l u m n 
of ice be ing m o v e d b y a p p l i e d h y d r a u l i c forces. 

T h e results of a 300 -ga l l on -per -day exper imenta l u n i t have been u t i l i z e d t o design 
a 15 ,000-gal lon-per -day p i l o t p l a n t . D e s i g n parameters a n d ca l cu lat ions are e laborated 
i n the f o l l owing sections. 

Pilot Plant Design 
P r i o r to the comple t i on of the design of a 15,000-gal lon-per-day p i l o t p l a n t , a n 

e x p e r i m e n t a l p r o g r a m was c a r r i e d out i n the laborator ies to evaluate a 300-ga l lon -per -
d a y freeze-separat ion sys tem. T h e design of th i s freezer a n d c o l u m n evo lved f r o m 
prev ious e x p e r i m e n t a t i o n i n s m a l l glassware components . R e s u l t s of the ear ly tes t ing 
a n d the design of the 300 -ga l l on -per -day process were pub l i shed i n 1957 (1). T h e 
present paper extends the results of th is e v a l u a t i o n of a direct f reez ing - cont inuous 
w a s h separat i on process to the design a n d p r e l i m i n a r y operat i ona l phases of a 15,000-
g a l l o n - p e r - d a y p i l o t p l a n t . 

A m a j o r ob ject ive of the larger p i l o t p l a n t is to determine i f e x t r a p o l a t i o n of the 
design parameters f r o m opera t ing results of the 300 -ga l l on -per -day p l a n t is v a l i d w h e n 
scaled u p w a r d s 50 to 1 to a 15,000-gal lon-per -day f a c i l i t y . I n the design of the p i l o t 
p l a n t , flexibility of each m a j o r component has been p a r a m o u n t . T h e d e t e r m i n a t i o n 
of the best of several methods for i n t r o d u c i n g the sal ine w a t e r i n t o the freezer, height 
of c o l u m n necessary for adequate i ce -br ine separat ion , p e r m e a b i l i t y of ice bed , rates of 
ice p r o d u c t i o n , m i n i m u m w a s h water , a n d power requirements are b u t a few of the 
i m p o r t a n t var iab les w h i c h m u s t be eva luated care fu l ly to q u a l i f y the t e chn i ca l feas i ­
b i l i t y of the process a n d thence to y i e l d the economic p o t e n t i a l . 

D e t a i l e d results are e laborated i n progress reports (2). 
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92 ADVANCES IN CHEMISTRY SERIES 

F l o w Sheet and Mass Balances. F i g u r e 2 represents a flow sheet of the 15,000-
g a l l o n - p e r - d a y p i l o t p l a n t . T h e four m a j o r components are the freezer, the w a s h -
separat i on c o l u m n , the ice m e l t e r , a n d the v a p o r - h a n d l i n g device . T h e other essential 
components are the deaerator , w h i c h removes a i r f r o m the saline water before i t enters 
i n t o the evacuated freezer ; the a u x i l i a r y re f r igerat i on sys tem, w h i c h removes heat 
leakage i n t o the sys tem a n d t h e r m a l inefficiencies of the process ; a n ice scraper , p u m p s , 
contro ls , a n d i n s t r u m e n t s . 

FRESH WATER OUT 

Figure 2. Diagram of process flow 

T h e m a i n process streams m a y be fo l lowed b y re fer r ing to the flow sheet. 

F r e s h sea w a t e r feed is first deaerated a n d t h e n precooled b y heat exchange against 
the t w o p r o d u c t streams, b r i n e a n d fresh w a t e r p r o d u c t . I t enters the freezer at 
about 37° F . , is cooled f u r t h e r to 25° F . b y e v a p o r a t i o n , a n d is p a r t i a l l y f rozen. B e ­
cause the freezer is m a i n t a i n e d at 3.3 m m . of m e r c u r y pressure (25° F . ) , the b r i n e 
concentrat i on is 7 % , a n d ha l f of the w a t e r i n the sea w a t e r is r e m o v e d . T h e s l u r r y is 
d i l u t e d b y recycle b r i n e t h a t has been filtered i n the separat i on c o l u m n . 

T h e w a t e r v a p o r l e a v i n g the freezer is absorbed b y a concentrated l i t h i u m b r o m i d e 
so lu t i on . T h e d i lute absorbent so lu t i on is p u m p e d f r o m the absorber t h r o u g h heat 
exchangers to the generator , where i t is bo i l ed . T h e v a p o r l e a v i n g the generator is 
condensed w i t h co ld sea w a t e r a n d th is d i s t i l l e d w a t e r flows b a c k to the separator , 
where i t is used for wash ing the ice. T h e absorbent so lu t i on , after be ing concentrated 
i n the generator , is cooled i n the heat exchangers a n d flows b a c k to the absorber b y 
g r a v i t y . 

T h e i ce -br ine s l u r r y is p u m p e d to the b o t t o m of the separat ion c o l u m n , where 
ice a n d br ine are i n i t i a l l y separated b y filtering t h r o u g h a screen. T h e ice crysta ls are 
s t i l l sur rounded b y concentrated b r i n e , w h i c h is r emoved b y wash ing . W a t e r c onta in ing 
r e l a t i v e l y few dissolved salts replaces th is b r i n e a r o u n d the ice as the ice flows u p w a r d 
t h r o u g h the c o l u m n . 

A s the ice reaches the t o p of the c o l u m n , the w a t e r adher ing to the ice crysta ls 
contains less t h a n 1000 p . p . m . of sal t . T h i s ice is scraped in to a t a n k , where i t is 
mel ted b y recyc led fresh water . T h e effluent of th is t a n k is ca l led " m e l t w a t e r " a n d 
is d i v i d e d in to three s treams. T h e largest s t r e a m flows t h r o u g h tubes i n the absorber , 
where i t p i c k s u p the heat of a b s o r p t i o n . T h i s same m e l t w a t e r s t ream flows t h r o u g h 
a ch i l l er , i n w h i c h i t is cooled s l i g h t l y b y the a u x i l i a r y re f r igerat ion sys tem to preserve 
heat balances . I t t h e n flows b a c k to the m e l t t a n k a n d mel ts more ice. T h e second 
s t r e a m is used for w a s h i n g the ice a n d is recyc led f r o m the m e l t t a n k to the t o p of 
the c o l u m n , p a r t of w h i c h r e turns to the m e l t t a n k adher ing to the ice. T h e t h i r d 
s t r e a m is the p r o d u c t w a t e r , w h i c h flows t h r o u g h the heat exchangers cool ing the 
in le t feed a n d thence b a c k i n t o the storage t a n k . 
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BOSWORTH ET AL—FREEZE-SEPARATION PILOT PLANT 93 

P a r t of the b r i n e l e a v i n g the b o t t o m of the c o l u m n is r e t u r n e d to the freezer to 
d i lu te the s l u r r y a n d p a r t flows t h r o u g h the heat exchangers to cool the in le t feed 
a n d thence to waste . 

M a s s balances a n d heat balances of the components are present i n T a b l e I . 

Table 1. Mass an< d Heat Balances for Pilot Plant 
M a t e r i a l Balance, Heat Balance , " 

L b . / H r . B . t . u . / H r . 
I n Out I n Out 

Deaerator 12,800 12,800 410,000 410,000 
Sea water precoolers 

Sea water feed 12,800 12,800 410,000 74,800 
Fresh product 6,400 6,400 153,800 
Waste brine 6,400 6,400 - 4 2 , 3 0 0 139,100 

T o t a l 367,700 367,700 
Freezer 

Sea water feed 12,800 74,800 
Br ine 26,400 - 1 7 5 , 0 0 0 
S lurry 119,773 158,100 - 1 , 1 2 6 , 8 0 0 - 2 , 1 6 3 , 0 0 0 
Vapor 873 936,000 

T o t a l 158,973 158,973 - 1 , 2 2 7 , 0 0 0 - 1 , 2 2 7 , 0 0 0 
C o l u m n 

S lurry 110,500 - 1 , 5 0 5 , 0 0 0 
B r i n e 104,970 - 6 9 4 , 0 0 0 
Ice 5,630 - 8 1 1 , 0 0 0 
Water 5,527 5,427 

T o t a l 116,027 116,027 - 1 , 5 0 5 , 0 0 0 - 1 , 5 0 5 , 0 0 0 
Mel ter 

Ice 5,527 - 7 9 6 , 0 0 0 
Water 182,627 188,154 984,000 188,000 

T o t a l 188,154 188,154 188,000 188,000 
Absorber 

Vapor (water) 873 936,000 
L i t h i u m bromide 18,310 19,183 347,700 223,000 
Water 177,100 177,100 177,100 1,237,800 

T o t a l 196,283 196,283 1,460,800 1,460,800 
Generator 

L i t h i u m bromide 19,183 18,310 1,300,000 1,421,000 
Vapor (water) 873 990,000 
Steam 1,142 1,317,000 
Condensate 1,142 206,000 

T o t a l 20,325 20,325 2 ,617,000 2,617,000 
Condenser 

Vapor (water) 873 990,000 
Water 873 50,600 
C o n d . water 182,100 182,100 6,010,000 6,949,400 

T o t a l 182,973 182,973 7,000,000 7,000,000 
Chi l ler—evaporator water 177,100 177,100 1,239,000 884,000 
Condenser water 21,500 21,500 924,000 1,379,000 

T o t a l 2 ,163,000 2 ,263 ,000 & 

a Basis for calculation of heat balances is enthalpy of l i q u i d water at 32°F. = 0 B . t . u . / l b . 
b Unbalance due to efficiency of refrigerating system. 

V a p o r - R e m o v a l S y s t e m . W a t e r v a p o r m a y be removed f r o m the freezer b y 
several m e a n s : a compressor , a s team ejector, a condenser, or a b s o r p t i o n in to a l o w 
v a p o r pressure so lu t i on . A w a t e r v a p o r compressor does not easi ly p e r m i t v a r i a b l e 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
11



94 ADVANCES IN CHEMISTRY SERIES 

c a p a c i t y ; a s team ejector is not economica l ly feasible ; a wet condenser w h i c h h a d 
been used i n the 300-gal lon exper imenta l p l a n t is not as economica l as a n absorp t i on 
cycle . There fore , a steam-heated a b s o r p t i o n mach ine u t i l i z i n g l i t h i u m brom ide so lut ion 
was chosen to remove the v a p o r f r o m the p i l o t p l a n t freezer. 

E n e r g y i n p u t is a direct f u n c t i o n of the rise i n t e m p e r a t u r e o r s a t u r a t i o n pressure 
of the water v a p o r e v a p o r a t i n g i n the freezer a n d condensing i n the absorber . B y 
k e e p i n g th is t e m p e r a t u r e rise l ow , the efficiency of the sys tem is i m p r o v e d . A c c o r d i n g 
to the process design, the absolute pressure i n the freezer is 3.3 m m . of m e r c u r y . O n l y 
0 . 1 - m m . pressure d r o p t h r o u g h the v a p o r l ines is a l l owed . T h i s l o w pressure m a y be 
m a i n t a i n e d w i t h e i ther a concentrated absorbent so lu t i on at moderate t e m p e r a t u r e 
(70° F . ) or a modera te ly d i lute s o l u t i o n at a lower t e m p e r a t u r e , 40° F . T h e design 
condit ions chosen were a compromise for the desired flexibility ( T a b l e I I ) . 

Table II. Absorl 

Temp. , 
°F. 

Water vapor 24 
Cioncentrated absorbent 59 
D l u t e d absorbent 53 
M e l t water entering 33 
M e l t water leaving 40 .2 

-Design Conditions 
L i t h i u m Bromide 

Pressure, Concn . , F l o w , 
M m . H g W t . % L b . / H r . 

3 .2 . . . 873 
52.5 18,310 

2 .5 50 .5 19,183 
177,100 
177,100 

T h e a b s o r p t i o n mach ine chosen for the p i l o t p l a n t is n o m i n a l l y a 140-ton r e ­
f r igerat i on u n i t . T h e design l oad is o n l y 70 tons of ice per day , b u t the larger mach ine 
was specified because the v a p o r vo lumes are greater t h a n those at n o r m a l a i r c o n d i ­
t i o n i n g temperatures . A s t a n d a r d u n i t was modi f ied b y r e m o v i n g the c h i l l e d w a t e r 
c i r c u i t , the evapora tor (because the freezer is the e v a p o r a t o r ) , a n d the purge sys tem. 
T h e n u m b e r of heat exchangers was increased to p e r m i t closer t e m p e r a t u r e a p p r o a c h . 

A n y leakage of noncondensables in to the v a c u u m sys tem is pu rged t h r o u g h the 
absorber b y a three-stage ejector. T h e condenser-generator , w h i c h is at a higher 
pressure, is also purged b u t at the suc t i on of the second stage of the ejector. 

F r e e z e r . R a t h e r t h a n a convent i ona l ind i re c t freezing process where the ice is 
f o r m e d o n a ch i l l ed meta l l i c surface, the freezer is d irec t . T h e heat of fus ion is r e m o v e d 
b y e v a p o r a t i o n of w a t e r at l o w pressure. 

P r e v i o u s exper imenta l results i n d i c a t e d t h a t the heat t rans fer rates were h i g h a n d 
t h a t considerable ice m a y be produced w i t h a s m a l l d r i v i n g force, i f sufficient i n t e r ­
phase area is ava i lab le . 

A freezer to produce 100 pounds of ice per h o u r was designed a n d operated p r i o r t o 
the design of the p i l o t p l a n t freezer. T h i s freezer before i n s u l a t i o n is shown i n F i g u r e 
3. I t is 18 inches i n d iameter a n d 7 feet h i g h . T h e purposes of the tests were to de­
termine i f ice c o u l d be produced cont inuous ly a n d removed cont inuous ly , a n d w h a t 
the re lat ionships were between ice p r o d u c t i o n rates a n d d r i v i n g force for var i ous 
conf igurations at different areas. 

Ice adheres to a l l surfaces unless wet ted b y a cont inuous m o v i n g film. P r o j e c ­
t ions w h i c h i n t e r r u p t the film are also areas for ice f o r m a t i o n a n d adhesion. T h i s p r o b ­
l e m was overcome b y l i n i n g the inside of the freezer w i t h sheet p last i c a n d flowing a 
f i l m of br ine d o w n the sides of the freezer. These modi f i cat ions a l l owed the freezer to 
produce ice c ont inuous ly for extended periods . 

T h e m e c h a n i s m of f o r m i n g ice i n salt w a t e r b y r e m o v i n g v a p o r is complex . I t 
invo lves three phases i n w h i c h the trans fer of mass a n d energy takes place . H e a t is 
removed at the g a s - l i q u i d inter face b y e v a p o r a t i o n . I n the i m m e d i a t e v i c i n i t y of the 
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BOSWORTH ET AL—FREEZE-SEPARATION PILOT PLANT 95 

Figure 3. Three hundred-gallon freezer 

ice a n d at the e v a p o r a t i o n areas, there is a higher salt concentrat i on t h a n i n the b u l k 
of the l i q u i d . A possible i l l u s t r a t i o n of the process is as fo l l ows : 

Interface 
S o l i d - L i q u i d 

Interface 
L i q u i d - V a p o r 

Ice 
Water (s) 

H e a t 

Br ine 
Water (1) 

Salt Salt 

H e a t 

Vapor 
Water (v) 

H e a t 

T h e r e is di f fusion of salt a w a y f r o m b o t h the s o l i d - l i q u i d inter face a n d the v a p o r -
l i q u i d inter face , i n each case t o w a r d the b r i n e . W a t e r moves counterf low to the s a l t . 
H e a t m u s t t rans fer f r o m so l id to l i q u i d to gas t h r o u g h stagnant films at the so l id 
surface a n d t h r o u g h the t u r b u l e n t l i q u i d . A n a d d i t i o n a l resistance to the f o r m a t i o n 
of ice exists at the ice surface, where water molecules m u s t or ient themselves a n d find 
posit ions of l o w energy before be ing i n c o r p o r a t e d i n t o the c r y s t a l l a t t i c e . W h e n i n ­
adequate ice surface or fore ign part i c les exist i n the freezer, nuc l ea t i on m a y c o n t r o l o r 
affect the rate of ice p r o d u c t i o n . 

N o s t u d y has been made to discover w h i c h of the several resistances is i m p o r t a n t , 
bu t a s imple rate equat i on can be w r i t t e n w h i c h states t h a t the rate of the o v e r - a l l 
process is some func t i on of the extent of depar ture f r o m e q u i l i b r i u m . T h e f u n c t i o n 
is l i k e l y to be a p p r o x i m a t e l y l inear i n the depar ture , unless the i n t r i n s i c c r y s t a l g r o w t h 
rate or the nuc lea t i on rate is cont ro l l ing , because the mass a n d heat t rans fer rates are 
u s u a l l y l i n e a r over s m a l l ranges of t e m p e r a t u r e or pressure. T h e depar ture f r o m e q u i ­
l i b r i u m is the d r i v i n g force a n d can be measured b y ei ther a t e m p e r a t u r e or a pressure 
difference. T h e t e m p e r a t u r e difference between t h a t of the b u l k s l u r r y a n d the e q u i l i b ­
r i u m v a p o r t e m p e r a t u r e is measured e x p e r i m e n t a l l y to ± 0 . 2 ° F . a n d lies i n the range 
of 0.5° to 2 ° F . under n o r m a l operat ing condit ions . 

T h e rate of ice p r o d u c t i o n is thus a f u n c t i o n of AT. I f the f u n c t i o n is assumed 
to be l inear , 

R a t e = kf(AT - a) (1) 

T h e p r o p o r t i o n a l i t y constant , kf, is no t a heat t rans fer coefficient b u t r a t h e r a n u n -
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96 ADVANCES IN CHEMISTRY SERIES 

k n o w n c o m b i n a t i o n of i n t r i n s i c rates of heat a n d mass t rans fer a n d c r y s t a l g r o w t h . 
I n a n y case, kf w i l l be affected b y the extent of i n t e r f a c i a l area between phases, the 
degree of a g i t a t i o n , the propert ies of the b r i n e , the size of the ice part i c les , the general 
design of the freezer, a n d the ice concentra t i on i n the s l u r r y present i n the freezer. 
T h e q u a n t i t y a is added to a l l ow for a n y d r i v i n g force lost t h r o u g h m e t a s t a b i l i t y or 
slow nuc l ea t i on . 

Severa l devices were tested i n the freezer for present ing area for e v a p o r a t i o n a n d 
ice f o r m a t i o n . F i n e sprays produce large quant i t i es of ice b u t because large vo lumes 
of v a p o r are also f o r m e d , the sa l t w a t e r is e n t r a i n e d i n the v a p o r . Coarse sprays are 
not en t ra ined , b u t v e r y s m a l l c rys ta l s are f o r m e d because of the s m a l l residence t i m e 
for c r y s t a l f o r m a t i o n . W e t t e d p last i c surfaces were tested, b u t a n area re la t i onsh ip 
c o u l d not be developed because of v a r i a b l e ice adherence. T h e three conf igurat ions most 
succcessful are sketched i n F i g u r e 4 : sprays p o i n t i n g d o w n w a r d , a nozzle p o i n t i n g 
u p w a r d to a surface for i m p i n g e m e n t , a n d a submerged nozzle . T h e purpose of the 
l a t t e r two conf igurat ions was to a l l ow the drops a longer t i m e for ice f o r m a t i o n before 
reaching the b o t t o m of the freezer. 

Figure 4. Liquid distribution systems in freezer 

M e t a s t a b i l i t y w i t h respect to ice c r y s t a l f o r m a t i o n was no t a p p a r e n t i n th i s freezer, 
p r o b a b l y because p a r t i c u l a t e m a t t e r i n the salt s o lu t i on i n d u c e d n u c l e a t i o n . N e v e r ­
theless, more ice m a y be produced f or a g i v e n pressure difference a n d surface w h e n 
the s l u r r y is recyc led . T h e ice i n the flowing s l u r r y presents more surface a n d precludes 
the necessity of h i g h d r i v i n g forces to induce nuc l ea t i on . A l s o , the size of the ice 
crysta ls is increased b y recycle of s l u r r y . 

A c t u a l area for ice f o r m a t i o n is di f f icult to measure , b u t t o t a l ice p r o d u c t i o n was 
measured at v a r y i n g t e m p e r a t u r e difference. F i g u r e 5 plots the rate of ice p r o d u c t i o n 
i n pounds per h o u r w i t h different conf igurat ions . M o r e ice is p r o d u c e d w h e n the 
s l u r r y is recyc led . 

A m e t h o d was devised for recyc l ing the s l u r r y t h a t h a d the advantage of a l ong 
t i m e for contact , a n d at the same t i m e was a means of s l u r r y a g i t a t i o n . I t was s i m p l y 
to r e t u r n co ld filtered b r i n e f r o m the b o t t o m of the separat ion c o l u m n t h r o u g h a nozzle 
p a r t l y submerged i n the s l u r r y a t the b o t t o m of the freezer. T h e clear b r i n e entra ins 
s l u r r y , m a i n t a i n s v i o l ent a g i t a t i o n , a n d forms a f o u n t a i n . 

F r o m the results of us ing t w o s p r a y heads or one submerged nozzle to produce 100 
pounds of ice per h o u r a t a t e m p e r a t u r e difference of 1.2° F . , a design was m a d e f or a 
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BOSWORTH ET AL.—FREEZE-SEPARATION PILOT PLANT 97 

O 0 2 0.4 0.6 0 8 1.0 12 1.4 16 
TEMPERATURE DIFFERENCE, * F 

Figure 5. Ice-production rate in 300-gallon unit 

freezer to produce 5000 pounds of ice per h o u r or enough for 15,000 gal lons of f resh 
w a t e r per d a y . T h e p i l o t p l a n t freezer is four t imes i n d iameter a n d twice as h i g h a n d 
has the same shape. T h e freezer can be e q u i p p e d w i t h 35 submerged nozzles or 75 
s p r a y heads. I t is coated w i t h a s m o o t h po lye thy lene l i n i n g . A flow of 50 gallons of 
br ine per m i n u t e to the sides of the freezer m a i n t a i n s a flowing f i l m . 

T h e freezer operates at 3 m m . of m e r c u r y absolute pressure a n d v a c u u m t ightness 
is essential to i t s successful opera t i on . 

S e p a r a t i o n of Ice f r o m B r i n e . B r i n e m u s t be r a t h e r comple te ly separated f r o m 
the mass of s m a l l ice crys ta ls f o r m e d i n the freezer before the ice can be m e l t e d t o 
produce f resh water . I n the C a r r i e r process t h i s is accompl i shed b y countercurrent 
w a s h i n g w i t h fresh w a t e r i n a v e r t i c a l m o v i n g b e d ca l led the wash -separa t i on c o l u m n . 
I n th is c o l u m n the i ce -br ine s l u r r y is i n t r o d u c e d at the b o t t o m , where m u c h of the 
b r i n e is r e m o v e d b y filtration. T h e r e m a i n i n g b e d of ice crys ta ls is pushed v e r t i c a l l y 
u p w a r d t h r o u g h the c o l u m n b y h y d r a u l i c forces a n d is freed of i ts salt content b y the 
countercurrent s t ream of fresh w a t e r . T h e ice is cont inuous ly harves ted at the t o p of 
the c o l u m n . F i g u r e 6 shows a schematic v i e w of the w a s h c o l u m n i n opera t i on . 

WASH WATER 

Figure 6. Wash-separation column 
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98 ADVANCES IN CHEMISTRY SERIES 

Hydraul ics . T h e i n c o m i n g s l u r r y m a y c o n t a i n f r o m 1 to 1 0 % ice suspended i n 
br ine , depending on i ts c i r c u l a t i o n rate . A s the s l u r r y flows in to the lower p a r t of the 
c o l u m n , i t encounters the b o t t o m side of the p a c k e d ice b e d a n d the p u m p pressure 
forces the br ine u p w a r d t h r o u g h the bed u n t i l i t reaches the t o p of the cone. T h e br ine 
flow is t h e n u p w a r d a n d r a d i a l l y o u t w a r d a n d e v e n t u a l l y d o w n w a r d t h r o u g h the h o r ­
i z o n t a l a n n u l a r screen. T h e ice i n the s l u r r y deposits on the unders ide of the bed , thus 
t e n d i n g to m a k e the inter face between the p a c k e d ice a n d s l u r r y m o v e d o w n w a r d . I n 
steady-state opera t i on , however , th i s inter face is s t a t i o n a r y because the b e d moves u p ­
w a r d at the same l inear rate at w h i c h ice is deposi ted on i ts unders ide . T h e th ickness , 
t, as shown i n F i g u r e 6 adjusts i tsel f to such a va lue t h a t the pressure d r o p t h r o u g h 
th is thickness creates a force equa l to t h a t necessary to p u s h the bed u p w a r d . F o r a 
thickness less t h a n t the m o t i v e force is insufficient to m o v e the c o l u m n a n d for a t h i c k ­
ness greater t h a n t the force is more t h a n necessary a n d the ice bed accelerates u p w a r d . 
T h e net d o w n w a r d force is equal to the weight of the ice bed p lus w a l l f r i c t i o n less the 
b u o y a n t force. T h e b u o y a n t force depends m a i n l y on the l i q u i d leve l i n the c o l u m n 
a n d the f r i c t i o n a l force at the w a l l is negligible i n co lumns of large d iameter . 

I t is i m p o r t a n t to be able to pred i c t at just w h a t l eve l of t i n the in let cone the 
s l u r r y begins t o consol idate i n t o a n ice bed w i t h b r i n e flowing t h r o u g h i t . I f the zone 
at w h i c h conso l idat ion begins is w e l l be low the l eve l of the screens, p a c k e d ice m a y b a c k 
u p a n d fill the in le t p ipe . T h e pressure d r o p t h r o u g h the ice p a c k e d i n the in le t cone 
is i m p o r t a n t f or speci f icat ion of the p u m p i n g head requ i red . 

T h e above process descr ip t i on al lows t to be ca lcu lated , i f the proper t i es of the ice 
b e d a n d b r i n e are k n o w n . A force balance for steady-state opera t i on y ie lds the f o l l ow ­
i n g relat ions for a n y in let section g e o m e t r y : 

F = upward force required to support and move the ice co lumn upward 
A = cone cross section (variable) 
ρ = fluid pressure 
I = distance measured downward from screen to ice-slurry interface 
Q = brine flow rate, v o l . / t i m e 
μ = brine viscosity 
Bo = packed ice permeabil i ty , ( length) 2 

E q u a t i o n 2 shows t h a t the d e p t h of the consol idated ice i n the in let sect ion is i n d e ­
pendent of the shape a n d size of the in le t , b u t E q u a t i o n 3 shows t h a t the pressure r e ­
q u i r e d to force b r i n e t h r o u g h th is th ickness t of ice does depend o n these factors . 
C a l c u l a t e d values of t range f r o m 1 / 2 to 16 inches for v a r i o u s operat ing condit ions , 
b u t these va lues have not been checked b y observat ion . 

Effects of Properties of Ice B e d . T h e size a n d shape of the ice part i c les affect 
the propert ies of the b e d s t rong ly . T h e ice p r o d u c e d b y the direct freezer is i n the 
shape of flat d isks , e i ther c i r c u l a r or o v a l i n shape, s i m i l a r to those r epor ted b y R o s e 
(5) a n d U m a n o ( 7 ) . 

I n the 300 -ga l l on -per -day p l a n t the m e a n ice par t i c l e sizes have been ca l cu la ted 
f r o m measurements of ice bed p e r m e a b i l i t y a n d poros i ty m a d e on the ice harves ted a t 
the t op of the c o l u m n . F r o m these results the i m p o r t a n t design parameters can be 
ca lcu lated , such as p a r t i c l e d iameters , l inear ice velocit ies , residence t i m e of ice i n the 
c o l u m n , f r i c t i o n a l losses i n the w a s h w a t e r flowing d o w n the c o l u m n a n d i n b r i n e flowing 
t o w a r d the screens i n the b o t t o m of the c o l u m n , a n d the f r a c t i o n of vo ids occupied b y 
a i r above the l i q u i d l eve l i n the c o l u m n . T y p i c a l ranges f or some of these measured or 
ca l cu la ted quant i t i es are shown i n T a b l e I I I f r o m measurements i n the 12- inch d iameter 
c o l u m n . 

(2) 

(3) 

where 
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BOSWORTH ET AL.—FREEZE-SEPARATION PILOT PLANT 99 

Table III. Design Parameters of Separation Column 
Q u a n t i t y 

Ice bed porosity 
Ice bed permeabi l i ty 
Frac t i on of ice i n harvested product 
Equ iva l ent particle diameter 
A i r volume per unit bed volume 

(above l i qu id level) 

Symbo l Range of Values U n i t s 
e 0 .38 -0 .44 Dimensionless 
Bo 0 .3 - 1 . 4 Χ Ι Ο " 6 Sq. cm. 
Ρ 0 .55 -0 .65 Dimensionless 
de 60-120 Microns 
a 0 .04 -0 .06 Dimensionless 

T h e equiva lent d iameters g iven i n T a b l e I I I are those of a sphere h a v i n g the same 
surface area as the par t i c l e . L a r g e r d iameters a n d h igher permeabi l i t i es were observed 
when s l u r r y was recyc led to the freezer. L a r g e par t i c l e size leads to several a d v a n ­
tageous effects, such as : 

1. H i g h permeabi l i ty of ice bed to wash water. 
2. Less brine entrainment by the ice. 
3. G o o d d istr ibut ion of brine and wash water i n the co lumn. 

A d isadvantage of large par t i c l e size was p o i n t e d out b y W i e g a n d t (8), who stated 
t h a t the resu l t ing h i g h p e r m e a b i l i t y m a y lead to excessive bed thicknesses i, r equ i red 
to get the necessary force for m o v i n g the ice bed u p w a r d . 

W a s h i n g . A s ice moves u p w a r d t h r o u g h the c o l u m n , i t behaves as a n u n c o n ­
so l idated porous m e d i u m a n d carries b r i n e w i t h i t , he ld b y viscous a n d c a p i l l a r y forces. 
T h e flow is ent i re ly l a m i n a r , because the R e y n o l d s n u m b e r based o n part i c l e d iameter 
is a lways less t h a n 0.05. T h e br ine is car r i ed thus at the surface a n d i n the fillets be ­
tween the part i c les . T h e d o w n w a r d flowing w a s h w a t e r moves between the part i c les 
a n d mixes w i t h the br ine m a i n l y b y mo lecu lar di f fusion. S a l t w i l l diffuse f r o m the b r i n e 
to the w a s h water . 

T h e l i q u i d leve l is he ld i n the c o l u m n at some distance be low the t o p to a l l ow the 
ice to d r a i n before be ing harves ted . H a r v e s t e d ice carries about a n equal weight of 
d i lu te b r ine , w h i c h m a y be as h i g h as 1000 p . p . m . W h e n th is m i x t u r e is m e l t e d , the 
salt c oncentra t i on is 500 p . p . m . or less. F o r every p o u n d of ice made i n t h e freezer 
there is thus p r o d u c e d about 2 pounds of gross f resh w a t e r p r o d u c t . One p o u n d of 
th is , or at most 1.05 pounds , is r e t u r n e d to the c o l u m n as w a s h a n d the remainder is 
the fresh w a t e r p r o d u c t f r o m the p l a n t . 

A t h e o r y of the w a s h i n g a c t i o n has been s tud ied w h i c h proposes t h a t the br ine 
m o v i n g u p w a r d a n d the w a s h w a t e r m o v i n g d o w n w a r d m a y be considered as t w o 
separate phases between w h i c h t rans fer of salt takes place . Because the flow a lways is 
l a m i n a r , the t w o streams w i l l be m i x e d m a i n l y b y mo lecu lar di f fusion. F u r t h e r m o r e , 
the e q u i l i b r i u m cond i t i on is p a r t i c u l a r l y s imple , as i t requires o n l y t h a t salt concen­
t ra t i ons be equa l i n each s t r e a m . 

I t is assumed t h a t the rate of salt t rans fer is p r o p o r t i o n a l to the difference i n the 
average salt concentrat i on of the t w o pass ing streams at a n y leve l i n the c o l u m n ; the 
equations for descr ib ing th is system m a y be set u p a n d solved d i r e c t l y w i t h no recourse 
to g r a p h i c a l analys is . 

T h e a d d i t i o n a l assumpt ions are m a d e : 
1. W a s h water is i n t r o d u c e d at the freezing t e m p e r a t u r e of the p r o d u c t . 
2. T h e ra t i o W,/B is constant t h r o u g h o u t the c o l u m n height . 
I n a n ad iabat i c c o l u m n i n w h i c h there is 7% salt i n the b r i n e at the b o t t o m a n d 

essential ly no salt at the t o p , some ice w i l l f o r m as the b e d moves u p w a r d t h r o u g h the 
v e r t i c a l concentrat ion grad ient , a n d t h i s w i l l affect the rate , B, b u t th is effect is s m a l l 
a n d is i gnored below. F o l l o w i n g the nomenc la ture i n F i g u r e 7, i n the di f ferential he ight , 
dL, the rate of salt t rans fe r is 

kSdL (Cb - Cw) = BdCb = WdC„ (4) 
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100 ADVANCES IN CHEMISTRY SERIES 

where 

W = 
Β = 
L = 
Η = 
k = 
S --
CT -
Cw = 
CB = 
Cb -
cw = 

wash water rate, l b . / n r . 
adhering brine rate at top of column, l b . / h r . 
height of co lumn above screens, feet 
height of a salt transfer uni t , feet 
mass transfer coefficient, l b . sa l t / (hr . ) (unit volume of bed) 
cross section area of column, sq. feet 
salt concentration i n adhering brine at top of column, l b . / l b . or p .p .m. 
salt concentration i n wash water at top of column, l b . / l b . or p .p .m. 
salt concentration i n entering brine at bot tom of column, l b . / l b . or p .p .m. 
salt concentration i n brine at any point i n column, l b . / l b . or p .p .m. 
salt concentration i n wash stream at any point i n column, l b . / l b . or p.p.m 

W - WASH WATER RATE ADHERING BRINE RATE 

C B · S A L T CONC. IN 
ENTERING BRINE 

Figure 7. Wash theory 

A salt balance a r o u n d the t o p of the c o l u m n gives 

W(C„ - Cw) = B(Cb - CT) 

C o m b i n i n g 3 a n d 4 to e l iminate C « y i e l d s : 

dCb 
h-§{dL) 

L e t 
Cb(l - B/W) - Cw + {B/W)CT 

W - Β 

(5) 

(6) 

W 
= r = the net wash ratio 

T h e n integrate 6 f r o m L = 0 to L = L 

and from Cb = CT to Cb = CB 

T h i s y ie lds 

kSL 1 VrCB + (1 - r)CT - Cw' 

T h i s m a y be rearranged to 

CT — Cw 
CB — Cw 

CT — Cw 
(7) 

(8) γ kSLr 
e Β - (1 - r) 

T h e left m e m b e r of 8 m a y be i n t e r p r e t e d as the unaccompl i shed f r a c t i o n a l concentra­
t i o n change a n d g i v e n the s y m b o l U. T h u s 

τ τ CT — Cw 
U —CB-CW 

(9) 
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BOSWORTH ET AL.—FREEZE-SEPARATION PILOT PLANT 10T 

T h e t e r m B/kS m a y be i n t e r p r e t e d as the height of a t rans fer u n i t a n d g iven the s y m b o l 
H. T h u s 

H = * s <10> 

I n i ts most convenient forms E q u a t i o n 7 m a y n o w be w r i t t e n : 

£ - * e I l n [ l + r ( l - l ) ] (11) 

v = WTT=l ( 1 2 ) 

a n d the r i g h t side of E q u a t i o n 11 m a y be i n t e r p r e t e d as the n u m b e r of t rans fer u n i t s 
accompl i shed . 

E q u a t i o n 12 has been p l o t t e d (4) a n d the curves show t h a t adequate w a s h i n g o f 
ice can be accompl i shed w i t h values of r w h i c h are s m a l l a n d pos i t ive , zero, or even 
s l i g h t l y negat ive . A v a l u e of r e q u a l to zero means t h a t none of the ice p r o d u c e d need 
be consumed for w a s h i n g purposes a n d negat ive values of r m e a n t h a t fresh w a t e r p r o d ­
uct m a y be produced at a rate greater t h a n ice is harves ted f r o m the c o l u m n . U n d e r 
these condi t ions , the height of the c o l u m n necessary t o reduce the f resh w a t e r p r o d u c t 
to 500 p . p . m . is excessive, b u t net w a s h rat ios of a r o u n d 1.05 give v e r y reasonable de ­
signs. 

D e s i g n D a t a . T h e basic necessities i n designing a wash - separa t i on c o l u m n are t o : 

1. P r o v i d e adequate cross-sectional area to a l l ow ice to m o v e u p w a r d a n d wash 
water to flow d o w n w a r d s imul taneous ly . 

2. P r o v i d e adequate height (ice re tent i on t ime) for salt to t rans fer f r o m ice surface 
to wash w a t e r a n d y i e l d a f inal p r o d u c t c o n t a i n i n g 500 p . p . m . of salt o r less. 

3. D i s t r i b u t e ice p r o p e r l y at the entrance i n the b o t t o m of the c o l u m n . 
4. P r o v i d e adequate area for b r i n e enter ing the b o t t o m to flow t o the screens 

w i t h o u t excessive pressure d r o p . 
5. P r o v i d e good d i s t r i b u t i o n of the w a s h w a t e r a t the t o p a n d p r e v e n t channe l ing 

i n the rest of the c o l u m n . 
6. Assure t h a t consol idated ice at the b o t t o m of the c o l u m n does not b a c k u p to 

inlet l ines or charge p u m p . 

T o p r o v i d e the basic i n f o r m a t i o n necessary to fu l f i l l the above requirement a n d 
design a 15,000-gal lon-per-day p i l o t p l a n t , a freezer a n d w a s h c o l u m n w i t h a capac i ty 
of 300 gal lons per d a y were b u i l t a n d tested f or m o r e t h a n a year . E x t e n s i v e b e n c h -
scale tests were m a d e p r e v i o u s to t h i s . T h e results r e p o r t e d i n T a b l e I V were t a k e n 
on the 300 -ga l l on -per -day u n i t a n d are t y p i c a l of those used to design the 15,000-gal lon-
p e r - d a y u n i t . 

Table IV. Selected Operating Results for Wash Column 

R u n 
1-5 

I I - l 
I I -3 
I I -4 
I I -6 
I I -7 

I I I -2 
I I I -3 

Ice 
Product ion , 

L b . / H r . 
W e t D r y 

79 
155 
227 
218 
201 
133 
132 

75 

54 
99 

126 
124 
114 

86 
85 
56 

% I c e 
i n 

Product 
69 
64 
55 
57 
57 
65 
65 
75 

(12-inch diameter, 300-gallon wash column) 
Salt Content , 

r, N e t P . P . M . N o . of Height of 
W a s h % Ice Los t B r i n e M e l t e d Transfer One Trans . 
R a t i o to W a s h i n prod . U n i t s , Ν U n i t , F t . , 
- 0 . 0 5 - 4 75,400 1540 25 0.44 
- 0 . 1 2 - 7 63,000 2750 19 0 .58 
+ 0 . 0 8 + 6 60,000 600 20 0.56 
+ 0 . 2 4 + 2 4 65,000 250 14 0.79 

0.16 14 65,000 225 20 0 .55 
0.01 0 70,000 425 49 0 .23 
0 .12 6 70,000 770 13 0 .83 
0 .13 5 62,000 275 17 0 .65 
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102 ADVANCES IN CHEMISTRY SERIES 

T h e i tems to note a r e : A separat ion c o l u m n 12 inches i n d iameter can wash at 
least 125 pounds of ice per hour , the c o l u m n can be operated to give sat i s fac tory p r o d ­
uct w h e n o n l y 0 to 5 % of the ice is used for w a s h water , a n d the height of a t rans fer 
u n i t is about 0.55 foot a n d th i s does no t appear to be a f u n c t i o n of ice, b r i n e , or wash 
w a t e r rates . M o r e complete exper imenta l results o n th is c o l u m n are ava i lab le (2—4)-

I n designing the 15 ,000-gal lon-per-day w a s h c o l u m n ce r ta in basic assumpt ions were 
m a d e : 

1. T h e propert ies of the ice bed are the same i n large a n d s m a l l u n i t s — e . g . , the 
p e r m e a b i l i t y of the ice is about 1.0 Χ 1 0 - 6 sq . c m . 

2. T h e height of a trans fer u n i t is 0.55 foot. 
3. T h e t h e o r y of wash ing exp la ined above holds . 
4. T h e a l lowable ice rate i n the c o l u m n is 130 l b . per h r . sq . f t . 

T h e c o l u m n of the p i l o t p l a n t is 7.5 feet i n d iameter a n d is 18 feet above the 
s l u r r y d i s t r i b u t o r . I t is made i n sections, so t h a t different s l u r r y d i s t r i b u t o r s m a y be 
tested a n d the height m a y be 6, 12, or 18 feet. T h e b o t t o m sect ion is constructed of 
M o n e l a n d the t w o u p p e r sections are coated to reduce ice adhesion. T h e c o l u m n is 
i n s t r u m e n t e d w i t h thermocouples a n d pressure taps at 2-foot in te rva l s . 

T h e first s l u r r y d i s t r i b u t o r to be tested is a s imple cone 8 inches i n d iameter at 
the base a n d 4 feet at the t op . A h o r i z o n t a l screen is i n the a n n u l a r space a r o u n d the 
cone. 

Melter . A heat balance shows t h a t 180 gal lons per m i n u t e of 40° F . w a t e r is suf ­
ficient to me l t 5000 pounds of ice per hour . E v e n t h o u g h good ag i t a t i on prov ides v e r y 
h i g h m e l t i n g rates, a higher water c i r c u l a t i o n rate is necessary i n order no t to a p p r o a c h 
t e m p e r a t u r e e q u i l i b r i u m too closely. T h e final design of the mel ter was based on a 
m e l t w a t e r flow of 350 gal lons per m i n u t e at 40° F . a n d a n o m i n a l re tent ion t i m e of 3 
minutes us ing a 1-hp. ag i ta tor . T h e a l u m i n u m t a n k holds 1000 gal lons. 

Deaerator. T h e deaerator was designed to reduce the a m o u n t of a i r d isso lved i n 
the feed to a v a l u e equ iva lent to 0.005 cc. of oxygen per l i t e r of salt water feed. I t is a 
two-stage u n i t . T h e feed at 65° F . is s p r a y e d i n t o a v a c u u m of 41.4 m m . of m e r c u r y 
a n d t h e n flows over a p a c k e d bed of ceramic R a s c h i g r ings m a i n t a i n e d at a pressure of 
16 m m . V e r y l i t t l e l i q u i d is flashed, so the feed is cooled less t h a n 1° i n the deaerator . 

T h e deaerator is of M o n e l cons t ruc t i on , 18 inches i n d iameter a n d 18 feet h i g h . 
T h e p a c k e d bed height is 12 feet. 

Chiller for A u x i l i a r y Refrigeration. T h e ca l cu lated l oad on the a u x i l i a r y r e f r i g ­
e r a t i o n is about 350,000 B . t . u . per h o u r . A 40 - ton re f r igera t i on u n i t was chosen for th i s 
service . Be fo re ice is p r o d u c e d i n the freezer, a n d w h i l e ice fills the c o l u m n , the t o t a l 
r e f r igera t ing l o a d is t a k e n b y the ch i l ler a n d therefore a u n i t larger t h a n 350,000 B . t . u . 
per h o u r is r equ i red . 

Other Auxil iaries . T h e in le t feed coolers are c onvent i ona l m a r i n e shel l a n d tube 
heat exchangers, three i n each b a n k . One b a n k is counterf low to the br ine a n d the 
other is counterf low to the p r o d u c t water . F i n a l t e m p e r a t u r e a p p r o a c h is i n the order 
of 10° F . 

T h e scraper at the t o p of the c o l u m n is designed w i t h t w o c u t t i n g blades a n d t w o 
rakes w h i c h t r a n s p o r t the shaved ice to the chute to the m e l t t a n k . A stainless steel 
p ipe nozzle header is p a r t of each of the four a r m s of the scraper . W a s h water is 
s u p p l i e d t h r o u g h a ho l l ow shaft to the headers a n d is s p r a y e d onto the t o p of the ice 
(see F i g u r e 8 ) . 

P u m p s are s t a n d a r d bronze centr i fuga l p u m p s , except those i n v a c u u m service, 
w h i c h have double r o t a r y seals. 

Instruments and Controls . L i q u i d levels i n several of the t a n k s are a u t o m a t i c a l l y 
c ont ro l l ed w i t h p n e u m a t i c i n s t r u m e n t s . F l o w s of several of the process s treams are 
contro l l ed a n d some are recorded. T e m p e r a t u r e s of the feed a n d m e l t w a t e r are a u t o ­
m a t i c a l l y c o n t r o l l e d ; t emperatures are recorded b y t w o 16-point po tent iometer r e ­
corders . Pressures are measured at several po ints i n the sys tem b u t a l l are m a n u a l l y 
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BOSWORTH ET AL.—FREEZE-SEPARATION PILOT PLANT 103 

Figure 8. Ice production at 15,000-gallon pilot plant 
contro l l ed a n d m a n u a l l y recorded. B o t h a n A l p h a t r o n a n d a Z i m m e r l i gage are used 
for pressure measurements i n the m i l l i m e t e r range. 

Summary and Conclusions 
A 15,000-gal lon-per-day p i l o t p l a n t was designed i n 1958 a n d fabr i ca ted a n d 

assembled i n 1959. F i g u r e 9 is a v i e w of the p i l o t p l a n t , i n c l u d i n g auxi l iar ies r equ i red 
for operat ion at Syracuse , Ν . Y . R e s u l t s f r o m opera t i on of a 300-ga l l on -per -day p l a n t 

Figure 9. Fifteen thousand-gallon pilot plant 
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104 ADVANCES IN CHEMISTRY SERIES 

were ex t rapo la ted successful ly to the 15,000-gallon p i l o t p l a n t , w h i c h began m a k i n g ice 
i n m i d - O c t o b e r 1959. M o d i f i c a t i o n s of the p i p i n g a n d of the separat ion c o l u m n have 
resu l ted i n successful opera t i on of the p l a n t at design c a p a c i t y for periods of 1 to 2 days . 
S e v e r a l of the i m p o r t a n t design var iab les w i l l be corre lated f r o m the operat i ona l 
experience of the p i l o t p l a n t at Syracuse . T h e p i l o t p l a n t has since been m o v e d to 
W r i g h t s v i l l e , N . C , for c o n t i n u i n g opera t i on o n n a t u r a l sea w a t e r w h i c h w i l l p e r m i t 
e v a l u a t i o n of the r e l i a b i l i t y of the process. 

R e s u l t s f r o m the p i l o t p l a n t shou ld p e r m i t e x t r a p o l a t i o n of th is design to larger 
capacit ies . 

T h e s t a n d a r d procedure for es t imat ing costs of sal ine w a t e r convers ion p r e p a r e d 
b y the Office of Sa l ine W a t e r , U n i t e d States D e p a r t m e n t of the I n t e r i o r , has been used 
to prepare estimates of the o w n i n g a n d opera t ing costs per 1000 gallons of fresh water 
for th i s freeze-separat ion process (2, 4)- These estimates have inc luded a n u m b e r of 
methods for h a n d l i n g the w a t e r v a p o r — i . e . , a b s o r p t i o n , compress ion , e t c . — a n d for 
capacit ies of 100,000 to 10,000,000 gal lons per d a y . T h e y ind i cate a p o t e n t i a l of $0.60 
to $1.00 per 1000 gal lons . H o w e v e r , these est imates need the v a l i d a t i o n of p i l o t p l a n t 
a n d demonst ra t i on p r o d u c t i o n p l a n t results p r i o r to assurance t h a t the economics w i l l 
be rea l i zed even for p lants of v e r y large c a p a c i t y . 

T h e operat ing results of the subject p i l o t p l a n t w i l l be pub l i shed i n a future paper . 
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Scale Deposition on a 
Heated Surface 

J. T. BANCHERO 1 and KENNETH F. GORDON 

Department of Chemical and Metallurgical 
Engineering, University of Michigan, Ann Arbor, Mich. 

Scale formation was followed visually in an appa­
ratus which approximated conditions in evaporators 
producing potable water. The time required for 
appearance of scale was investigated with and with­
out boiling under a variety of solution and surface 
temperatures, concentrations, and flow rates. Re­
sults with aqueous solutions of lithium carbonate, 
calcium sulfate, calcium hydroxide, and sodium sul­
fate, all of which possess inverted solubility curves, 
gave gentle curves when plotted as per cent supersaturation
against the logarithm of the time for 
scale to appear with a parameter of concentration. 
For a given supersaturation a lower concentration 
(and necessarily higher wall temperature) resulted 
in more rapid formation of scale than a higher con­
centration. The time for scale formation was inde­
pendent of liquid velocity between 2 and 10 feet 
per second and ranged from 2 to 360 minutes with 
supersaturations from 90 down to 5%. 

Ο ne of the s implest methods of recover ing potab le w a t e r f r o m sea w a t e r is d i s t i l l a t i o n . 
T h e technology is we l l unders tood , w i t h m u c h experience ava i lab le f r o m b o t h c i v i l i a n 
a n d a r m e d service app l i ca t i ons . 

T h e f o r m a t i o n of a tenacious scale w h i c h decreases the heat flux b y p r o v i d i n g a n 
a d d i t i o n a l t h e r m a l resistance reduces the economic a t t r a c t i o n of sea w a t e r d i s t i l l a t i o n . 
T h e undes irable scale is r e m o v e d a n d contro l l ed b y a w k w a r d a n d expensive chemica l or 
m e c h a n i c a l means. T h i s m a y w e l l become a serious fac tor i n the large scale p r o d u c t i o n 
of potable water f r o m the sea. A contact s t a b i l i z a t i o n m e t h o d has been used (2) where 
m u c h of the scale is deposi ted i n a b e d of contact m a t e r i a l outside r a t h e r t h a n ins ide 
the evaporator . T h e c i r c u l a t i o n of a suspension of seed crysta ls of the sca le - forming 
const i tuent t h r o u g h the sea water e v a p o r a t o r , so t h a t the scale w o u l d be deposi ted o n 
these crysta ls ra ther t h a n o n the heat ing surface, was suggested b y B a d g e r a n d B a n -
chero (1) a n d a p p l i c a t i o n of th is technique has been checked e x p e r i m e n t a l l y b y S t a n d i -
f o r d , S inek , a n d B j o r k (6). T h e costs of c o n t r o l of c a l c i u m carbonate a n d m a g n e s i u m 
h y d r o x i d e scale have been r e p o r t e d as 40 cents per t h o u s a n d gal lons w i t h c i t r i c a c i d (8) 

1 Present address, Department of C h e m i c a l Engineer ing , U n i v e r s i t y of N o t r e D a m e , 
N o t r e D a m e , I n d . 
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106 ADVANCES IN CHEMISTRY SERIES 

a n d 12 cents w i t h ferr ic chlor ide (5). W i t h su l fur i c a c i d the cost m i g h t d r o p to 3 cents 
per t h o u s a n d gallons. T h e desired t o t a l cost for potable water de l ivered at a large 
p l a n t w o u l d be about 50 cents per t h o u s a n d gal lons. 

T h e S y m p o s i u m on Sal ine W a t e r C o n v e r s i o n (4) p rov ides b a c k g r o u n d i n f o r m a t i o n . 
N e v i l l e - J o n e s (5) a n d B a d g e r a n d B a n c h e r o (1) cover scale p r e v e n t i o n knowledge a n d 
prac t i ce w i t h m a n y references to the l i t e r a t u r e . 

Types of Scale 

C a l c i u m sul fate , w h i c h exists i n sea water i n ionic f o r m , has a reverse or i n v e r t e d 
s o l u b i l i t y curve above about 37° C . — t h a t is , s o l u b i l i t y decreases w i t h increas ing t e m ­
perature . 

I n d i s t i l l a t i o n the water closest to the heat ing surface is hottest a n d i t is there t h a t 
c a l c i u m sulfate is least soluble. T h u s , c a l c i u m sulfate deposits , f o r m i n g a n adher ing 
f i l m t h a t increases the t h e r m a l resistance a n d decreases the heat flux. T h e scale is 
cont inuous ly deposi ted u n t i l the tubes are cleaned or become plugged. F o r scale depo ­
s i t i on the l o ca l c oncentra t i on m u s t be a t least s a t u r a t e d i n c a l c i u m sulfate . A t 100° C . 
th is occurs i n concentrated sea w a t e r at a concentrat ion 3.1 t imes t h a t of o r d i n a r y sea 
water . A p l a n t has been successful ly operated cont inuous ly w i t h o u t c a l c i u m sulfate 
depos i t ion b y t a k i n g o n l y p a r t of the ava i lab le w a t e r f r o m the sea water , so t h a t the 
l i q u i d i n the evapora to r is never m o r e t h a n 1.8 t imes the concentrat ion of sea water a n d 
the w a l l t e m p e r a t u r e is be low about 250° F . (6). T h i s imposes t e chn i ca l a n d economic 
l i m i t a t i o n s o n d i s t i l l a t i o n p lants . S i m i l a r considerat ions h o l d for p lants d i s t i l l i n g b r a c k ­
i sh w a t e r c onta in ing c a l c i u m sul fate . 

W h i l e the reverse s o l u b i l i t y curve of c a l c i u m sul fate is often the m a i n reason for 
scale depos i t ion i n fresh water boi lers a n d i n b r a c k i s h water d i s t i l l a t i o n , w h e n the sea 
water is not chemica l ly t rea ted the cause is chemica l ra ther t h a n p h y s i c a l . Sea water 
contains b i carbonate i o n . O n heat ing , the b i carbonate i o n reacts w i t h water to f o r m 
carbonate i o n p lus carbon diox ide , w h i c h tends to be evo lved as a gas as shown i n the 
equations 

2 H C 0 3 - -> C 0 3 ~ 2 + C 0 2 f + H 2 0 
C a + 2 + C 0 3 " 2 — C a C 0 3 J 

H 2 0 + C O 3 - 2 — 2 0 H - + C 0 2 f 

M g + 2 + 2 O H - -> M g ( O H ) 2 J 

T h e increased a m o u n t of carbonate i o n present causes the supersa tura t i on of c a l ­
c i u m carbonate , w h i c h comes out of the so lut ion . A s the c a r b o n dioxide is least soluble 
at the temperature of the hot m e t a l surface, the c a l c i u m carbonate has i t s greatest 
s u p e r s a t u r a t i o n at the surface a n d therefore tends to deposit there . 

I n t u r n , the carbonate i o n reacts w i t h w a t e r to f o r m h y d r o x i d e i o n a n d m o r e c a r b o n 
dioxide is evo lved . T h e increased concentrat i on of h y d r o x i d e i o n makes the so lut i on 
supersaturated w i t h respect to m a g n e s i u m h y d r o x i d e . T h e m a g n e s i u m h y d r o x i d e w i l l 
have the greatest supersa tura t i on at the t e m p e r a t u r e of the hot m e t a l , where i t too w i l l 
deposit . B y s u i t a b l y a l t e r ing the concentrat ion factor or the t e m p e r a t u r e of the sea 
w a t e r be ing d i s t i l l ed , e i ther m a g n e s i u m h y d r o x i d e or c a l c i u m carbonate can be m a d e 
to be the m a i n const i tuent of the scale. W h i l e o ther mater ia l s are deposi ted , these t w o 
can m a k e u p 9 8 % of the scale (#), a n d can be p r e v e n t e d f r o m depos i t ing b y c o n t r o l l i n g 
the p H w i t h ac idic m a t e r i a l s . C i t r i c a c i d a n d ferr ic ch lor ide have been used successful ly . 
S u l f u r i c a c i d has been used i n the W r i g h t s v i l l e B e a c h , N . C , sea w a t e r d i s t i l l a t i o n p i l o t 
p l a n t operated b y W . L . B a d g e r Associates . T h e same p i l o t p l a n t has shown t h a t the 
seed recycle technique cou ld prevent c a l c i u m carbonate a n d m a g n e s i u m h y d r o x i d e scale 
(6). I t has not ye t been a p p l i e d successful ly to the p r e v e n t i o n of c a l c i u m sul fate i n t h a t 
p i l o t p l a n t . 

T h e object ive of the present c o n t i n u i n g i n v e s t i g a t i o n is t o o b t a i n a be t ter k n o w l ­
edge of the m e c h a n i s m a n d l i m i t s of scale f o r m a t i o n o n a heated surface to p r o v i d e a 
sound basis for deve lop ing methods of scale p r e v e n t i o n . 
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BANCHERO AND GORDON—SCALE DEPOSITION ON HEATED SURFACES 107 

E x p e r i e n c e i n d i c a t e d that results f r o m l a b o r a t o r y bench exper iments m i g h t no t be 
d i r e c t l y comparab le to those of p r o d u c t i o n p lants . I t was necessary to design a n ex­
p e r i m e n t a l sys tem resembl ing tubes of a n operat iona l evaporator . I t is hoped t h a t 
fu ture w o r k w i l l a l l ow a n acceptable corre la t ion between s impler l a b o r a t o r y bench runs 
a n d the exper imenta l sys tem used. 

Apparatus 
Scale depos i t ion was inves t igated w i t h a n d w i t h o u t b o i l i n g i n a n a p p a r a t u s designed 

to a p p r o x i m a t e to some extent condi t ions i n commerc ia l e v a p o r a t o r tubes , ye t i n w h i c h 
observat ion of scale f o r m a t i o n is possible. 

Figure I. Test section 
A s seen i n F i g u r e s 1 a n d 2, the e q u i p m e n t consists of a copper c y l i n d e r 3.8 inches 

i n d iameter , i n w h i c h a q u a r t e r - i n c h - d i a m e t e r he l i ca l groove was cut o n the externa l 
surface. O n the outside, there is a c lose- f i t t ing prec is ion-bore glass tube , t h r o u g h w h i c h 
the so lu t i on flowing i n the groove can be seen a n d the scale depos i t i on fo l lowed v i s u a l l y . 
A p p r o p r i a t e safety sh ie ld ing of steel p la te a n d safety p late glass is used r a t h e r t h a n 
t h a t shown . A n in f la ted s p i r a l gasket , res t ing i n a 3 / 1 6 X 3 / 1 6 i n c h groove p a r a l l e l t o 
the 1 / 4 - i n c h so lut ion groove, m a i n t a i n s the so lut ion flow i n i ts he l i ca l p a t h , p r e v e n t i n g 
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108 ADVANCES IN CHEMISTRY SERIES 

Figure 2. Calcium sulfate scale deposited on hot 
upper end of groove 

short c i r c u i t i n g or bypass ing . B y means of a n i n t e r n a l hel ix (not shown) a counter -
current s t ream of hot water under pressure heats the so lut ion be ing inves t igated . T h e 
i n t e r n a l he l ix is a q u a r t e r - i n c h , semic i r cu lar groove cut on the outside of a 3 .1 - inch -
d iameter copper ho l l ow c y l i n d e r w h i c h is s h r u n k - f i t inside the 3 .8- inch c y l i n d e r . T h e 
i n t e r n a l , h o t - w a t e r he l ix groove rests d i r e c t l y u n d e r the inf latable gasket groove, so t h a t 
18 thermocoup le wel ls of 1 / 1 6 - i n c h d iameter cou ld be cut to the surface of the sca l ing 
so lu t i on groove a n d sealed w i t h 1 / 1 6 - i n c h - l o n g p lugs s h r u n k - f i t a n d finished to give a 
s m o o t h surface . T h e surface t e m p e r a t u r e of the h o t - w a t e r groove is obta ined t h r o u g h 
eight thermocoup le wells cut i n the i n t e r n a l cy l inder . T h e r m o c o u p l e s l ed t h r o u g h the 
ho l low i n t e r n a l cy l inder a l l ow measurement of the a p p r o p r i a t e copper surface t e m p e r a ­
tures a long the whole p a t h l e n g t h of each groove. 

T h e so lut i on u n d e r s t u d y flows i n a 37- foot - long he l i ca l p a t h of semic i r cu lar cross 
sect ion w h i c h has a copper c i r c u l a r edge a n d a s t ra ight edge of glass. T h e r m o c o u p l e s 
i n the w a l l a n d the flowing s t ream a l l ow good measurement of the var i ous t emperatures . 
T h e so lut i on of interest flows u p w a r d s i n the externa l he l i ca l groove, wh i l e the hot 
w a t e r flowing c o u n t e r c u r r e n t l y a n d i n t e r n a l l y suppl ies the heat to the so lut ion . T h u s 
the so lut ion enters co ld at the b o t t o m a n d leaves hot at the t o p . I t s exit t e m p e r a t u r e 
is fixed b y the in le t hot water t e m p e r a t u r e a n d re la t ive flow rates. T h e hot w a t e r also 
determines the t e m p e r a t u r e at the m e t a l w a l l of the so lut ion he l ix a n d , hence, the super -
s a t u r a t i o n there . 
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BANCHERO AND GORDON—SCALE DEPOSITION ON HEATED SURFACES 109 

T h e equ ipment contains three separate fluid sys tems : the scal ing so lut i on c i r c u l a ­
t i o n sys tem, the heat ing water c i r c u l a t i o n sys tem, a n d the constant t e m p e r a t u r e c i r c u ­
l a t i o n sys tem. T h e so lut ion is p r e p a r e d i n a 500-gal lon stainless steel t a n k w i t h a 
heat ing jacket . I t is p u m p e d b y a v a r i a b l e speed, M o y n o , stainless steel s l u r r y p u m p 
t h r o u g h a stainless steel C u n o A u t o c l e a n filter, t h e n t h r o u g h a ro tameter to the hel ix 
test sect ion. A needle v a l v e af ter the he l ix test sect ion al lows cont ro l of the pressure 
i n the test sect ion. F r o m the test sect ion, the so lu t i on goes t h r o u g h a cooler to the 
spent so lu t i on t a n k a n d e i ther is d iscarded or r e t u r n e d to the 500-gal lon t a n k . A 55-
ga l l on stainless steel t a n k of d i s t i l l ed w a t e r whose t e m p e r a t u r e is contro l l ed b y a h e a t i n g -
cool ing co i l is connected to the in let of the s l u r r y p u m p , so t h a t the test sect ion m a y 
be b r o u g h t to t h e r m a l e q u i l i b r i u m before the salt s o lu t i on is r u n t h r o u g h i t . A f t e r a 
r u n , th i s d i s t i l l e d water can be used to dissolve the scale i n the test sect ion i f necessary. 

T h e constant t e m p e r a t u r e c i r c u l a t i o n sys tem consists of another 55-ga l lon d r u m of 
w a t e r m a i n t a i n e d at tho desired t e m p e r a t u r e b y a thermosta t . W a t e r is p u m p e d f r o m 
the d r u m t h r o u g h the jacket of the large so lut i on t a n k a n d the test sect ion. T h i s a l lows 
close t e m p e r a t u r e contro l of the so lut i on enter ing the test sect ion. 

T h e hot w a t e r used to c o n t r o l the t e m p e r a t u r e i n the he l i ca l test sect ion is heated 
b y s team i n a shel l a n d co i l heat exchanger. T h e hot water t e m p e r a t u r e i n the ex­
changer out let l ine contro ls the s team flow. F r o m the exchanger the hot water flows 
to a 12-gal lon h i g h pressure surge t a n k , where the fine c ont ro l of the t e m p e r a t u r e is 
obta ined b y e lectr i ca l heaters. T h e water is t h e n p u m p e d to the he l ix test section 
t h r o u g h a ro tameter a n d r e t u r n e d to the heater . 

Procedure 

T o establ ish the final s teady-state t emperatures , a r u n was s t a r t e d b y h a v i n g d i s ­
t i l l e d water at the t e m p e r a t u r e of the in le t so lu t i on flowing t h r o u g h the outer grooves 
w i t h heat ing water pass ing t h r o u g h the i n t e r n a l he l ix . A t t i m e zero the d i s t i l l ed w a t e r 
was t u r n e d off a n d the so lut i on of k n o w n concentra t i on t u r n e d on a t the same t e m ­
pera ture a n d flow rate as the d i s t i l l ed water . B y observat i on the elapsed t i m e u n t i l 
the beg inn ing of scale f o r m a t i o n was noted . W i t h t emperatures a n d concentrat ions 
k n o w n , the p e r cent s u p e r s a t u r a t i o n a t the exit e n d of the he l ix c o u l d be ca l cu lated a n d , 
as the scale a lways occurred a t the exit end , i t was t a k e n to be the p e r cent s u p e r s a t u r a -
t i o n for the r u n . 

A t y p i c a l deposit of c a l c i u m sul fate c a n be seen i n F i g u r e 2. O n c o n t i n u i n g the 
r u n the scale deposit increased, caus ing v e r y h i g h pressure drops , a n d i n some cases the 
equ ipment became p lugged w i t h scale. 

T h e i n i t i a l step was to s t u d y systems w i t h reverse s o l u b i l i t y curves to l e a r n the 
general p a t t e r n of the onset of sca l ing w h i c h w o u l d be of va lue f o r u n d e r s t a n d i n g the 
sea w a t e r sys tem. C a l c i u m sul fate , l i t h i u m carbonate , s o d i u m sul fate , a n d c a l c i u m h y ­
drox ide have reverse s o l u b i l i t y curves i n w a t e r , are r e a d i l y ava i lab l e , a n d are soluble 
to a n extent t h a t ne i ther v i s u a l observat i on of scale n o r chemica l analys is w o u l d be 
a p r o b l e m . 

T h e b e h a v i o r of so lut ions of each substance was exp lored i n the he l ix , l i t h i u m c a r ­
bonate so lu t i on be ing the last used. T h e effect of concentrat i on l eve l was t h e n ex­
a m i n e d w i t h the so lut ion i n the equ ipment , l i t h i u m carbonate . I t was d iscarded a n d 
rep laced w i t h c a l c i u m sul fate , w h i c h is be ing s tud ied m o r e intense ly . I t is ho pe d t h a t 
the results of these runs w i l l be corre lated w i t h those f r o m p i l o t p l a n t s a n d operat i ona l 
p l a n t s d i s t i l l i n g sea water . 

Analyses 

T h e l i t h i u m carbonate concentrat i on was measured b y acidimétrie t i t r a t i o n w i t h 
m e t h y l orange i n d i c a t o r . T h e c a l c i u m sulfate a n d c a l c i u m h y d r o x i d e concentrat ions 
were de termined b y t i t r a t i o n w i t h d i s o d i u m d i h y d r o g e n Versenate [the d i s o d i u m salt 
of ( e thy lened in i t r i l o ) tetraacet ic a c i d ] , w i t h added m a g n e s i u m chlor ide . A buffer of 
a m m o n i u m chlor ide i n a m m o n i u m h y d r o x i d e was e m p l o y e d . T h e i n d i c a t o r was E r i o -
chrome B l a c k T . A spec ia l h i g h p u r i t y c a l c i u m carbonate i n h y d r o c h l o r i c a c i d was 
used as a s t a n d a r d . Because of the h i g h concentrat ion of s o d i u m sulfate i t was c o n -
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110 ADVANCES IN CHEMISTRY SERIES 

venient to ana lyze b y e v a p o r a t i o n , i g n i t i o n , a n d we igh ing , a l l w i t h a p p r o p r i a t e p r e c a u ­
t ions. 

Results 
A convenient corre la t ion of the hel ix d a t a is on a p lo t of s u p e r s a t u r a t i o n against 

the l o g a r i t h m of the t ime for scal ing . F r o m the i n i t i a l results (F igures 3 to 6) i t is 
seen t h a t , for a g iven concentrat ion , the d a t a cou ld be represented as a gentle c u r v e 
or a s t ra ight l ine . A n a r r o w indicates a r u n s topped before sca l ing . 
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Figure 3 . Data for lithium carbonate 

L i t h i u m C a r b o n a t e . U s i n g the hel ix , 77 runs were made w i t h the l i t h i u m c a r b o n ­
ate system i n water , y i e l d i n g the results shown i n F i g u r e 3. D u r i n g a r u n a l l t e m p e r a ­
tures were h e l d constant , b u t were v a r i e d f r o m r u n to r u n , w i t h the w a l l t e m p e r a t u r e 
cover ing the range 158° to 261° F . C o n c e n t r a t i o n has a definite effect o n the t i m e for 
sca l ing , w h e n the d a t a are corre lated b y u s i n g p e r cent supersa tura t i on . W i t h a l ow 
concentrat ion a h igher t e m p e r a t u r e is r e q u i r e d for a g iven s u p e r s a t u r a t i o n t h a n at a 
higher concentrat ion . T h e results for the l o w concentra t i on runs m i g h t be showing the 
effect of the h igher t e m p e r a t u r e a n d l ower v i s cos i ty of the so lut ion . T h e d e v i a t i o n of 
the po ints at 78 to 9 0 % supersa tura t i on a n d v e r y short t imes cou ld be a reflection of a 
t ime lag i n the sys tem. T h e po ints at 4 5 % supersa tura t i on are t a k e n to determine the 
effect of ve l o c i ty . F o u r t e e n runs made u n d e r a p p a r e n t l y i d e n t i c a l condit ions (except 
for ve loc i ty ) show t h a t ve l o c i ty has no effect ( F i g u r e 7 ) . T h e scatter is p r o b a b l y due 
to uncont ro l l ed v a r i a t i o n i n the copper surface. 

I n F i g u r e 3 the open symbols are for runs i n w h i c h there was act ive b o i l i n g , whi le 
the so l id symbols are for those where bo i l ing was prevented b y m a i n t a i n i n g a n a p p r o ­
p r i a t e back pressure on the sys tem. A l t h o u g h the d a t a scatter , i t is s u r p r i s i n g t h a t no 
effect of b o i l i n g is a p p a r e n t . T h i s m a y be mis l ead ing , for the v a p o r bubbles cou ld 
prevent a n y s m a l l part i c les of scale f o r m e d b y b o i l i n g f r o m be ing seen, the scale be ing 
a p p a r e n t to the eye o n l y af ter i t has deposi ted i n modest amounts . T h e per cent s u p e r -
s a t u r a t i o n was ca l cu lated on the basis of the concentrat ion of the feed so lut ion , w i t h o u t 
a t t e m p t i n g to account for a n y change due to b o i l i n g . I t is no t possible to est imate 
the l o ca l concentrat i on a n d s u p e r s a t u r a t i o n a n d judge i f the i r use w o u l d raise the po ints 

LITHIUM CARBONATE 
helix runs 

A 1.21 g. Li 2 C0 3 / IOOml. soin. 
• 1.09 
• 0.93 
• 0.73 

J 1 I I I I I I I I 1 I 1 1 I 1 
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BANCHERO AND GORDON—SCALE DEPOSITION ON HEATED SURFACES 111 

CALCIUM SULFATE 

• 
• 

helix runs 
0.216 g. Co S04/100 ml. soin 
0.17 

• A 0.1 16 
Open points are for boiling runs 
Velocity ZO-IO.Oft./sec. 
Wall temperature 2 0 8 - 2 8 5 ° F 

• 
\ ο 

\ • 
0216 ς./100 ml 

• 

- \ ο 
\ • 

0216 ς./100 ml 

• 

• 

_ 
A >v 

\ v A 
A \ . 

ill 

A 

A V . ITV- 0.17 

0.116 

ι ι 1 

•Α* 

ι ι ι ι I I I ι ι ι ι ι I 
10 100 
TIME FOR SCALE, MINUTES 

Figure 4. Data for calcium sulfate 
for bo i l ing suff ic iently to ind icate a difference between b o i l i n g a n d n o n b o i l i n g runs . 
S u c h a difference w o u l d show b o i l i n g runs depos i t ing scale more s l owly t h a n n o n b o i l i n g 
runs at the same loca l per cent supersa tura t i on . 

C a l c i u m S u l f a t e . T h e results of the 65 runs for th is sys tem ( F i g u r e 4) show a 
s i m i l a r p a t t e r n — n a m e l y , a gentle curve w i t h the coordinates used, scatter of d a t a 
g i v i n g a b a n d ra ther t h a n a l ine , d e v i a t i o n f r o m a s t ra ight l ine at v e r y h i g h s u p e r s a t u ­
rat ions , a p p a r e n t l y no great difference between b o i l i n g a n d n o n b o i l i n g runs , a n d a n 
effect of concentra t i on w i t h the lower concentrat ion ( a n d higher t emperature ) g i v i n g 
a l ower t i m e for scale f o r m a t i o n . H e r e the s u p e r s a t u r a t i o n was ca l cu lated w i t h respect 
to the h e m i h y d r a t e . T h e w a l l t e m p e r a t u r e covered the range 208° to 285° F . 

SODIUM SULFATE 
helix runs 

32.2-33.8 g. Na2S04/IOOml.solri| 

• 2 ft/sec 
A 6 ft/sec 
• 9 ft/sec 
Wall temperature 145-265 ° F 

A + 
àA A A 

10 100 
TIME FOR SCALE, MINUTES 

Figure 5. Data for sodium sulfate 
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112 ADVANCES IN CHEMISTRY SERIES 

CALCIUM HYDROXIDB 
helix runs 

1.08-1.13 g. Co(OH)2/IOO ml. soin. 
Velocity 6.5 ft/sec. 
Woll temperoture l68-238eF. 

—I I ! I I I I 1 I _J I I I I _l I I I I I I 1 
10 100 

TIME FOR SCALE, MINUTES 

Figure 6. Data for calcium hydroxide 
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CO 
"401 

UJ30 

< 
ο 
CO 

or 
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• O r -

Δ 
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Δ 
Δ 

Lithium Carbonate 

Effect of Solution Velocity 
1.18-1.21 g. Li 2C03/IOOg. solution 
Woll temperature 179.8 - I80.5 9F 

Δ 
Δ 

Figure 7. 

5 10 

SOLUTION VELOCITY, FT /SEC 

Effect of velocity on lithium carbonate 
deposition 

S o d i u m Sulfate* W i t h th is sys tem, 49 runs of u p to 6 h o u r s ' d u r a t i o n were m a d e , 
showing the u s u a l b e h a v i o r w i t h no apprec iab le effect of v e l o c i t y over a 4.5-fold range. 
H e r e the w a l l t e m p e r a t u r e was f r o m 145° t o 265° F . at the p o i n t of scale f o r m a t i o n . 

C a l c i u m H y d r o x i d e . N i n e t e e n sca l ing runs were m a d e i n the he l ix u s i n g 1.1 mass 
% c a l c i u m h y d r o x i d e i n w a t e r at a ve l o c i ty of 6 feet per second. T h e d a t a show the 
n o r m a l t r e n d . T h e w a l l t e m p e r a t u r e a t the sca l ing p o i n t was f r o m 168° to 238° Γ . 

Velocity . F r o m F i g u r e s 5, 7, a n d 8, i t is seen t h a t for the s o d i u m sul fate , l i t h i u m 
carbonate , a n d c a l c i u m sul fate systems v e l o c i t y does no t affect the t i m e r e q u i r e d f or 
the appearance of scale. 

Temperature L e v e l . A s the f o r m a t i o n of scale w i l l be inf luenced b y the k ine t i c s 
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BANCHERO AND GORDON—SCALE DEPOSITION ON HEATED SURFACES 113 

50 

40 

3 
Ζ 
* 30 
ΙιΓ 
< 
ο 
(λ 

en 20 
ο 
L l 

UJ 

1 0 

Δ Δ 

Calcium Sul fa te 
Effect of Solution Velocity 
• 0.11 g. CaS0 4/IOO ml. solution 
Δ 0. l6-O.I7g Ca SQ4/IOO mLsolution 
Woll t e m p é r a t u r e 2 3 8 - 2 4 3 ° F 

Δ 

0 5 10 
SOLUTION VELOCITY, FT/SEC 

Figure 8. Effect of velocity on calcium sulfate deposition 

of ions go ing f r o m the so lu t i on to the scale a n d b y the surface d i f fus iv i ty of the sca l ing 
components as we l l as the b u l k d i f fus iv i ty , w a l l t e m p e r a t u r e m i g h t be a n i m p o r t a n t 
fac tor i n d e t e r m i n i n g the sca l ing t i m e , aside f r o m i t s effect o n s u p e r s a t u r a t i o n . W h i l e 
the prev ious corre lat ions e m p l o y i n g s u p e r s a t u r a t i o n were sat i s fac tory , i t is of interest 
to see the d a t a p l o t t e d as a f u n c t i o n of w a l l t e m p e r a t u r e . F i g u r e 9 shows t h a t the d a t a 
for l i t h i u m carbonate can be represented b y a s t ra ight l ine . Because the b u l k t e m p e r a -

UZi g LiCOj/iOOml 
LITHIUM CARBONATE 

helix runs 

1.21 g. L i 2 COj/IOOml. soin. 
1.09 
0.93 
0.73 
Open symbols - boiling runs 
Velocity 2.3-9.5 ft./sec. 
Percent supersaturation 12-90% 

190 200 210 220 230 240 250 260 270 280 
WALL TEMPERATURE,eF 

Figure 9. Effect of wall temperature on lithium carbonate deposition 
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114 ADVANCES IN CHEMISTRY SERIES 

t u r e of the flowing so lu t i on was no t v a r i e d g rea t ly , a p lo t us ing t e m p e r a t u r e difference 
between the w a l l a n d b u l k so lut ion ra ther t h a n the w a l l t e m p e r a t u r e gave a s i m i l a r 
c o r re la t i on . S i m i l a r p lots m a y be d r a w n for the other systems. 

Conclusions 

T h e greater the s u p e r s a t u r a t i o n , the less the t i m e r e q u i r e d for scale f o r m a t i o n . 
F o r a g iven concentrat ion the d a t a can be represented b y a gentle curve on a p lo t of 
per cent s u p e r s a t u r a t i o n against the l o g a r i t h m of the t i m e for scal ing . 

A t a g iven s u p e r s a t u r a t i o n the concentrat i on leve l has a n effect o n the t i m e for 
scal ing . W i t h a l ower concentrat i on , a n d necessari ly h igher t e m p e r a t u r e for a g iven 
s u p e r s a t u r a t i o n , the scale w i l l f o r m faster t h a n at a higher concentrat ion . 

T h e t i m e for scale f o r m a t i o n is independent of l i q u i d ve l o c i ty between 2 a n d 10 
feet per second. 

F o r the l i t h i u m carbonate a n d c a l c i u m sul fate so lut ions opera t i on w i t h b o i l i n g 
a p p a r e n t l y does not cause ear l ier v i s ib le sca l ing t h a n w i t h n o n b o i l i n g condit ions , o ther 
th ings be ing equa l . P o s s i b l y scale is f o r m e d earl ier b u t is obscured b y the v a p o r b u b ­
bles. 
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Evaporation of Sea Water in 
Long-Tube Vertical Evaporators 

F. C. STANDIFORD, Jr., and H. F. BJORK 

W. L Badger Associates, Inc., Ann Arbor, Mich. 

An inexpensive, dependable method of producing 
fresh water from saline sources is becoming increas­
ingly important throughout the world as fresh water 
requirements grow and supplies decrease. Use of a 
falling-film long-tube vertical multiple-effect evapo­
ration system in conjunction with a sludge recircula­
tion technique has prevented scale formation from 
sea water evaporation at operating temperatures 
up to 250°F. Pilot plant test runs of over 1500 
hours have been made. Pilot plant results trans­
lated to the design of a 1,000,000-gallon-per-day 
demonstration plant indicate fresh water costs of 
$1.00 per 1000 gallons. Ultimate costs for 15,000,-
000-gallon-per-day production will be 35 cents per 
1000 gallons of fresh water. 

The late W . L . Badger ' s 40 years ' experience w i t h c o m m e r c i a l evaporators i n the c h e m ­
i ca l i n d u s t r y has p r o v i d e d the basis for the economic p r o d u c t i o n of fresh water f r o m 
sea water . F i v e years ago, those f a m i l i a r w i t h sea w a t e r e v a p o r a t i o n pract i ce c o u l d 
pred i c t m i n i m u m possible w a t e r costs no lower t h a n about $1.60 per 1000 gal lons. I n 
1955, the Office of Sal ine W a t e r , U . S. D e p a r t m e n t of the I n t e r i o r , commiss ioned W . L . 
B a d g e r a n d Assoc iates to s t u d y the m i n i m u m cost of m a k i n g fresh w a t e r f r o m sea w a t e r 
b y us ing e v a p o r a t o r techniques of the chemica l i n d u s t r y . Because prev ious est imates 
of water cost h a d been several t imes above the Office of Sal ine W a t e r ' s goal , several 
o p t i m i s t i c assumpt ions served as a basis for th is s t u d y : 

T h a t the highest per formance e v a p o r a t o r cou ld be used for sea w a t e r . B y p e r ­
formance was m e a n t heat t rans fer coefficient n o t i n B . t . u . / h r . / ° F . / s q . f t . b u t i n B . t . u . / 
h r . / ° F . / d o l l a r of ins ta l l ed cost. F o r a l ong t i m e , the l ong- tube v e r t i c a l ( L T V ) e v a p ­
o ra to r has best fitted th i s descr ip t i on , at least under favorab le opera t ing condit ions , 
such as at r e l a t i v e l y h i g h t e m p e r a t u r e differences ( u s u a l l y ) , a n d w i t h l i t t l e scale 
f o r m a t i o n . 

T h a t the e v a p o r a t o r cou ld be made as efficient as economica l ly just i f iab le . T h e r m a l 
efficiency of a n evapora to r is increased b y mult ip le -e f fect opera t i on , b y recompress ion 
of the v a p o r , b y a c o m b i n a t i o n of these, a n d b y a n u m b e r of other design features. 
W h i l e sea water evaporators h a d r a r e l y been m a d e w i t h m o r e t h a n three effects, c o m ­
m e r c i a l evaporators of s ix a n d seven effects are c o m m o n a n d ten-effect evaporators 
have been used. 

T h a t the L T V evapora to r cou ld be k e p t free of scale, at l i t t l e or no cost for scale 
p r e v e n t i o n , at temperatures as h i g h as 250° F . I n 1955, no sat i s fac tory m e t h o d of scale 
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116 ADVANCES IN CHEMISTRY SERIES 

p r e v e n t i o n was p r o v e d for sea water evaporators , scale was most severe at the highest 
t emperatures , a n d about 220° F . was the highest t e m p e r a t u r e t h a t h a d been used. 

T h a t the evapora to r cou ld be made as large i n c a p a c i t y as p r a c t i c a l a n d cou ld t a k e 
u p as m u c h r o o m as necessary. A l t h o u g h a " l a r g e " e v a p o r a t o r t u r n e d out to be s m a l l 
i n t e rms of m u n i c i p a l w a t e r requirements , i t w o u l d be several orders of m a g n i t u d e 
larger t h a n most sea w a t e r evaporators , w h i c h were b u i l t s m a l l , c ompact , a n d easi ly 
operable for s h i p b o a r d a n d m i l i t a r y use. 

T h a t the e v a p o r a t o r c o u l d be fabr i ca ted p r i m a r i l y or comple te ly f r o m steel. 

Preliminary Estimates 
O n the basis of these assumpt ions , p l a n t designs a n d cost est imates were prepared 

t h a t showed considerable economic promise (3). T w o basic types of flowsheet were 
considered. One used exhaust s team f r o m a power p l a n t , a t a pr ice , t o heat a m u l t i p l e -
effect L T V e v a p o r a t o r h a v i n g a c a p a c i t y of about 17,000,000 gal lons per d a y . W a t e r 
cost was es t imated at 23 cents per 1000 gal lons w h e n the s team cost was ad justed to 
g ive the same power cost as w o u l d be i n c u r r e d b y a convent i ona l power p l a n t t h a t 
expanded the s team to h i g h v a c u u m . T h e other t y p e of flowsheet was s i m i l a r , except 
t h a t the powerhouse t u r b i n e drove a v a p o r compressor ins tead of a generator . T h e 
compressor served a n u m b e r of L T V e v a p o r a t o r bodies, m a k i n g a thermocompress i on 
evaporator , a n d the t u r b i n e exhaust was used to heat a mult ip le -e f fect L T V evapora tor . 
T h e c a p a c i t y of the p l a n t was also about 17,000,000 gal lons per d a y . Because the o n l y 
power generated was for use i n d r i v i n g p l a n t aux i l iar ies , a l l costs were chargeable to the 
p r o d u c t i o n of water . T a b l e I shows the c a p i t a l cost of the p l a n t as es t imated i n 1955 
a n d T a b l e I I shows the a n n u a l opera t ing cost. 

Table I. Capital Cost of 17,350,000-Gallon-per-Day 
Combination Thermocompression-10-Effect Sea Water Evaporation Plant 

Boi ler $1,020,000 
Turbine-generator 170,000 
Turbine-vapor compressor 925,000 
Evaporators 2 ,425,000 
H e a t exchangers 991 > 999 
P u m p s 138,000 
P i p i n

P
g 305,000 

Instruments ^υ,υυυ 
T o t a l installed process equipment $6,014,000 

Site development 70,000 
Office, shop, and lab 135,000 
Weatherproofing 300,000 
Engineering 481,000 
Contingencies 600,000 

T o t a l p lant cost $7,600,000 

Table II. Annual Operating Cost of 17,350,000-Gallon-per-Day 
Combination Thermocompression-10-Effect Sea Water Evaporation Plant 

Interest, 3 % of to ta l capi ta l $ 228,000 
Insurance, 1% of to ta l capital 76,000 
Depreciat ion, 5 % of to ta l capi ta l 380,000 
Maintenance , 3 % of equipment cost 180,000 
Labor , $2.50 per man-hour 138,000 
F u e l , $0.30 per mi l l i on B . t . u . 991,000 

T o t a l $1,993,000 

E q u i v a l e n t to $0.328 per 1000 gallons or $106.90 per acre-foot 

P l a n t s of th is size were considered about the largest t h a t c o u l d be b u i l t as single 
u n i t s . S m a l l e r p l a n t s c o u l d easi ly be b u i l t , b u t the reduced efficiencies of p u m p s , 
turb ines , a n d compressors a n d the i n a b i l i t y to reduce l a b o r costs made the w a t e r cost 
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STANDIFORD AND BJORK—EVAPORATION IN LONG-TUBE VERTICAL EVAPORATORS 117 

f r o m s m a l l p l a n t s a p p r e c i a b l y h igher . F i g u r e 1 is a n est imate p r e p a r e d i n 1955 of the 
water cost f r o m v a r i o u s sizes of these c o m b i n a t i o n mult ip le -e f fect , thermocompress i on 
L T V p lants . These estimates were p r e p a r e d before the Office of Sal ine W a t e r ' s 
" s t a n d a r d e s t i m a t i n g p r o c e d u r e " was ava i lab l e , b u t la te r est imates m a d e o n the basis 
of th is procedure gave s u b s t a n t i a l l y the same water costs, i f the assumpt ions l i s ted above 
were t rue . 

Pilot Plant Investigation 

T h e cost est imates were so p r o m i s i n g t h a t the Office of Sal ine W a t e r financed a 
p i l o t p l a n t p r o g r a m to test these o p t i m i s t i c assumpt ions . T h i s p i l o t p l a n t is l o ca ted 
o n the site of the I n t e r n a t i o n a l N i c k e l C o . T e s t S t a t i o n at W r i g h t s v i l l e B e a c h , N . C . 
I t was designed b y W . L . B a d g e r Assoc iates , Inc . , a n d was erected a n d has been 
operated for the past 21/2 years b y t h e m u n d e r subcontrac t f r o m the W h i t i n g Corp . ( 1 ) . 
T h e p i l o t p l a n t contains a n L T V evaporator , donated b y the Swenson E v a p o r a t o r C o . , 
D i v i s i o n of the W h i t i n g C o r p . , t h a t has tubes of the d imensions t h a t w o u l d p r o b a b l y be 
used i n a f u l l scale p l a n t . T h e r e are seven of these tubes , each 2 inches i n outs ide 
d iameter b y 24 feet l ong , a n d insu la ted f r o m each other a n d f r o m the shel l , so t h a t 
different tube mater ia l s can be tested w i t h o u t the c o m p l i c a t i o n of ga lvan i c corros ion . 
T h e L T V e v a p o r a t o r is i n s t r u m e n t e d so t h a t i t can be r u n u n d e r a n y desired condi t ions 
of feed rate , feed t e m p e r a t u r e , b o i l i n g po in t , a n d s team flow. T h i s makes i t possible t o 
dup l i ca te opera t ing condit ions t h a t w o u l d be met i n a n y effect of a mult ip le -e f fect 
evapora to r or i n a thermocompress i on evapora tor . 

Because the feed to one effect i n th i s t y p e of e v a p o r a t o r is the p a r t i a l l y concen­
t r a t e d sea w a t e r d ischarged f r o m another effect, i t was necessary to have a source of 
p a r t i a l l y concentrated sea w a t e r for the p i l o t p l a n t . R a t h e r t h a n t r y i n g t o store 
p r e v i o u s l y concentrated sea water , w i t h the possible result t h a t some of the p o t e n t i a l 
scale m i g h t deposit o n storage, sea w a t e r is concentrated cont inuous ly i n one or t w o 
forced - c i r cu la t i on evaporators w h i c h can be operated single or double effect, as neces­
s a r y , a n d can p r o v i d e sea w a t e r feed t o the L T V a t a n y desired concentrat i on . 

Heat Transfer . T h e first series of tests were made to measure heat t r a n s f e r 
coefficients a n d thereby con f i rm the opera t ing condit ions t h a t h a d been pred i c t ed for 
the var i ous effects i n the p r o d u c t i o n p l a n t s . T h e L T V evapora to r can be b u i l t t o oper ­
ate i n one of two ways . M o s t such evaporators have the l i q u i d feed at the b o t t o m . T h e 
l i q u i d rises i n the tubes , is heated , a n d begins t o b o i l , a n d the v a p o r f o r m e d creates s u c h 
h i g h velocit ies i n the b o i l i n g sect ion t h a t h i g h transfer coefficients are obta ined i n the 
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118 ADVANCES IN CHEMISTRY SERIES 

b o i l i n g sect ion. T h e other m e t h o d of opera t i on invo lves feeding l i q u i d to the tops of the 
tubes as a film, so t h a t b o i l i n g takes place for p r a c t i c a l l y the f u l l l e n g t h of the tube . T h e 
p i l o t p l a n t e v a p o r a t o r was b u i l t so t h a t i t c o u l d be operated e i ther w a y . 

T h e first tests used r i s ing flow t h r o u g h the tubes . I t was f o u n d t h a t , under c o n d i ­
t ions of l ow t e m p e r a t u r e difference a n d w i t h feed p r a c t i c a l l y at the v a p o r head b o i l i n g 
p o i n t , as w o u l d be expected i n the p r o d u c t i o n p l a n t , heat t rans fer coefficients were l ow. 
T h e p r i m a r y c o n t r o l l i n g var iab les were t e m p e r a t u r e a n d t e m p e r a t u r e difference. E v e n 
at h i g h t e m p e r a t u r e differences between s team a n d b o i l i n g l i q u i d , heat t rans fer 
coefficients were o n l y about 150 B . t . u . / h r . / s q . f t . / 0 F . at l o w t e m p e r a t u r e a n d about 
500 i n the same un i t s at h i g h t e m p e r a t u r e . Pressure d r o p measurements i n d i c a t e d t h a t 
most of the tube l e n g t h was filled w i t h n o n b o i l i n g a n d therefore r e la t i ve ly s l o w - m o v i n g 
l i q u i d a n d t h a t th is was most pronounced at l ow t e m p e r a t u r e a n d l o w temperature 
difference. C o n s e q u e n t l y , a l l subsequent w o r k was done w i t h f a l l i n g - f i l m operat i on to 
e l iminate th is h y d r o s t a t i c head t h a t prevented bo i l ing i n most of the tube l eng th . 

T h e tests u n d e r f a l l i n g - f i l m condit ions gave heat t rans fer coefficients t h a t were 
p r a c t i c a l l y the same as those used i n p r e p a r i n g the o r i g i n a l p l a n t designs a n d cost 
est imates. T h e coefficient depended m a i n l y on b o i l i n g t e m p e r a t u r e a n d v a r i e d f r o m 350 
to 400 at about 100° F . to 700 to 800 at 250° F . Subsequent tests under condit ions t h a t 
w o u l d be m e t i n a 12-effect e v a p o r a t o r o p e r a t i n g between a n i n i t i a l b o i l i n g po in t of 
250° F . a n d a final b o i l i n g po in t of 125° F . gave coefficients t h a t v a r i e d as shown i n 

7 5 0 

3SOl ι ι ι ι ι ι ι ι ι ι ι ι ι — ι — I 
100 IIO 120 130 140 150 160 170 180 190 2 0 0 210 2 2 0 2 3 0 2 4 0 2 5 0 

T E M P E R A T U R E 

F i g u r e 2 (2). These coefficients were de termined w h e n the f o l l owing tubes were i n s t a l l e d 
i n the e v a p o r a t o r : 2 copper , 1 A d m i r a l t y , 1 A m p c o G r a d e 8, 2 a l u m i n u m brass , a n d 
1 c u p r o n i c k e l . E a c h tube was 2 inches i n outside d iameter a n d 24 feet l o n g , a n d h a d a 
0.109- inch w a l l . T h e dashed curve of F i g u r e 2 shows the heat t rans fer coefficients t h a t 
were assumed i n p r e p a r i n g the o r i g i n a l est imates. I n these tests, t e m p e r a t u r e differences 
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STANDIFORD AND BJORK—EVAPORATION IN LONG-TUBE VERTICAL EVAPORATORS 119 

were obta ined f r o m pressure measurements us ing manometers or c a l i b r a t e d gages a n d 
were corrected for bo i l ing po in t e l evat ion of the concentrated sea water . A r e a s were 
based o n the inside d iameter of the tubes . T h e a m o u n t of heat t rans fe r red was c a l c u ­
l a t e d b o t h f r o m steam c o n s u m p t i o n (measured b y a c a l i b r a t e d d r i p t a n k ) corrected for 
superheat , condensate subcoo l ing , a n d c a l i b r a t e d heat losses f r o m the s team chest a n d 
f r o m e v a p o r a t i o n rate (measured b y another c a l i b r a t e d d r i p t a n k ) , sensible heat change, 
a n d c a l i b r a t e d heat losses f r o m the v a p o r side. M a t e r i a l balances u s u a l l y checked w i t h i n 
3 % a n d heat balances w i t h i n 8%. 

Scale Prevention. T h e scale n o r m a l l y f o r m e d on heat t rans fer surfaces of sea 
w a t e r evaporators consists of c a l c i u m carbonate , m a g n e s i u m h y d r o x i d e , a n d / o r c a l c i u m 
sul fate . T h e first t w o f o r m as a result of the b r e a k d o w n of b i carbonate i n sea w a t e r , 
w h i c h is i n i t i a l l y sa tura ted w i t h c a l c i u m carbonate . C a l c i u m sulfate scale f orms p u r e l y 
as a resul t of i t s i n v e r t e d s o l u b i l i t y c u r v e . Sea w a t e r is not s a t u r a t e d w i t h c a l c i u m 
sulfate a n d a n economica l ly reasonable a m o u n t of fresh water can be recovered f r o m 
sea water w i t h o u t exceeding s a t u r a t i o n w i t h c a l c i u m sul fate . H o w e v e r , a t the s tar t of 
th i s i n v e s t i g a t i o n , the s o l u b i l i t y of c a l c i u m sulfate i n sea water was not accurate ly 
enough k n o w n to t e l l whether 30, 50, or 8 0 % of the w a t e r content cou ld be removed a t 
var i ous temperatures w i t h o u t encounter ing c a l c i u m sulfate scale. 

T h e o r i g i n a l p l a n t designs a n d cost est imates were not made w i t h o u t h a v i n g p lans 
for c o m b a t i n g scale f o r m a t i o n . T w o ra ther inexpensive possibi l i t ies were proposed . 
One i n v o l v e d the use of a c i d to prevent c a l c i u m carbonate a n d m a g n e s i u m h y d r o x i d e 
scale. I f the c a r b o n dioxide t h a t is lost w h e n b i carbonate decomposes is rep laced b y 
nonvo la t i l e a c id , the p H can be k e p t l ow enough to prevent f o r m a t i o n of these a l k a l i n e 
scales. T h i s m e t h o d was adopted at about the same t i m e b y the m i l i t a r y , us ing c i t r i c 
a c id . T h e cost of us ing th is a c i d a m o u n t e d to about 50 cents per 1000 gallons of 
d i s t i l l ed w a t e r — m o r e t h a n the t o t a l cost of w a t e r f r o m the proposed p l a n t s . H o w e v e r , 
i t was felt t h a t i n large land -based p l a n t s , suff ic iently close c o n t r o l c o u l d be a t t a i n e d to 
p e r m i t the use of cheap su l fur i c a c id . E v e n i f a l l the b i carbonate b r o k e d o w n to c a r b o n 
dioxide , the cost of ac id r e q u i r e d a m o u n t e d to o n l y about 2 cents per 1000 gal lons . T h i s 
m e t h o d of scale p r e v e n t i o n w o u l d no t in t roduce enough sul fate i o n , c o m p a r e d to t h a t 
a l ready present i n the sea water , to affect the s o l u b i l i t y of c a l c i u m sul fate a p p r e c i a b l y . 
T h e chief d isadvantages of th i s m e t h o d , besides a c i d cost, were t h a t i t cou ld no t b y 
itse l f p revent c a l c i u m sul fate scale f o r m a t i o n a n d t h a t i t m i g h t require opera t i on at 
p H ' s s l i g h t l y be low n e u t r a l i t y , thus increas ing corros ive tendencies. 

T h e other m e t h o d of scale p r e v e n t i o n proposed , a n d i n c o r p o r a t e d i n the o r i g i n a l 
p l a n t designs a n d cost est imates , i n v o l v e d a seeding technique . I f some of the sca l ing 
ingredient is going to prec ip i ta te , i t w i l l deposit on the heat ing surface i f no other surface 
is ava i lab le . H o w e v e r , i t w o u l d prefer to deposit o n crys ta l s of i t s o w n k i n d . B y 
p r o v i d i n g seed crys ta ls of the scal ing ingredient i n suspension i n the l i q u i d , i t was h o p e d 
t h a t a l l p r e c i p i t a t i o n c o u l d be i n d u c e d to occur on these seeds r a t h e r t h a n o n the 
heat ing surface . T h i s pract i ce h a d been comple te ly successful for the p r e v e n t i o n of 
c a l c i u m sul fate scale f o r m a t i o n i n the salt i n d u s t r y . I n pract i ce , th is m e t h o d of scale 
p r e v e n t i o n w o u l d i n v o l v e i n c o r p o r a t i o n of scale solids i n the sea w a t e r to m a k e a 
d i lute s l u r r y a n d recovery of these solids f r o m the waste sea water concentrate . T h e 
seeds w o u l d be cont inuous ly added to b y p r e c i p i t a t i o n of the sca l ing ingred ient i n the 
sea water , thereby m a k i n g u p for m i n o r m e c h a n i c a l losses of sol ids. T h u s the o n l y 
cost for th is m e t h o d of scale p r e v e n t i o n w o u l d be the cost of e q u i p m e n t r e q u i r e d to 
separate the solids f r o m the concentrated sea water a n d r e t u r n t h e m to the feed. I t 
was hoped t h a t th is m e t h o d w o u l d w o r k b o t h for c a l c i u m sul fate , w h i c h deposits b y 
one m e c h a n i s m , a n d for c a l c i u m carbonate a n d m a g n e s i u m h y d r o x i d e , w h i c h deposit 
b y another m e c h a n i s m . T h i s m e t h o d of scale p r e v e n t i o n w o u l d have the a d d i t i o n a l 
advantage t h a t e v a p o r a t i o n w o u l d be conducted u n d e r a lka l ine condit ions , where 
corros ion shou ld be less severe. 

A s the a c i d m e t h o d of scale p r e v e n t i o n h a d a l ready been p r o v e d b y others , on ly 
a few t r i a l s were made to determine the a p p r o x i m a t e l i m i t i n g condi t ions for L T V 
evaporators . W e e k - l o n g tests were m a d e us ing su l fur i c a c id to determine the extent 
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120 ADVANCES IN CHEMISTRY SERIES 

to w h i c h e q u i l i b r i u m p H cou ld be exceeded. T h e tests were made u n d e r the fo l l owing 
condit ions , w h i c h were at the t i m e thought to represent the most severe t h a t w o u l d be 
encountered w i t h o u t c a l c i u m sulfate depos i t ing : 

B o i l i n g point, ° F . 
Temperature difference, ° F . 
Feed temperature, ° F . 
Feed concentration 

192 
8 to 10 
190 
2.35 times normal sea water 

I n the .first r u n , a c i d feed rate was g r a d u a l l y reduced w i t h o u t i m m e d i a t e evidence 
of scale f o r m a t i o n a n d t h e n was cut off en t i r e l y . H e a t t rans fer coefficients s tar ted to 
d r o p i m m e d i a t e l y a n d at the end of the week the tubes were coated w i t h c a l c i u m 
carbonate scale. I n th i s first r u n , the p H enter ing the e v a p o r a t o r was 8.3 a n d l e a v i n g 
i t was 8.4. L a n g e l i e r , C a l d w e l l , a n d L a w r e n c e have measured the e q u i l i b r i u m p H above 
w h i c h a sea w a t e r concentrate is supersa turated w i t h respect to c a l c i u m carbonate a n d 
m a g n e s i u m h y d r o x i d e (4 ) . U n d e r the condit ions of th i s test , the fo l l owing condit ions 
were encountered : 

L T V Feed L T V B lowdown 
Concentration factor 2.46 2.88 
T o t a l a l k a l i n i t y , p .p .m. C a C 0 3 159 145 
E q u i l i b r i u m p H , C a C 0 3 6 .8 6 .8 
E q u i l i b r i u m p H , M g ( O H ) 2 7 .8 7.8 
A c t u a l p H 8 .3 8 .3 

I t was ev ident t h a t , u n d e r condi t ions of th is test , c a l c i u m carbonate scale w o u l d 
f o r m i f the e q u i l i b r i u m p H were exceeded b y 1.5 p H u n i t s . 

I n the second test , the a c i d free rate was ad justed to m a i n t a i n a n L T V b l o w d o w n 
p H of 7.5. T h e a c i d was fed to the f o r ced - c i r cu la t i on evapora to r preceding the L T V , 
so t h a t the a d d i t i o n a l t ime ava i lab le p e r m i t t e d evening out f luctuat ions i n a c i d feed ra te . 
U n d e r these condi t ions , some of the t o t a l a l k a l i n i t y was lost a n d the L T V operated 
u n d e r the fo l l owing sca l ing e n v i r o n m e n t : 

L T V Feed L T V B lowdown 
2.31 2 .70 

73 .7 83 .1 
7.2 7.1 
7.85 7.8 
7.51 7.52 

W h e n operated under these condit ions for a week, no scale was ev ident , e i ther b y 
a decrease i n heat t rans fer coefficients or b y e x a m i n a t i o n a t the end of the r u n . T h u s , 
i t is a p p a r e n t t h a t scale can be prevented b y th i s m e c h a n i s m w h e n the e q u i l i b r i u m p H 
is exceeded b y someth ing more t h a n 0.3 to 0.4 a n d less t h a n 1.5 p H u n i t s . A l l heat 
t rans fer tests were made w i t h use of a c i d for scale p r e v e n t i o n . I n these tests, the p H 
was k e p t be low the e q u i l i b r i u m p H i n order to be on the safe side, a n d no scal ing was 
ever detected. A s ev ident f r o m the above d a t a , the p H r e q u i r e d is n o t so l o w as 
to i n v o l v e opera t i on under acidic condi t ions , where accelerated corros ion m i g h t be 
expected. 

T h e next series of tests was made to p r o v e out the seeding m e t h o d of scale p r e v e n ­
t i o n . T h e first test was made u n d e r the same condit ions as for the a c i d t r i a l s . Once the 
m e c h a n i c a l prob lems of r e cyc l ing the seeds i n the p i l o t p l a n t were so lved , i t was f o u n d 
possible to prevent scale f o r m a t i o n comple te ly , i f the e v a p o r a t i n g l i q u i d conta ined 0 . 5 % 
c a l c i u m carbonate sol ids. T h e solids were made i n i t i a l l y b y s l owly a d d i n g soda ash t o 
sea w a t e r . 

Concentration factor 
T o t a l a lka l in i ty , p .p .m. C a C 0 3 

E q u i l i b r i u m p H , C a C 0 3 

E q u i l i b r i u m p H , M g ( O H ) 2 

A c t u a l p H 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
13



STANDIFORD AND BJORK—EVAPORATION IN LONG-TUBE VERTICAL EVAPORATORS 121 

The first trials at higher temperature were unsuccessful m preventing scale forma­
tion. These trials were made under conditions such that calcium sulfate scale might 
be expected (concentration factor of 3.3, boiling points of 205° and 255° F.). A slurry 
of calcium carbonate was tried first, in the hope that this would also serve as seeds for 
the calcium sulfate. Heat transfer coefficients dropped rapidly and a heavy scale was 
found on all tubes at the end of the run. The next trials therefore used a mixed slurry 
of calcium carbonate and calcium sulfate. Two crystal forms of calcium sulfate might 
be expected as scale—hemihydrate and anhydrite. Both were tried as seeds, using 
purchased materials ( U . S. Gypsum Hydrocal White for hemihydrate and the Snow 
White filler for anhydrite). Trials with hemihydrate resulted mainly in the cementing 
shut of all drains, stagnant pockets, etc., where the temperature was below 180° to 
190° F., the transition temperature of hemihydrate to gypsum in these solutions. Trials 
with a mixed slurry of calcium carbonate and anhydrite always resulted in scale forma­
tion, although the scaling rate was tantalizingly low in some runs. 

T E M P E R A T U R E ^ 

The inability to control calcium sulfate scale formation led to a more thorough 
investigation of solubility limits of calcium sulfate in sea water concentrates (δ). The 
current "best guess" as to solubility of the different crystal forms of calcium sulfate is 
shown in Figure 3. Anhydrite is so inert that it is almost never encountered as scale 
in evaporators. The main difference between this solubility diagram and previous 
estimates (4) is a much higher solubility limit for gypsum or hemihydrate at tempera­
tures below 212° F. Figure 3 indicates that concentration factors of more than 4 can 
be achieved if the evaporator is operated in such a manner that high concentrations are 
reached only at low temperatures. This corresponds to recovery of over 80% of the 
water under conditions such that calcium sulfate solubility is not exceeded and hence 
no scale can form from this source. Such conditions can be achieved by use of a 
forward-feed evaporator in which unconcentrated sea water enters the first, or hottest, 
effect and is then passed from effect to effect until concentrated sea water is pumped 
from the last, or coolest, effect and discarded. Typical conditions for a 12-effect 
forward-feed evaporator are plotted in Figure 3. Also plotted in this diagram are the 
equilibrium pH's for the acid method of preventing calcium carbonate and magnesium 
hydroxide scale, assuming that no carbonate alkalinity has been lost. Forward-feed 
operation results in relatively mild pH conditions—much milder than for a backward-
feed evaporator, where the high concentrations are reached at high temperatures. 
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122 ADVANCES IN CHEMISTRY SERIES 

B y a d o p t i n g a forward- feed flowsheet, i t became possible to ignore the c a l c i u m 
sulfate scale p r o b l e m . H o w e v e r , i t was s t i l l necessary to prove that the a lka l ine scales 
cou ld be prevented at temperatures u p to 250° F . T h e f irst t r i a l was made at 250° F . 
w i t h r a w sea w a t e r feed a n d a c a l c i u m carbonate s l u r r y . T h e evapora to r scaled r a p i d l y 
a n d analys is showed the scale to be m a g n e s i u m h y d r o x i d e . T h e next r u n was therefore 
made under the same condit ions , except t h a t a m a g n e s i u m h y d r o x i d e s l u r r y was used. 
T h i s s l u r r y was made before the r u n s tar ted b y s l owly add ing caustic soda to the i n i t i a l 
d i lu te c a l c i u m carbonate s l u r r y u n t i l the sol ids conta ined about 5 0 % m a g n e s i u m 
h y d r o x i d e . D u r i n g the 200 hours of the r u n , the m a g n e s i u m h y d r o x i d e content of the 
solids g r a d u a l l y increased to over 9 5 % a n d no scale f o rmed i n the tubes. 

Table Summary of Operating Conditions for All Sludge Runs 

Feed E v a p . D i s ch . Temp. H r . T v p e Reason 
R u n Temp. , Temp. , Concn . Diff . , Sludge Opera­ of for 
N o . °F. °F. Factor °F. Used t ion Scale Terminat ion 

L W B B - 1 190 192 2.75 8 C a C 0 3 6.5 M e c h . trouble 
- 2 190 192 2.75 8 C a C 0 3 46 Trace, 2 B u r s t filter 

al loy cartridges 
tubes 

- 3 190 192 2.75 7 C a C 0 3 22 B u r s t filter 
cartridges 

- 4 190 192 2.75 5.5 C a C 0 3 44 ? Plugged feed 
controller 

- 5 190 192 2.75 7.5 C a C 0 3 210 None 
- 6 187 192 2.75 13 C a C 0 3 150 None 
- 7 194 204 3.3 11 C a C 0 3 162 C a S 0 4 

L W B C - 1 250 255 3.3 14 C a C 0 3 + 52 C a S 0 4 Descal ing 
C a S 0 4

a 

Descal ing 

- 2 250 255 3.3 14 C a C 0 3 + 33 Plugged p ip ing 
C a S C V 

- 3 250 255 3.3 14 C a C 0 3 + 26 C a S 0 4 Descal ing 
C a S ( V 

- 4 250 255 3.3 10 C a C 0 3 + 33 C a S 0 4 Descaling, low 
CaS0 4 « solids 

L W B D - 1 200 205 3.0 11 C a C O * + 16 C a S 0 4 Descaling, 
CaS0 4 ° plugged p i p i n 

- 2 195 200 3 .5 13 C a C 0 3 + 168 C a S 0 4 . (No scale-steel 
C a S 0 4

& V 2 H 2 0 tube) 

L W B E - 1 250 250 3.5 13 C a C 0 3 + 141 C a S 0 4 Plugged orifices 
C a S 0 4

& 

Plugged orifices 

- 2 250 250 3.3 13 C a C 0 3 + 154 C a S 0 4 . Hurr i cane 
C a S 0 4

6 7 2 H 2 0 

L W B F - 1 225 250 1.0 9.5 C a C 0 3 133 M g ( O H ) 2 

- 2 250 250 1.2 9 .5 M g ( O H ) 2 200 None 

L W B G - 1 250 250 1.7 7 M g ( O H ) 2 170 C a S 0 4 . M g ( O H ) 2 

V 2 H 2 0 
- 2 250 250 1.7 7 M g ( O H ) 2 141 None Power failure 

L S B H - 1 130 120 3 . 0 - 5 . 7 13 M g ( O H ) 2 238 None 
L W B I - 1 236 220 2 .0 8 M g ( O H ) 2 167 None 
L W B J - 1 203 186 2 .3 7 M g ( O H ) 2 160 None 

L W B G - 3 a 250 250 1.6 7-8 M g ( O H ) 2 593 C a S 0 4 . Descaling, over-M g ( O H ) 2 
V 2 H 2 0 concentrated 

- 3 b 250 250 1.6 7-8 M g ( O H ) 2 1001 None 

a C a S 0 4 solids were C a S 0 4 . V 2 H 2 0 (Hydroca l Whi te , U . S. G y p s u m Co. ) . 
6 C a S 0 4 solids were C a S 0 4 (insoluble) (Snow W h i t e filler, U . S. G y p s u m Co. ) . 
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STANDIFORD AND BJORK—EVAPORATION IN LONG-TUBE VERTICAL EVAPORATORS 123 

Subsequent runs were made , us ing th is same m a g n e s i u m h y d r o x i d e s l u r r y , at lower 
temperatures a n d higher concentrat i on factors a n d a l l were successful as l ong as c o n d i ­
t ions were under the h e m i h y d r a t e a n d g y p s u m s o l u b i l i t y curve of F i g u r e 3. A f ina l r u n 
of 1594 hours ' d u r a t i o n was made to prove th is m e t h o d of scale p r e v e n t i o n u n d e r the 
most severe condit ions t h a t m i g h t be e n c o u n t e r e d — 2 5 0 ° F . a n d a concentrat i on fac tor 
just under the h e m i h y d r a t e s o l u b i l i t y curve . I n the first 593 hours , poor c o n t r o l a l l owed 
concentrat ions to exceed h e m i h y d r a t e s o l u b i l i t y at t imes a n d a h e m i h y d r a t e scale 
f o rmed s lowly . T h i s was removed b y r i n s i n g w i t h sea water a n d the r u n cont inued 
under more care fu l c ont ro l for another 1001 hours w i t h no scale f o r m a t i o n whatsoever . 

T a b l e I I I summar izes the runs t h a t p r o v e d the efficacy of the seeding m e t h o d of 
scale c o n t r o l for the d e m o n s t r a t i o n p l a n t (1). T h i s w o r k is be ing cont inued at s t i l l 
h igher t emperatures (up to 300° F . ) , b u t i t has been f o u n d imposs ib le to keep below 
the c a l c i u m sulfate s o l u b i l i t y curve . Consequent ly , the a t t a c k is aga in be ing concen­
t r a t e d on use of seeding for p r e v e n t i o n of c a l c i u m sul fate scale. I f th i s w o r k is suc ­
cessful, i t shou ld p e r m i t deve lopment of evaporators t h a t cou ld operate at s t i l l h igher 
temperatures , thereby m a k i n g p r a c t i c a l use of more effects w i t h a consequent sav ing i n 
s t e a m ; design of evaporators to concentrate sea w a t e r to or b e y o n d the po in t where 
i t is sa turated w i t h s o d i u m chlor ide , m a k i n g possible the recovery of b y - p r o d u c t s ; a n d 
design of evaporators for b r a c k i s h waters h i g h i n c a l c i u m sul fate . 

C o r r o s i o n . T h e tubes i n the L T V evapora tor were ins ta l l ed w i t h Swenson r u b b e r 
g r o m m e t p a c k i n g c o m m o n l y used for K a r b a t e tubes i n a c i d evaporators . T h i s b o t h 
insu lated the tubes f r o m ga lvan i c corros ion a n d a l l owed nondes t ruc t ive r e m o v a l for 
weighing . C o r r o s i o n rates were es t imated b o t h f r o m weight loss of the tubes a n d f r o m 
I n t e r n a t i o n a l N i c k e l C o . test spools located b o t h i n the v a p o r space a n d i m m e r s e d i n 
the l i q u i d i n the b l o w d o w n t a n k . 

T h e first set of corros ion results was p r o m i s i n g , even t h o u g h the d a t a were t a k e n 
d u r i n g the t i m e the first heat t rans fer runs were made , us ing excess a c i d ( p H ' s d o w n 
to 3 ) , a n d the t i m e the tests of the a c i d m e t h o d of scale p r e v e n t i o n were u n d e r w a y . 
C o r r o s i o n rates f r o m I N C O test spool d a t a were as fol lows ( in inches per year ) : 

M a t e r i a l Vapor L i q u i d 

Steel 0 .016-0 .027 0.010-O.021 
Cast iron 0 .009-0 .016 0 .008-0 .030 
A d m i r a l t y 0.001 0 .001-0 .003 
Copper 0.001 0 .002-0 .004 
A l u m i n u m brass 0.001 0 .001-0 .002 
90/10 cupronickel 0.001 0 .001-0 .003 
A l u m i n u m 0.001 0 .004-0 .006 

T h e next sets of spools were exposed d u r i n g the ear ly sludge runs , w h i c h were 
made u n d e r a lka l ine condi t ions where corros ion s h o u l d have been m u c h less severe. 
T h e results were as fol lows : 

M a t e r i a l 

Steel 
Cast iron 
A d m i r a l t y 
Copper 
A l u m i n u m brass 
90/10 cupronickel 
A l u m i n u m 

Vapor 

0 .057-0 .062 
0 .016-0 .021 
0.002 
0 .002-0 .003 
0.001 
0.001 

Perforated 

L i q u i d 

0 .030-0 .044 
0 .031-0 .032 
0 .001-0 .003 
0 .002-0 .011 
0.001 
0.001 

T h e fact t h a t steel a n d cast i r o n suffered b y far the greatest corros ion u n d e r s u p ­
posedly the mi ldest condit ions i n d i c a t e d a n extraneous influence. T h i s c o u l d o n l y have 
been a tmospher i c c o r r o s i o n ; the e v a p o r a t o r was shut d o w n a n d the samples were 
exposed to the a i r f a r oftener w h e n the ear ly sludge runs were m a d e — r u n s w h i c h some­
t imes lasted o n l y a d a y or t w o each. 
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124 ADVANCES IN CHEMISTRY SERIES 

A set of spools exposed d u r i n g the 1594-hour demons t ra t i on r u n showed the f o l ­
l o w i n g corros ion ra tes : 

E v e n t h o u g h the test spools were exposed to the atmosphere after 508, 593, a n d 
1093 hours , corros ion rates for steel a n d cast i r o n were acceptab ly l ow , especial ly for 
samples i m m e r s e d i n the l i q u i d . 

C o r r o s i o n rates for the tubes themselves were even lower , p r e s u m a b l y because they 
were cont inuous ly coated w i t h f lowing l i q u i d w h e n the evapora tor was i n operat i on . 
T h e o n l y tube mater ia l s t h a t showed a n y change i n weight greater t h a n the exper imenta l 
error were the steel a n d a l u m i n u m tubes. T h e a l u m i n u m tubes showed such poor 
corros ion resistance t h a t some tubes fa i led d u r i n g the short t i m e of the tests. T h e steel 
tubes showed weight losses equiva lent to 0.01 i n c h per year d u r i n g the la te r sludge 
runs . Steel tubes used d u r i n g the 1593-hour demons t ra t i on r u n showed no weight loss. 
T h e r e was some evidence of p i t t i n g of the tubes used d u r i n g the first 593 hours , b u t 
no p i t s deeper t h a n 0.001 i n c h were f o u n d i n tubes used d u r i n g the las t 1001 hours . 
These good results cou ld be a t t r i b u t e d to the p r a c t i c a l l y cont inuous operat i on after the 
c a l c i u m sulfate scale p r o b l e m of the first 593 hours was overcome. 

These corros ion d a t a ind icate t h a t deaerat ion of the sea water is essential to l ong 
l i fe of steel sea water evaporators . W h e r e reasonable corros ion al lowances can be made , 
as i n p i p i n g , v a p o r heads, etc., steel is the most p r a c t i c a l m a t e r i a l of cons t ruc t i on . I t s 
o n l y u n c e r t a i n a p p l i c a t i o n is for the evapora to r tubes, w h i c h m u s t be m a d e t h i n for 
good heat c onduc t i on . O n l y l ong runs i n a cont inuous ly operat ing p lant can prove 
whether or not steel is the most sat i s fac tory m a t e r i a l for tubes. 

Demonstration Plant 
T h e p i l o t p l a n t w o r k has p r o v e d t h a t the i n i t i a l assumpt ions were not as o p t i m i s t i c 

as we h a d feared n o r as imposs ib le as others h a d pred i c ted . I t was shown t h a t : 

T h e cheapest t y p e of c o m m e r c i a l e v a p o r a t o r c o u l d be used for sea w a t e r . 
T h i s L T V e v a p o r a t o r c o u l d be operated u n d e r such condi t ions t h a t the h i g h heat 

t rans fer coefficients i n i t i a l l y assumed c o u l d be a t t a i n e d . 
T h i s t y p e of evapora to r c o u l d be k e p t free of scale, at l i t t l e or no cost, a n d at 

temperatures as h i g h as 250° F . 
T h e e v a p o r a t o r cou ld be b u i l t p r i m a r i l y of steel . 
E a r l y i n 1959, the Office of Sa l ine W a t e r ' s d e m o n s t r a t i o n p l a n t p r o g r a m was 

i n a u g u r a t e d . T h i s process, w h i c h showed the greatest economic promise , was chosen 
for the first of the five d e m o n s t r a t i o n p lants , w h i c h is n o w u n d e r cons t ruc t i on near 
F r e e p o r t , T e x . W . L . B a d g e r Assoc iates , Inc . , p r o v i d e d the process design a n d a r c h i t e c t -
engineering services for th is p l a n t (2), w h i c h w i l l have a c a p a c i t y of 1,000,000 gal lons 
per d a y a n d w i l l use a 12-effect f a l l i n g - f i l m L T V evapora tor . E v a p o r a t o r oper a t ing 
condi t ions w i l l be as shown i n F i g u r e 3. O p e r a t i n g condit ions w i l l be below the s o l u ­
b i l i t y curve of c a l c i u m sulfate h e m i h y d r a t e , so t h a t o n l y the a lka l ine scales need be 
dealt w i t h . P r o v i s i o n s have been made to use the seeding m e t h o d as the basic means of 
scale p r e v e n t i o n for the a lka l ine scales. These prov is ions inc lude the i n s t a l l a t i o n of 
a th i ckener - c lar i f i e r to remove solids f r o m the concentrated sea w a t e r b l o w d o w n a n d 
a m i x e r to re incorporate these solids i n the feed. 

Because p i l o t p l a n t w o r k i n d i c a t e d t h a t deaerat ion of the sea water was i m p o r t a n t 
for corros ion p r e v e n t i o n , a deaerator has been i n c o r p o r a t e d i n the flowsheet. T h i s 
deaerator w i l l use a s m a l l p a r t of the v a p o r f r o m the e leventh effect to s t r i p out oxygen 
f r o m sea w a t e r feed t h a t has been p a r t i a l l y preheated , so t h a t i t w i l l be at i ts b o i l i n g 
p o i n t u n d e r condi t ions i n the deaerator . 

M a t e r i a l Vapor L i q u i d 
Steel 
Cast iron 
A d m i r a l t y 
Copper 
A l u m i n u m brass 
90/10 cupronickel 

0.0164 
0.0147 
0.0018 
0.0016 
0.0015 
0.0009 

0.0031 
0.0022 
0.0015 
0.0019 
0.0002 
0.0003 
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STANDIFORD AND BJORK—EVAPORATION IN LONG-TUBE VERTICAL EVAPORATORS 125 

A forward - f eed e v a p o r a t o r is n o t efficient w h e n the feed is co ld , unless the feed is 
preheated i n some m a n n e r a lmost to the b o i l i n g p o i n t i n the first effect. Otherwise , a 
considerable p r o p o r t i o n of the p r i m e s team m u s t be used to preheat the feed a n d thus 
is u n a v a i l a b l e t o evaporate water . I n the d e m o n s t r a t i o n p l a n t , feed w i l l be preheated 
by two sets of heat exchangers. One set w i l l o b t a i n heat b y coo l ing of the condensate 
f r o m each effect of the e v a p o r a t o r . T h e f irst of these w i l l coo l first-effect condensate, 
the second w i l l cool c ombined f i r s t - a n d second-effect condensate, a n d so o n to the last 
one, w h i c h w i l l handle the combined condensate f r o m a l l effects, coo l ing the d i s t i l l ed 
water as close as p r a c t i c a l to the i n c o m i n g sea w a t e r t e m p e r a t u r e . These condensate 
coolers w i l l not p r o v i d e a l l of the heat needed for preheat ing the feed ; the remainder 
w i l l be s u p p l i e d b y condensing v a p o r b l e d f r o m each effect of the e v a p o r a t o r i n a n ­
other series of heat exchangers. T h e sea water feed w i l l pass a l t e rnate ly t h r o u g h a 
condensate cooler, a v a p o r condenser, another condensate cooler, etc., so t h a t heat c a n 
be recovered a t the highest t e m p e r a t u r e l eve l possible. F i g u r e 4 is a m o d e l of the p l a n t , 

Figure 4. Demonstration plant for sea water conversion 

showing d ispos i t i on of evaporators , heat exchangers, c lar i f i e r - th i ckener , deaerator , a n d 
other a u x i l i a r y equ ipment . A s impl i f i ed flow d i a g r a m of the p l a n t is s h o w n i n F i g u r e 5. 

T h i s demons t ra t i on p l a n t w i l l n o r m a l l y operate at a first-effect b o i l i n g p o i n t of 
250° F . , a last-effect b o i l i n g p o i n t of 120° F . , a n d a discharge sea w a t e r concentra t i on 
factor of 4. T h e p r i m a r y c o n t r o l of the process is accompl ished b y automat i c c o n t r o l 
of s team flow rate , sea w a t e r f low rate , a n d last-effect v a c u u m . N o c o n t r o l is needed 
for t e m p e r a t u r e or pressure i n the i n d i v i d u a l effects a n d heat exchangers, since these 
achieve the i r own levels , inf luenced o n l y b y the p r o p o r t i o n i n g of the e q u i p m e n t . T h e 
demonst ra t i on p l a n t is ra ther h e a v i l y i n s t r u m e n t e d to p e r m i t close surve i l lance of 
operat ing condit ions a n d c a r r y i n g out of spec ia l tests. 

T o increase the v a l u e of the d e m o n s t r a t i o n p l a n t , features have been i n c o r p o r a t e d 
to p e r m i t operat i on u n d e r other t h a n d e m o n s t r a t i o n condi t ions . I t w i l l be possible to 
operate the evapora to r at first-effect t emperatures u p to 300° F . , thus a lmost d o u b l i n g 
p l a n t o u t p u t i f c a l c i u m sul fate scale can be prevented , a n d to use the a c i d m e t h o d of 
scale p r e v e n t i o n i n place of the sludge m e t h o d . P r o v i s i o n s have been made for la te r 
i n s t a l l a t i o n of a v a p o r compressor , w h i c h w o u l d conver t the p l a n t t o a c o m b i n a t i o n 
m u l t i p l e e f fec t - thermocompress ion sys tem. T h i s w o u l d a d d about 1 5 % to p l a n t o u t p u t 
a n d w o u l d p e r m i t per formance eva luat i on of v a p o r compressors i n sea w a t e r service . 
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Figure 5. Flowsheet for demonstration plant 
Steam 
Sea water 
Condensate 

F. Temp., 0 F. 
W. Flow, lb./hr. 

I t w i l l also be possible b y r e l a t i v e l y m i n o r p i p i n g changes to convert the forward- feed 
e v a p o r a t o r to b a c k w a r d feed, w h i c h m i g h t be more favorab le i f the c a l c i u m sulfate 
scale p r o b l e m can be solved. E x c e p t for tubes, p u m p shaft sleeves, impe l l e rs , etc., the 
p l a n t w i l l be b u i l t exc lus ive ly of steel a n d cast i r o n . T u b e mater ia l s w i l l be eva luated 
b y t u b i n g different evapora to r effects a n d heat exchangers w i t h steel, a d m i r a l t y m e t a l , 
a l u m i n u m brass , a n d 9 0 / 1 0 c u p r o n i c k e l . T h e copper a l l o y tubes w i l l be used e x c l u ­
s ive ly i n the f ina l condenser a n d i n the few heat exchangers t h a t are i n contact w i t h 
nondeaerated sea water . 

These exper imenta l features a d d to the expense of the basic d e m o n s t r a t i o n p l a n t , 
i n b o t h opera t ing a n d c a p i t a l cost. T h e p r i n c i p a l increase i n opera t ing cost results f r o m 
the use of 160-p.s. i . s team f r o m D o w at 45 cents a t h o u s a n d pounds ins tead of 30-p.s . i . 
s team at 40 cents. T h e higher s team pressure was chosen to p e r m i t tests at t e m p e r a ­
tures u p to 300° F . T h e e x t r a c a p i t a l costs result f r o m the use of a l l oy tubes i n most 
of the effects a n d heat exchangers, a n d prov is ions for increased p r o d u c t i o n i f 300° F . 
operat ion becomes possible, a n d for a c i d t r e a t m e n t a n d b a c k w a r d - f e e d operat ion . 
B a d g e r ' s cost est imate was $1,374,000 for the ent ire p l a n t . O f th i s $205,000 was charge­
able to exper imenta l features a n d factors of safety made necessary b y the fact t h a t th is 
p l a n t , the first of i ts k i n d , was to be b u i l t on a c o m p e t i t i v e - b i d , guaranteed-per formance 
basis . T h e a c t u a l l ow b i d for the ent ire demons t ra t i on p l a n t was $1,246,000, i n c l u d i n g 
a l l bu i ld ings , services, site deve lopment , a n d i n i t i a l opera t i on t h r o u g h a sat is factory 
per formance test . T h e l o w b idder , C h i c a g o B r i d g e a n d I r o n C o . , is n o w i n the process 
of erect ing the p l a n t , w h i c h is due for c o m p l e t i o n i n A p r i l 1961. 

T h e out -o f -pocket operat ing cost of th is d e m o n s t r a t i o n p l a n t shou ld be about $0.85 
per 1000 gal lons of d i s t i l l ed water , based on s team a n d power requirements b o t h b y 
W . L . B a d g e r Assoc iates , Inc . , est imates a n d b y the l o w b idder ' s guarantees. T h i s w a t e r 
cost includes s team a n d power costs, es t imated contrac t maintenance costs, a n d labor 
costs t h a t inc lude the increased superv i so ry l abor needed d u r i n g the demons t ra t i on a n d 
test phases of the p r o g r a m , pro jected to economic condit ions t h a t w i l l p r o b a b l y exist 
i n 1963. 

W h e n interest , insurance , a n d deprec ia t ion costs of the basic p l a n t (one t h a t does 
not inc lude the test features, etc.) are added a n d the l a b o r requ i rement is reduced to 
t h a t to operate a n o r m a l p r o d u c t i o n p l a n t , the t o t a l w a t e r cost is about $1.04 per 1000 
gal lons , aga in based o n pro jec ted 1963 costs. I f the costs shown on F i g u r e 1, w h i c h were 
es t imated i n 1955, were pro jected to 1963 condit ions , the t o t a l water cost w o u l d be 
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$0.98 per 1000 gal lons . I f the demons t ra t i on p l a n t h a d i n c l u d e d a thermocompress ion 
stage, as d i d the p l a n t on w h i c h the 1955 estimates were based, the demons t ra t i on p l a n t 
w o u l d have shown even l ower costs. 

Conclusions 

E s t i m a t e s of reasonable costs of e v a p o r a t i n g sea w a t e r to produce fresh w a t e r were 
made i n 1955 b y W . L . B a d g e r Assoc iates , Inc . , on the basis of ce r ta in assumpt ions . 
These assumpt ions were p r o v e d i n a p i l o t p l a n t p r o g r a m i n N o r t h C a r o l i n a conducted 
b y B a d g e r a n d Swenson E v a p o r a t o r D i v i s i o n of W h i t i n g C o r p . for the Office of Sa l ine 
W a t e r . T h e results were so p r o m i s i n g t h a t the process was chosen b y Office of Sa l ine 
W a t e r for i ts f irst demons t ra t i on p l a n t . T h i s 1,000,000-gal lon-per-day p l a n t was de ­
signed b y W . L . B a d g e r Assoc iates , Inc . , a n d is n o w u n d e r c o n s t r u c t i o n b y C h i c a g o 
B r i d g e a n d I r o n C o . T h e cost of w a t e r f r o m th is p l a n t w i l l be about $1.00 per 1000 
gal lons , i n agreement w i t h the 1955 pred ic t ions . T h o s e same pred i c t i ons showed t h a t 
i n a p l a n t of reasonable size (over 15,000,000 gal lons per d a y ) , w a t e r costs cou ld be 
b r o u g h t d o w n to about $0.35 per 1000 gal lons . 

P i l o t p l a n t w o r k is s t i l l u n d e r w a y i n N o r t h C a r o l i n a , i n a n a t t e m p t to increase even 
f u r t h e r the operat ing temperatures a n d sea w a t e r concentrat ions at w h i c h scale f o r m a ­
t i o n can be prevented . I f such proves possible, w a t e r costs even l ower t h a n those 
or ig inal ly pred i c ted shou ld be achievable . 
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Centrifugal Phase-Barrier 
Recompression Distillation 

K. C. D. HICKMAN and W. J. ΗOGΑΝ1 

Aquastills, Inc., Rochester, Ν. Y. 

J. A. EIBLING and W. L. BUCKEL 

Battelle Memorial Institute, Columbus, Ohio 

A 15,000-gallon-per-day Hickman still at Wrights-
ville Beach, North Carolina, is operated primarily 
for studies on over-all performance and on scaling 
and corrosion characteristics. A laboratory still at 
Columbus, Ohio, has been used for basic studies of 
the parameters that influence the evaporating and 
condensing heat transfer coefficients of a rotating 
surface. With the laboratory unit over-all heat 
transfer coefficients of the order of 3000 B.t.u./hr. 
sq. ft./°F. are routinely obtained at moderate ro­
tational speeds. The estimated cost of distilling 
50,000 to 100,000 gallons per day with the Hickman 
process is between $1.75 and $1.20, depending 
mainly on the useful life assigned to the evaporator. 
The household-size Aquastill has a capacity of 500 
gallons per day, with an average power consump­
tion of 1500 watts. Costs are estimated as $1.50 
± 0.50 for power, with a total of $4.00 ± 1.00 per 
1000 gallons over a 10-year period, including amor­
tization and repairs. 

T h i s paper br ings together three phases of the s t u d y of centr i fuga l phase -barr ier 
compress ion d i s t i l l a t i o n (3-6, 8) : the f ield test of the large m u l t i r o t o r u n i t k n o w n 
as the N o . 5 s t i l l , b u i l t b y the B a d g e r M a n u f a c t u r i n g C o . a n d n o w ins ta l l ed at the Sea 
H o r s e I n s t i t u t e i n N o r t h C a r o l i n a ; the exper iments on the N o . 4 research- type s t i l l a t 
the B a t t e l l e M e m o r i a l I n s t i t u t e , w h i c h c u l m i n a t e d i n conceptua l designs for larger 
machines , the concepts be ing c o n t r i b u t e d f r o m C o l u m b u s a n d R o c h e s t e r ; a n d the d e v e l ­
opment at A q u a s t i l l s , Inc . , of a n a u t o m a t i c s t i l l of household size ( 7 ) . S e q u e n t i a l l y , 
the deve lopment has also seen three stages: to demonstrate the basic concept ( 1 9 5 2 - 4 ) , 
to determine parameters a n d reduce to pract i ce ( 1 9 5 4 - 9 ) , a n d to equate w i t h the do l la r 
s ign ( 1 9 5 7 o n w a r d ) . 

The No. 5 Badger-Hickman Still 
Des igned a n d fabr i ca ted b y the B a d g e r M a n u f a c t u r i n g C o . under contract w i t h 

the Office of Sal ine W a t e r , th i s s t i l l , s h o w n i n F i g u r e s 1 a n d 2, was assembled a n d 

1 Present address, A r t h u r D . L i t t l e , Inc., Cambridge , Mass . 
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HICKMAN ET AL—CENTRIFUGAL PHASE-BARRIER RECOMPRESSION DISTILLATION 129 

Figure I. No. 5 Badger-Hiclcman still installed at International 
Nickel Co. test facility, Wrightsville Beach 

shop-tested i n C a m b r i d g e , M a s s . , on sea w a t e r t r u c k e d i n f r o m Gloucester . T h e s t i l l 
was t h e n d i s m a n t l e d a n d t r a n s p o r t e d to H a r b o r I s l a n d , N o r t h C a r o l i n a , where i t was 
reassembled u n d e r B a d g e r d i re c t i on on the test premises of I n t e r n a t i o n a l N i c k e l C o . 
A f t e r s u r v i v i n g near-zero weather i n w h i c h sea w a t e r congealed ins ide a n d outside 
the a p p a r a t u s , a series of tests was conducted b y personnel of B a t t e l l e M e m o r i a l I n ­
s t i tute d u r i n g 1958. I n D e c e m b e r of t h a t year the mach ine was p u t on a s tand -by 
basis, pend ing results of the f u n d a m e n t a l studies on the N o . 4 s t i l l be ing conducted at 
C o l u m b u s . 

C o n s t r u c t i o n . T h e centr i fuga l phase b a r r i e r , A, F i g u r e 2, comprises eight pa i rs 
of conica l sheet copper rotors 0.064 i n c h t h i c k , m a n i f o l d e d on a cage f o r m e d of stainless 
steel r ings a n d v e r t i c a l s t ruts (not s h o w n ) . F e e d w a t e r is s u p p l i e d b y a centra l p ipe , 
C, a n d a series of l a t e r a l s t a t i o n a r y nozzles. A f t e r pass ing over the inside surface of 
the ro tor , the great ly evaporated feed—now residue—passes out t h r o u g h p e r i p h e r a l 
por ts in to t w o downspouts , D, i n t e g r a l w i t h a n d o n opposite sides of the r o t o r as ­
sembly , whence i t is f lung in to the base of the s t i l l casing at P . A s u p p o r t i n g m e m b e r , 
F, f orms a l i d or s k i r t to isolate , at least p a r t i a l l y , the s team i n space Ρ f r o m the rest 
of the s t i l l . S t e a m evo lved b y the feed w a t e r is m a n i f o l d e d t h r o u g h s t a t i o n a r y a n d 
m o v i n g " s p i d e r s , " past the u p p e r r o t o r b e a r i n g i n t o the m o t o r - d r i v e n cent r i fuga l s team 
compressor , H. T h e compressed s team flows d o w n the outside of the ro to r assembly , 
a n d after condensing o n the convex sides of the rotors the d is t i l la te is f lung against 
the wa l l s of the casing d o w n w h i c h i t fa l ls , to be col lected b y the gut ter , U, at the base 
of the s t i l l . 

Des igned for operat i on i n a w a r m c l imate , the a p p r o a c h heat exchangers, p u m p s , 
p i p i n g , a n d flanges on the s t i l l were spread w i d e l y , w i t h l i t t l e means for pro tec t i on , so 
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130 ADVANCES IN CHEMISTRY SERIES 

Figure 2. Diagrammatic elevation and flowsheet for No. 5 
Badger-Hiclcman centrifugal recompression still 

A , Sheet copper 8-pair rotor assembly 
D. Downspout for collecting residue 
F. Lower rotating support plate 
H. Centrifugal steam compressor 
P. Residue discharge jets 
U. Distillate collection gutter 

t h a t the heat losses suffered i n a n inc lement test s i t u a t i o n were h e a v y . T h i s was 
compensated b y admiss ion of s team f r o m a bo i l er . 

Stil l Operat ion . F u n c t i o n a l l y , the s t i l l operated sa t i s fac tor i l y , t h o u g h there were 
cer ta in mechan i ca l t roubles not bas i ca l l y inherent i n the design. T h e s t ruts secur ing 
the downspouts snapped , the u p p e r bear ing hous ing r e q u i r e d replacement , a n d the 
v a c u u m seal o n the b l ower shaft fa i l ed f r o m t i m e to t i m e . T h e s t i l l was g i v e n m a n y 
runs between m i n o r repa irs , b u t de l ivered o n l y 6 8 % of the pred i c ted y i e l d f r o m sea 
water (17,000 ins tead of 25,000 gal lons per d a y ) . 

D e s c r i b e d i n deta i l elsewhere, the m e t h o d for test ing invo lves measurement of 
s t i l l t emperatures a n d Δ Ρ , the pressure d i f ferent ia l before a n d af ter the s t eam c o m ­
pressor—i.e . , ins ide a n d outside the ro tor . F r o m the measured t e m p e r a t u r e of the 
outside s team a n d presuppos ing absolute s team p u r i t y a n d absence of superheat , the 
t e m p e r a t u r e of the inside s team is c o m p u t e d b y reference to s team tables , thus p r o ­
v i d i n g the t e m p e r a t u r e d i f ferent ia l , Δ Τ , f r o m w h i c h the o v e r - a l l heat t rans fer co ­
efficient, U, is der ived . W h e r e the b o i l i n g p o i n t of the feed-residue so lu t i on differs 
f r o m pure water , a correc t i on for m e a n b o i l i n g p o i n t e l evat i on ( Β Ρ Ε ) is made . I d e a l l y , 
a n d e x p e r i m e n t a l l y under the best condit ions , th i s m e t h o d is accurate , w i t h a r e p r o ­
d u c i b i l i t y w i t h i n 1%. F l u c t u a t i o n s are i n d i c a t i v e of l a c k of a n d v a r y i n g s team p u r i t y ; 
a n d u n w a r r a n t e d t rends over a wide range of Δ Ρ suggest a zero po in t e r ror i n read ing 
the di f ferent ia l manometer . T y p i c a l N o . 5 d i s t i l l a t i o n d a t a , some of t h e m of less t h a n 
desirable r e p r o d u c i b i l i t y , are g i v e n i n T a b l e I . 

T h e per formance ranges a n d the best per formance for the t w o most dif ferent feeds 
— d i s t i l l e d w a t e r a n d sea w a t e r — a r e s u m m a r i z e d i n T a b l e I I . T h e ranges are not to 
be averaged a n d the best per formances are not to be considered f r e a k s ; t h e y are mere ly 
the nearest a p p r o a c h to a n o p t i m u m e v i d e n t l y never ye t reached. 

Temperature Dependence. E a r l y exper iments w i t h l a b o r a t o r y st i l l s a n d a 
var iab le - speed s team compressor h a d shown t h a t heat t rans fer a n d y i e l d increased 
w i t h t e m p e r a t u r e . T h e N o . 5 compressor has a f ixed speed a n d , since the specific 
v o l u m e of the s t e a m decreases as t e m p e r a t u r e increases, the compressor was ev ident ly 
s t a r v e d for s team a n d operated i n the unstable region w h e n r u n at e v a p o r a t o r t e m ­
peratures above 125° F . H o w e v e r , a t r e n d t o w a r d increas ing per formance pers is ted , 
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132 ADVANCES IN CHEMISTRY SERIES 

Table II. Range and Best Performance Data for No. 5 Badger-Hiclcman Still 
Best Performance 

Fresh water Sea water 
Range feed feed 

Feed water rate, ga l . /hr . 
Dist i l late rate, ga l . /h r . 

Fresh water feed 
Sea water feed 

T r i m steam added, l b . / h r . 
Purge steam subtracted, l b . / h r . 
Condensing temp., ° F . 
T e m p , differential, ΔΓ, ° F . 
T e m p , corrected for ΒΡΕ, ° F . 
N e t heat transfer coefficient, U = B. t .u . / (hr . ) 

(sq. f t . ) ( °F . ) 
T o t a l kw.-hr. / iOOO gal. , for instal lation 
Blower only, kw.-hr . /1000 gal. 

1136-2875 2855 2247 

698-1075 1050 
4 4 5 - 700 655 

5 4 - 290 140 90 
4 6 - 194 124 118 

105- 144.8 135.2 125.5 
5.23 5.23 
3.67 4.11 

2610 2100 
51.4 64 .5 
34.3 36.1 

Condensing Temperature, F, 

Figure 3. Dependence of yield and heat 
transfer coefficients with operating tem­

perature of Badger-Hiclcman still 

as shown i n F i g u r e 3, where condensing t e m p e r a t u r e is p l o t t e d against y i e l d a n d heat 
t rans fer coefficient. 

Continuous R u n for 72 H o u r s . T h e "best p e r f o r m a n c e " condi t ions were 
chosen for a cont inuous r u n of 72 hours on sea water , to determine f a l l i n y i e l d a n d 
onset of scal ing , i f a n y , a n d f o r m a base l ine for future modi f i cat ions to the s t i l l . T h e 
condensing t emperature was he ld at 125° F . , w i t h sea w a t e r feed rate a t 35 gallons 
per m i n u t e . R e a d i n g s were t a k e n at h o u r l y i n t e r v a l s for the f irst 24 hours a n d t h e n 
every other h o u r . T h e s t a r t i n g y i e l d of 5800 pounds decreased to 5600 pounds per 
h o u r b y the t h i r d h o u r a n d averaged th i s rate to the f in ish 3 days la ter (see F i g u r e 4 ) . 
Because the steady average negat ived a n y suggestion of scale f o r m a t i o n , at least i n 
72 hours , the i n i t i a l f a l l of 4 % i n y i e l d m u s t be a t t r i b u t e d to other causes, such as 
the a t t a i n m e n t of e q u i l i b r i u m w i t h the gases d isso lved i n sea water , as discussed f u r t h e r 
be low. I n s u m m a r y , the 72 -hour r u n was successful m e c h a n i c a l l y , f u n c t i o n a l l y , a n d 
i n f reedom f r o m scale a n d suffered o n l y i n t h a t the y i e l d was 7 0 % of speci f icat ion. 

Analysis of Performance. I t is basic to th i s research to l e a r n w h y the y i e l d of 
the N o . 5 s t i l l is depressed. T w o p r i m a r y factors cou ld c o n t r i b u t e : l a c k of complete 
w e t t i n g of the rotors a n d u n e v e n spread ing of the feed w a t e r ; a n d a i r leakage, w i t h or 
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HICKMAN ET AL—CENTRIFUGAL PHASE-BARRIER RECOMPRESSION DISTILLATION 133 

6000 ρ 

f 5800| -

-o 5600 
0) 

> 5400 

5200 L 

F°0<> °nO| 
" ±1 % J 

10 20 30 40 50 60 70 80 

Time, hr. 

Figure 4 . Yield of No. 5 still during 72-
hour sea water run 

Condensing temperature. 125° F. 
Feed rate. 18,000 pounds per hour 
Rotor speed. 400 r.p.m. 
Starting date. Sept. 8, 1958 

w i t h o u t a c c u m u l a t i o n of condensable vapors other t h a n water i n the s t i l l . A t h i r d 
dependent factor w o u l d be a progressive m i s m a t c h i n g of the s team compressor to i t s 
l oad as the s team s u p p l y was reduced. 

W e t t i n g of Rotors . B o i l i n g Point Elevat ion . W h e n water is pro jected a t a 
s m a l l angle ( 0 ° to 2 5 ° ) at a r o t a t i n g p late , p a r t of the water makes permanent c o n ­
tac t a n d p a r t m a y glance o r sp lash a w a y . I f the p la te faces u p w a r d , the lost f r a c t i o n 
m a y re jo in the spread f r a c t i o n f u r t h e r o u t ; i f i t faces d o w n w a r d , the splashings f a l l 
a w a y p e r m a n e n t l y a n d i n the case of a n oppos i te ly fac ing ro to r p a i r w i l l f a l l onto a n d 
wet the l ower r o t o r . W i t h e q u a l feed suppl ies , a n u p p e r r o t o r w i l l be s t a r v e d a n d a 
lower ro to r w i l l be oversupp l i ed . T h e s i t u a t i o n was not recognized nor was compensa ­
t i o n made i n the N o . 5 s t i l l r u n s . 

E v e n w i t h th is u n e q u a l d i s t r i b u t i o n there m a y be l i t t l e effect o n y i e l d of d is t i l la te 
f r o m a s u b s t a n t i a l l y fresh w a t e r feed ; hence the h i g h o u t p u t of the s t i l l f r o m d i s t i l l ed 
water feed. W i t h sea water , 3 to 4 % N a C l equ iva lent , the average or effective b o i l i n g 
po int e levat ion becomes u n e q u a l on the two rotors . T h u s i f a 5 0 % cut is secured a n d 
the lower r o t o r receives tw i ce the feed of the u p p e r , the average residue concentrate 
of 7 % br ine f r o m 3.5% feed cou ld be a n a c t u a l 1 0 % f r o m the u p p e r p e r i p h e r y a n d 5 % 
f r o m the lower , suppos ing equa l rates of d i s t i l l a t i o n . A c t u a l l y because of «the different 
e levations of bo i l ing po in t (1 .1° a n d 1.8° F . ) the rate of e v a p o r a t i o n f r o m the u p p e r 
ro to r decreases whi le t h a t f r o m the lower ro to r increases b u t less t h a n p r o p o r t i o n a l l y 
because of the added thickness of the feed l ayer . L a t e r exper iments at C o l u m b u s on 
the N o . 4 machine suggest t h a t this s i t u a t i o n existed i n the N o . 5 s t i l l . 

A n o t h e r adverse spread ing factor is associated w i t h the spokes t h a t f o r m the 
s u p p o r t i n g cage of the ro to r assembly a n d inter fere 8 t imes per r e v o l u t i o n w i t h the 
passage of feed streams f r o m nozzles to rotors . A separate m a t h e m a t i c a l s t u d y (5) 
shows t h a t the feed streams shou ld be d i rec ted at 30° f r o m n o r m a l i n the d i re c t i on of 
t r a v e l , to produce a m i n i m u m of 1 0 % i n t e r r u p t i o n of the water . 

Interference from Noncondensable Gases. F o r e i g n gas i n the s t i l l comprises 
a i r f r o m m e c h a n i c a l leaks a n d traces of d isso lved gas t h a t have s u r v i v e d the degasser. 
T h e effectiveness of the degasser was tested b y m e a s u r i n g dissolved oxygen, accord ing 
to the A S T M procedure w h i c h y ie lded the d a t a of T a b l e I I I . 

Table III. Interference from Noncondensable Gases 
Oxygen, P . P . M . by Weight 
Example 1 E x a m p l e 2 

I n sea water, before entry to system 7 . 0 - 8 . 0 7 . 0 - 8 . 0 
I n preheated feed water before entry to degasser 2.04 2.18 
I n feed water, after degasser, before st i l l 0 0 
I n residue stream, from st i l l 0 0 

E v i d e n t l y less t h a n 1 / 3 5 0 of the a i r d isso lved i n the sea w a t e r reaches the s t i l l . 
T w o other types of gas cou ld have s u r v i v e d the degasser—carbon dioxide a n d sus-
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134 ADVANCES IN CHEMISTRY SERIES 

pected " s e m i v o l a t i l e s . " T h e c a r b o n dioxide w o u l d be c a r r i e d in to the s t i l l as dissolved 
b i carbonate , to be l i be ra ted under the p r e v a i l i n g heat a n d v a c u u m . A m a t e r i a l balance 
of carbon dioxide i n feed a n d residue streams made b y E . A . C a d w a l l a d e r (5) showed 
t h a t carbon dioxide was s u b s t a n t i a l l y absent f r o m the steam ( T a b l e I V ) . 

Table IV. Carbon Dioxide 
G . / L i t e r 

In sea water feed 0.188 
I n residue 0.274 
I n residue, adjusted to feed volume 0.190 
CO? liberated 0.000 

I n c on f i rmat i on , the a d d i t i o n of a l k a l i to the feed water d i d not a l ter the y i e l d of 
d is t i l la te . 

A s to the suspected semivolat i les , A r m s t r o n g a n d B o a l c h (2) descr ibed the de­
tec t ion a n d p a r t i a l ident i f i ca t ion of vo la t i l e organic m a t t e r i n concentrat ions of 5 to 
20 p . p . m . i n l i t t o r a l sea water . T h e lower a l i p h a t i c acids, alcohols , a ldehydes, a n d 
amines are ment i oned . N o w , the countercurrent degasser, so effective for e l i m i n a t i n g 
a i r , c ou ld increase the concentrat ion of these substances i n a sea water feed b y c o n ­
t i n u a l l y redisso lv ing t h e m i n the l i q u i d l e a v i n g f r o m the b o t t o m of the degasser, u n t i l 
a new e q u i l i b r i u m concentrat i on was secured w h i c h p e r m i t t e d t h e m to escape at the 
t o p of the degasser as fast as i n t r o d u c e d b y the r a w water . T h i s s i t u a t i o n can be 
changed b y a l t e r ing the degasser. I n the present instance , a n d i n a l l our st i l ls t r a n s ­
ferred to sea w a t e r feed, the f a l l i n y i e l d after the first 1 to 3 hours to a new steady l eve l , 
to be depar ted f r o m o n l y b y r e v e n t i l a t i o n of the s t i l l , can be ascr ibed to the s e m i -
vo la t i l e ar t i fac ts i n sea water . 

Vapor from Compressor 

Figure 5. No. 4 still as received at Battelle Memo­
rial Institute 

Leakage of outside a i r , chief ly t h r o u g h the s team compressor shaft seal a n d the 
pipe l ine f r o m the t r i m s team bo i ler , a n d measured b y co l lect ion f r o m the v a c u u m 
p u m p exhaust , v a r i e d between 0.25 a n d 0.60 p o u n d per h o u r . These quant i t i es of a i r , 
m i n g l i n g w i t h a n average of 5500 pounds per h o u r of s team l e a v i n g the compressor , 
p r o v i d e a s team feed at the b o t t o m of the r o t a t i n g condenser c onta in ing 45 to 110 p . p . m . 
of a i r . T h e purge s team w i t h d r a w n at the base, rang ing f r o m 50 to 140 pounds per 
hour , acquires a l l the inleakage a n d thus leaves c onta in ing 1700 to 12,000 p . p . m . or a n 
average of 0 .5% of a i r . T h e concentrat i on of noncondensable gas against the surface 
of the l ower rotors is l i k e l y to be m u c h h igher , so t h a t a serious b l a n k e t i n g effect, w i t h 
consequent loss of y i e l d , is i n e v i t a b l e . T h i s checks w i t h the findings o n the N o . 4 s t i l l 
a t B a t t e l l e , where 0 . 1 % of fore ign gas i n the s team reduced the rate of d i s t i l l a t i o n b y 
3 0 % . 
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HICKMAN ET AL—CENTRIFUGAL PHASE-BARRIER RECOMPRESSION DISTILLATION 135 

Figure 6. Water distribution obtained on upward-facing conical rotor 

Upper row. Influence of rotor speed. Condensing temperature 110e F. Temperature difference 
4 ° F. Feed supply rate 0.88 gallon per minute 

Center row. Influence of temperature difference. Condensing temperature 7 5 ° F. Rotor speed 
225 r.p.m. Feed supply rate 0.88 gallon per minute 

S u m m a r y a n d F o r e c a s t . T h e i n c i d e n t a l mechan i ca l dif f iculties, inseparable f r o m 
a f irst mode l of a d e v i c e — i n th is case chief ly r o t a r y seal l eakage—sh ou ld be read i ly 
correctable . T h e depression of y i e l d of the s t i l l to 30 to 3 5 % less t h a n design m a x i m u m 
is accounted for q u a n t i t a t i v e l y b y gross inleakage of a i r , presence of sea water s e m i -
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136 ADVANCES IN CHEMISTRY SERIES 

vo lat i les , a n d incomple te w e t t i n g of the ro to r surfaces. I t is f a i r to suppose t h a t these 
i tems can be corrected i f the fac i l i t ies are made ava i lab le . 

Fundamental Studies with No. 4 Still 

T h e objectives of th is phase of the p r o g r a m were to determine the m a x i m u m heat 
t rans fer coefficient t h a t m a y be expected w i t h a r o t a t i n g surface and to devise a n i n ­
expensive m e t h o d of p a c k i n g such surfaces in to a v a p o r compress ion s t i l l . T h e m o d e l 
ava i lab le for th is s t u d y was the N o . 4 B a d g e r - H i c k m a n s t i l l , shown i n d i a g r a m m a t i c 
e levat ion i n F i g u r e 5, as received a n d before var i ous modi f i cat ions were made . 

E v a p o r a t i n g F i l m . T h e N o . 4 s t i l l was p laced i n operat i on at B a t t e l l e on M a r c h 
25, 1958. E a r l i e r tests b y C a m e r o n a n d H i c k m a n (6) were repeated to v e r i f y the p e r ­
formance a n d acqua in t the operators w i t h the s t i l l . O b s e r v a t i o n of the rotors under 
cont inuous or stroboscopic i l l u m i n a t i o n showed t h a t the feed water does not a lways 
comple te ly cover the e v a p o r a t i n g surface, o f ten b r e a k i n g in to a r i v u l e t flow near the 
r i m s of the conica l rotors . Increas ing the flow or reduc ing the ro tor speed w o u l d give 
complete spreading b u t w i t h lower rates of heat t rans fer . E x a m p l e s of r i v u l e t f o r m a ­
t i o n on a conica l r o to r 16° f r o m h o r i z o n t a l are shown i n F i g u r e 6. I f these r i vu le t s 
pers isted d u r i n g the operat i on of a s t i l l , m u c h of the surface w o u l d be i n a c t i v e . 

T h e cons t ruc t i on of F i g u r e 5 accommodated feed w a t e r on the inside of a ro tor 
p a i r . T o i m p r o v e observat ion a n d exper imenta l access ib i l i ty , the t u r n t a b l e sys tem was 
i m p r o v e d , as i n F i g u r e 7, so t h a t rotors of different slope c o u l d be f i t ted a n d v i ewed 
w i t h o u t obs t ruc t i on . I t was soon f o u n d t h a t a complete ly flat r o to r w o u l d spread water 
as w e l l as, i f not bet ter t h a n , the prev ious conica l v a r i e t y a n d at the same t ime w o u l d 
p e r m i t m a n y more rotors to be mani f o lded in to a g iven conta iner . 

T h e flat-plate exper imenta l rotors were 4 1 / 2 feet i n d iameter a n d were complete ly 
wetted b y a c e n t r a l l y a p p l i e d feed s t r e a m of v o l u m e d i c t a t e d b y the rea l i zed rate of 
d i s t i l l a t i o n . C e n t r a l a p p l i c a t i o n , however , i n v o l v e d a n unnecessar i ly t h i c k l a y e r of 
water near the center, offering a corresponding ly l ow rate of heat t rans fer . C o m -
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HICKMAN ET AL—CENTRIFUGAL PHASE-BARRIER RECOMPRESSION DISTILLATION 137 

parisons were made between a single c e n t r a l feed a n d f r o m two to 16 p e r i p h e r a l feed 
nozzles w h i c h pro jec ted w a t e r i n w a r d at a s m a l l angle at progressive a n n u l a r regions 
f r o m center to edge, as suggested i n F i g u r e 8. D a t a for fresh w a t e r fed to a flat p late 
w i t h e i ther one c e n t r a l or eight a n d 16 p e r i p h e r a l jets are shown i n F i g u r e 9, where 
the m u l t i p l e feed registers h igher y i e l d a n d heat t rans fer . 

2000" •• • ' — — • 
300 400 500 600 700 

Rotor Speed, r,pm. 

Figure 9. Effect of multinozzle vs. central feed on still performance 

I n a p r a c t i c a l s t i l l a s tack of a n n u l a r flat plates w i t h a large d iameter c e n t r a l 
channe l for the compressed s team w o u l d replace a single complete flat p late ( F i g u r e 
10 shows the N o . 4 s t i l l modi f i ed to take m u l t i p l e r o t o r s ) , a n d here a m u l t i p l i c i t y of 
feed nozzles for each surface becomes less i m p o r t a n t . F i g u r e 11 i l lus trates ca lculat ions 
o f film thickness a n d heat t rans fer coefficient for a c e n t r a l feed o n a flat r o t o r w i t h o u t 
a center hole. A d d i n g a center hole w o u l d a m o u n t to r e m o v i n g the region of lowest 
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138 ADVANCES IN CHEMISTRY SERIES 

heat t rans fer . D a t a obta ined b y operat ing the N o . 4 m u l t i r o t o r c o l u m n w i t h b o t h 
a n e ight-nozzle feed sys tem a n d a two-nozz le sys tem showed t h a t for salt water feed 
the y i e l d resu l t ing f r o m the m u l t i p l e - n o z z l e feed sys tem was o n l y 2 or 3 % higher t h a n 
the y i e l d obta ined w i t h the c e n t r a l feed sys tem. 

Purge Line 

Feed Water 

Residue 

Distillate Outlet 
and Purge Seal 

Vapor from 

Figure 10. Multiple rotor assembly in No. 4 still 

e 0.002 

o.ooi 

4000 ^ 

3 £ 

Rotor Radius, in. 

Figure 11. Film thickness and heat transfer coefficient 
as a fuction of radius 

Central feed 

C o n d e n s i n g F i l m . W i t h the t h e r m a l resistance of the e v a p o r a t i n g film reduced 
to a m i n i m u m a n d the resistance of the r o t o r fixed as a s m a l l f r a c t i o n of the whole , 
the o n l y factor r e m a i n i n g for i m p r o v e m e n t is the condensing film. T w o general methods 
are ava i lab le for reduc ing the th ickness of th i s film—chemical inducement of dropwise 
condensat ion or fitting m e c h a n i c a l dams or sl ingers to the condensing side of the ro tor , 
so t h a t each element of condensate t rave l s o n l y a shor t distance before r e m o v a l . 
F i g u r e 12 shows the heat t rans fer coefficients t h a t were ob ta ined w i t h f resh w a t e r feed 
f r o m eight nozzles a n d dropwise condensat ion . 
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HICKMAN ET AL—CENTRIFUGAL PHASE-BARRIER RECOMPRESSION DISTILLATION 139 

50001 

§ 2000 

•κ 

- • - Test points while increasing temp. -
O - Test points while decreasing temp. 

Rotor Speed: 400r.pm. 
Feed Rate: 1400 pph. 
Δ Τ : 3F " , 

Fresh water feed 
Dropwise condensation 

100 110 

Evaporating Temperature, (F) 

Figure 12. Relation of heat transfer coefficient to tempera­
ture with dropwise condensation on rotor 

P u r g e S y s t e m . T h e i m p o r t a n c e has been stressed of p r e v e n t i n g noncondensable 
gases enter ing the s t i l l a n d r e m o v i n g as economica l ly as possible—i.e . , w i t h as l i t t l e 
w o r k i n g s team as poss ib le—the gases t h a t do ga in entrance . Because of the r e l a t i v e l y 
l o w di f fusion rate of a i r i n s team, a i r is c o n t i n u a l l y be ing d r i v e n to f o r m a n obs t ruc t i ve 
l a y e r a t the condensing surface . U n d e r condit ions of l a m i n a r flow, the obs truc t ive 
l a y e r is pushed o u t w a r d t o w a r d the r i m s of the rotors a n d i t is f r o m th i s t e r m i n a l p o s i ­
t i o n t h a t the gas can most economica l ly be removed . 

F i g u r e 13 shows a cross-sect ional v i e w of the r i m - p u r g e sys tem w h i c h has been 
t r i e d i n the N o . 4 s t i l l . Some of the purge s team appears to be condensed i n the r i m 
tube a n d re turns p a r t of the heat to the s t i l l . T h r o u g h the use of th i s t y p e of purge 
sys tem, i t is expected t h a t purge rates as l o w as 0 . 1 % of the t o t a l v a p o r flow m a y be 
real izable , i n contrast to the 2 to 3 % lost f r o m the N o . δ s t i l l . F u r t h e r measurements 
suggest t h a t i f the v a p o r enter ing the condensing c a v i t y contains less t h a n 10 p . p . m . 
of noncondensable gas, the effect o n condensat ion w i l l be negl igible i f the r i m - p u r g e 
sys tem is e m p l o y e d . 

Figure 13. Peripheral rotor closure, with 
rim-purge facilities 
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140 ADVANCES IN CHEMISTRY SERIES 

Cost Study 
T h e cost of p r o d u c i n g potable water f r o m sea water w i t h v a p o r compress ion st i l l s 

us ing the centr i fuga l b a r r i e r heat t rans fer p r i n c i p l e has been es t imated , m a k i n g the 
fo l l owing a s s u m p t i o n s : 

T h e heat t rans fer coefficient for a s t i l l opera t ing at 110° F . e v a p o r a t i n g t e m p e r a ­
t u r e , w i t h a feed-dist i l late ra t i o of 2.5 to 1, a n d w i t h a r o t o r speed of 400 r . p . m . , is 
3000 B . t . u . / ( h r . ) (sq . ft .) ( ° F . ) . 

H e a t t rans fer coefficient increases 5 % w i t h every 10° F . increase i n e v a p o r a t i n g 
t e m p e r a t u r e . 

T h e useful l i fe of the r o t a t i n g assembly is 5 years . A l l o ther components of the 
s t i l l have a 20-year l i f e . 

F i g u r e 14 shows a n assembly d r a w i n g of a 20-rotor s t i l l u p o n w h i c h the cost s t u d y 
was based. T h e " i n s t a l l e d " cost of the r o t o r area was es t imated at about $23 per sq . 
foot. T h i s va lue m a y be ad justed u p or d o w n as the c a p a c i t y requirements change. 
T h e larger the n u m b e r of rotors r equ i red , the lower the u n i t cost of the e v a p o r a t o r . 
T w e n t y ro to r pa i rs shou ld produce 65,000 gal lons per day , 30 r o t o r pa irs about 100,000. 

Figure 14. Conceptual design for large centrifugal compression still 
with flat-plate rotor construction and outside feed 

F i g u r e 15 shows the resu l ts of the cost ca l cu lat ions . T h e curves show m i n i m u m 
op era t ing costs of $1.28, $1.31, a n d $1.40 per 1000 gal lons for e v a p o r a t i n g temperatures 
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HICKMAN ET AL—CENTRIFUGAL PHASE-BARRIER RECOMPRESSION DISTILLATION 141 

Costs, 

Q. 
Apparent Temperature Difference, F 

Figure 15. Variation of total 
product water costs within ex­
pected limits of construction 

and operating conditions 

of 150° , 120° , a n d 90° F . , respect ive ly . T h e c a p i t a l costs are $1.70, $1.72, a n d $1.80 
per ga l l on per d a y . A l t h o u g h opera t i on at 150° F . offers a s l ight advantage over 
120° F . , th i s m a y be on ly super f i c ia l , i n t h a t operat i on at the h igher t e m p e r a t u r e m a y 
require spec ia l re in forcement of the r o t o r because of the h igher pressure di f ferentials . 
T h e cost per square foot of e v a p o r a t o r surface is based u p o n a first l a y o u t a n d not a 
refined des ign ; therefore i t m a y be possible to reduce these e v a p o r a t o r costs somewhat . 
A n o t h e r p o i n t to consider is the useful l i fe of the evapora tor . T h e a s s u m p t i o n of a 
δ-year l i fe is no t s u p p o r t e d i n a n y w a y b y e x p e r i m e n t a l d a t a . I n fac t , so f a r as is 
k n o w n , no corros ion studies have been made w i t h the t y p e of flow a n d heat t rans fer 
condit ions present i n the centr i fuga l s t i l l . 

Small, Automatic Rotary Compression Still 
D e s i g n requirements ca l led for a s t i l l to s u p p l y a n average household (250 to 500 

gallons per d a y ) ; be sized to pass t h r o u g h a door 26 inches w i d e ; be t h e r m a l l y sel f -
suff ic ient—i.e . , s tay at operat ing t e m p e r a t u r e w i t h o u t a d d i t i o n a l h e a t — a n d s tar t a n d 
stop on d e m a n d w i t h o u t superv i s i on . T h e A q u a s t i l l (9) meets these specif ications on 
the l a b o r a t o r y floor a n d i n the field on noncorros ive waters . F o r pro longed use on 
sea water , changes w i l l be requ i red i n c ons t ruc t i on mater ia l s for the s team b lower a n d 
residue e x t r a c t i o n p u m p s . 

T h e deve lopment has passed t h r o u g h five prev ious models to the T y p e D s t i l l , 
s h o w n i n F i g u r e 16 w i t h a d i a g r a m m a t i c e levat ion , s imp l i f i ed i n d e t a i l , i n F i g u r e 17. 

H o u s e d between t w o m i l d steel d ished heads w h i c h are he ld closed o n gasket b y 
atmospher i c pressure, the r o t o r is f a b r i c a t e d f r o m five sheet copper sp innings fastened 
to a conica l base p late , 6, w h i c h rotates o n a shaft , 7, pro j e c t ing f r o m the " c l o c k w o r k " 
speed changer , 8. A h i g h speed i m p e l l e r , 9, also d r i v e n b y the speed changer , co­
operates w i t h members 5 a n d 6 to f o r m a single-stage s team compressor i n t e g r a l w i t h 
the ro to r . T h e i n p u t shaft of the speed changer , p ro j e c t ing outside the s t i l l , is d r i v e n b y 
the m o t o r , 10, t h r o u g h the f r i c t i o n c l u t c h , 11. T h e crude w a t e r , fed o n d e m a n d 
t h r o u g h the solenoid v a l v e , 12, a n d regu la t ing v a l v e , 13, passes to a flat-plate heat 
exchanger of authors ' design, to recover sensible heat f r o m the effluent streams. T h e 
w a r m e d feed w a t e r t h e n enters the degasser, where i t " e x p l o d e s " i n t o the p r e v a i l i n g 
v a c u u m a n d is washed b y the " p u r g e " s team w h i c h leaves the d i s t i l l i n g region. C o n ­
centrated purge s team accumulates i n the ins ide of the i n n e r per ipher ies of the r o t o r 
assembly , 5, 6, a n d escapes t h r o u g h pipes 17, e i ther b a c k i n t o the n e w l y generated 
s t eam or b y a devious p a t h d i r e c t l y i n t o the degasser. F r o m there the foreign gases 
flow to the heat exchanger, where t h e y lose most of the a d m i x e d s team a n d emerge b y 
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142 ADVANCES IN CHEMISTRY SERIES 

Figure 16. Household-size Aquastill 
Capacity 400 gallons, 500 gallons per day from brackish or sea water 

Distillate 

Feed Gas a n c l Residue 

Figure 17. Operating diagram of Aquastill 

p ipe 18 a n d v a l v e 19 to j o i n the residue s t ream enter ing p u m p 20, w h i c h discharges 
b o t h gases a n d residue to waste. 

T h e pure w a t e r cycle begins w i t h the condensat ion of s team on the i n n e r surfaces 
of r o t o r 5, 6. D i s t i l l a t e passes out of p e r i p h e r a l par t s 21 in to gut ter 22, a n d flows i n t o 
the heat exchanger, 14, a n d out to the e x t r a c t i o n p u m p , 23. T h e d is t i l la te is n o w 
forced t h r o u g h the regulator v a l v e , 13, where i t adjusts the i n c o m i n g feed s t ream to 
g ive a desired preset d is t i l late -res idue r a t i o , a n d t h e n to use or storage. A s m a l l space 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
14



HICKMAN ET AL—CENTRIFUGAL PHASE-BARRIER RECOMPRESSION DISTILLATION 143 

heater (600 w a t t s ) , 24, a n d thermosta t , 25, cooperate w i t h the t h e r m a l l y lagged outer 
casing a n d the steam bleed v a l v e , 19, to m a i n t a i n a selected opera t ing t emperature 
u n d e r diverse condit ions of ambient a n d feed water t emperatures . A v a c u u m - o p e r a t e d 
s w i t c h , 26, a n d e lectr i ca l c o n t r o l box, 27, complete the essential features of the s t i l l . 

O p e r a t i o n . W a t e r is p laced i n the mach ine to f i l l the pipel ines a n d e x t r a c t i o n 
p u m p s a n d the casing to the n o r m a l overf low l eve l . W i t h the l i d i n place a n d the 
operat ing c u r r e n t " o n " the e x t r a c t i o n p u m p s beg in to create v a c u u m , fur ther secur ing 
the l i d ; the space heater is also w a r m i n g the s t i l l . W h e n the pressure has f a l l e n t o 
about 23 m m . of m e r c u r y , the v a c u u m s w i t c h s tarts the r o t o r m o t o r , r o to r , a n d s team 
impe l l e r a n d energizes v a l v e 12, w h i c h a d m i t s a slow s t r e a m of feed water . W h e n the 
m o v i n g p a r t s have reached f u l l speed—the ro tor 1400 r . p . m . a n d i m p e l l e r 12,000 r . p . m . — 
the electric l o a d ranges f r o m 1000 d o w n to 400 w a t t s for the ro to r m o t o r , depending 
o n the res idua l gas pressure, 250 wat t s for the e x t r a c t i o n p u m p m o t o r , a n d 600 w a t t s 
for the heater , a t o t a l of 1.5 to 2.0 k w . , a l l of w h i c h is d iss ipated w i t h i n the u n i t to 
l iberate 5000 to 6800 B . t . u . per hour , r a p i d l y w a r m i n g the mach ine . W i t h i n a few 
m i n u t e s the pressure fal ls to 25 to 27 inches of m e r c u r y whi l e the t e m p e r a t u r e rises 
to 118° to 120° F . , a n d as soon as the pressure corresponds exac t ly w i t h t h a t of s a t u r a t e d 
s team at the temperature w i t h i n the cas ing—for instance , 26.83 inches (1.56 p .s i .a . ) 
a n d 117° F . — d i s t i l l a t i o n s tar ts . T h e s t r e a m of d is t i l la te w h i c h begins to flow t h r o u g h 
va lve 13 progress ive ly increases the a d m i t t a n c e of feed a n d the s t i l l r a p i d l y passes i n t o 
f u l l operat i on . 

T h u s f r o m a co ld s tar t at a tmospher i c pressure a n d w i t h o u t i n t e r v e n t i o n b y the 
operator d i s t i l l a t i o n is i n f u l l swing i n less t h a n 45 m i n u t e s . T h e space heater is n o w 
i n i n t e r m i t t e n t use, m e r e l y to " f l o a t " the s t i l l at the chosen opera t ing t e m p e r a t u r e . 
B o t h l o a d a n d capac i ty increase cons iderab ly w i t h the t e m p e r a t u r e , so t h a t the sett ing 
of the thermos ta t controls the o u t p u t of the s t i l l . T h e constant e lectr i ca l l o a d of the 
s t i l l is n o w of the order of (1200 + 200 + ^600) ± 100 « 1500 ± 100 wat t s . F a c t o r 
η is the p r o p o r t i o n of t i m e , less t h a n u n i t y , t h a t the heater is energized a n d the factor 
± 100 al lows for the selected s t i l l t e m p e r a t u r e a n d the n a t u r e of the feed water , b r a c k ­
i sh or s t rong ly sal ine . A b r e a k d o w n of the energy requirements is shown i n T a b l e V . 

Table V. Performance Variation on Aquastill Models C and D 
E v a p o ­ F e e d - D i s t i l ­ Power 
ration D i s t i l ­ late, C o n s u m p t i o n 0 

Temp. , late G a l . / K w . - h r . / 
ο -ρ R a t i o 24 Hours K w . 1000 gal . 
108 1.40 440 1. 12 61 .2 
115 1.37 495 1 .20 58 .9 
126 1.26 520 1 .28 59 .5 
124 505 1 .26 60 .2 
122 460 1 .17 61 .4 

120 480 1, .19 60 .3 
124 540 1 .31 58 .4 
123 530 1 .29 58 .3 

480 1 .20 60 .5 
109 1.80 508 1. .15 55 .2 
113 1.42 530 1. .16 53 .9 
119 1.55 582 1, .30 53 .8 
123 2.00 450 1. ,14 61 .4 
122 1.56 595 1. .30 52 .9 
118 2.11 430 1. ,08 60 .8 
118 1.60 545 1. .21 53 .5 
121 1.43 630 1. ,34 51 .4 
119 1.53 580 1 .27 52 .8 

Date 
1960 "Sti l l ° F . ' R a t i o 24 Hours K w . 1000 gal . N a t u r e of Feed Water 
2/10 C-3 108 1.40 440 1.12 61 .2 Rochester tap water 

Rochester tap water 
Rochester tap water 

5/11 124 505 1.26 60 .2 Rochester tap water 
" ' ' T a p water + detergent 6 

(Joy) 
T a p water only 
T a p water + 1:4000 

2- (2-aminoethylamino) 
ethanol 

T a p water only 
3 /8 D - 3 109 1.80 508 1.15 55 .2 T a p water 

T a p water 
T a p water 
T a p water + 3 % N a C l 
T a p water alone 

3/16 118 2 .11 430 1.08 60 .8 T a p water + 3 .7% N a C l c 

" - " T a p water alone 
Dis t i l l ed water 
2- (2- Aminoethylamino) 

ethanol, 1:4000 
° Power taken by st i l l proper, including rotor and compressor but not extraction pumps 

and intermittent space heater. 
6 Sudsy dish water. 
c Higher value for 3 .7% N a C l i n comparison w i t h previous 3 .0% N a C l due to ac id clean 

of s t i l l . 
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144 ADVANCES IN CHEMISTRY SERIES 

Quantitative D a t a . T h e best inves t igat ive t oo l has p r o v e d to be the record ing 
w a t t m e t e r . Because of the se l f - contained n a t u r e of the u n i t , w i t h single m o t o r for 
ro tor a n d compressor , the p o w e r - y i e l d ra t i o—e .g . , k i l o w a t t - h o u r s per 1000 g a l l o n s — 
is constant for a n y g i v e n s t i l l a n d sett ing a n d is reproduc ib le w i t h i n 0.1 to 0 .2%. E v e n 
t r i f l i n g changes i n q u a l i t y of w a t e r or m a n n e r of operat ing change the p o w e r - y i e l d 
r a t i o . A g iven s t i l l i n a g iven degree of cleanliness, ad justed for a g iven k i n d of feed 
water , s u p p l i e d at a f ixed ra t i o of d i s t i l la te to residue, m a y y i e l d f r o m 420 to 500 
gal lons per d a y accord ing to t e m p e r a t u r e , b u t the power index w i l l s tay constant 
w i t h i n 0 .5%. L e t a n y signif icant v a r i a b l e other t h a n t e m p e r a t u r e be changed a n d 
the power index also changes ; a l l of w h i c h furnishes a p o w e r f u l t oo l for s t u d y i n g a n d 
i m p r o v i n g s t i l l per formance . I t is i n s t r u c t i v e to m a k e s m a l l chemica l addi t ions to the 
feed w a t e r — a l k a l i , a c i d soaps, for i n s t a n c e — a n d note the s m a l l b u t def inite ly r e p r o ­
ducib le changes i n the power index , as recorded i n T a b l e V . V a r i a t i o n s i n p e r f o r m ­
ance of a p a r t i c u l a r s t i l l , the D - 3 , w i t h increas ing s a l i n i t y of feed water , are shown i n 
F i g u r e 18. T h e values p l o t t i n g the dot ted traces were ob ta ined w i t h a M o d e l C u n i t 
a n d show the progress t h a t has been made since M a y 1959, w h e n the ear l ier s t i l l was 
tested. T a b l e V I l ists a b r e a k d o w n of the power usage of a t y p i c a l A q u a s t i l l , b y par t s . 

Table VI. Power Requirements of Aquastill, Model C 

D r i v e 
M o t o r , 
Watts 

T v p i c a l 
Y i e l d , 

G . P . D . 

T y p i c a l , K w . - H r . / 1 0 0 0 
Gallons 

S t i l l 
only 

S t i l l , 
pumps 

D r i v e motor, id l ing 180 
+ speed changer, id l ing 205 
- j - rotor and impeller, id l ing in high 

vacuum 400 
Complete assembly, id l ing at operating 

temperature and pressure 6 750 
Act ive dist i l lat ion 

T a p water feed, casing temp., 120° F . 1250 500 60 69 .8 
Sea water feed, 120° F . 1150 400 69 81 .0 
Sea water feed, 128° F . 1250 430 70 78.9 

° T a k e n as constant 150 watts. I n warm climates heater is not used and a 
thermostat controls s t i l l temperature. 

6 A t 120° F . , just sufficient air admitted to block dist i l lat ion. 

S t i l l , 
pumps, 
heater" 

77 
90 
87 

steam-line 

Qualitative D a t a . S t i l l s M o d e l s B , C , a n d D have been operated d a i l y on the 
test floor i n Roches ter for 2 1 / 2 years . T h e longest nonstop r u n was 500 hours , t e r m i ­
n a t e d b y fa i lure of a speed changer . T h o u g h fluctuating d u r i n g the r u n , the y i e l d on 
L a k e O n t a r i o feed w a t e r was the same at the finish as at the s tar t , 470 gal lons per d a y . 
Scale was f o u n d on most of the t o p ro tor s p i n n i n g , b u t l i t t l e appeared on the i n n e r 
fac ing feed surfaces. Sea w a t e r has been i m p o r t e d f r o m the N o r t h C a r o l i n a coast a n d 
r u n i n l i m i t e d quant i t i es . S i m u l a t e d sea w a t e r , f r o m 3 .5% so lu t i on of " d r i v e w a y " sa l t , 
has been e m p l o y e d r o u t i n e l y for check ing y i e l d vs. s a l i n i t y . O n l y recent ly , however , 
have rotors been ava i lab le w i t h a l l - copper c ons t ruc t i on sui table for tests o n sea water . 
P r e l i m i n a r y ind i cat i ons are t h a t the cast a l u m i n u m steam impe l l ers show too r a p i d 
corros ion f r o m ent ra ined br ine s p r a y to be operated safely . Su i tab le mater ia l s changes 
are n o w be ing made . 

Summary and Conclusions 
W i t h the except ion of the chemica l processing of aqueous so lut ions , the e x p l o r a t o r y 

phase of centr i fuga l b a r r i e r compress ion d i s t i l l a t i o n is comple ted a n d the parameters 
affecting heat t rans fer are reasonably w e l l k n o w n . R a n g i n g f r o m $5.00 per 1000 
gallons of p r o d u c t w a t e r for m i n i a t u r e st i l l s u n d e r adverse cost ing condit ions to $1.25 
per 1000 gal lons for larger u n i t s i n the best c i rcumstances , w h a t place is there for the 
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HICKMAN ET AL—CENTRIFUGAL PHASE-BARRIER RECOMPRESSION DISTILLATION 145 

Dist T a P 
water water 
feed feed Salt in Feed Water, parts per million 

116 F 

170 ppm 800 

i 
1600 4000 

! 

• 

8000 
ι 

16,000 37,000 

D-3 Aquastill March I960 
Average Operating Temperature = 120 F 

- © -

Figure 18. Operating data for Aquastill on increasing concentrations 
of brine 

- - Impoundment * 1000 days 

° 1 1 I M l I I I Μ ι ι M l I I M l 1 1 M l 
io2 io3 io4 io5 io6 ior 

Water Requirement, gallons per day 
ADAPTED FROM LOUIS KOENIQ (10) 

Figure 19. Variation of permissible operating costs with size 
of installation 

device i n the growing a r m a m e n t a r i u m of the w a t e r convers ion engineer? Is there a 
place for $2.00 to $5.00 w a t e r i n face of the $1.00 to $2.00 water t h a t is to be expected 
f r o m the large demons t ra t i on p lants recent ly au thor i zed? 

T h e answer , t h a t there is indeed such a place , resides i n the v a r i a t i o n i n the do l lar 
s t a n d a r d , as a p p l i e d to w a t e r suppl ies . K o e n i g (10) has b r o u g h t to our not ice the 
i m p o r t a n t ru le of t h u m b t h a t to compete w i t h surface w a t e r c onver ted water needs to 
be cheaper, the greater the quant i t ies i n v o l v e d . O n cont inents , at least , the largest de­
m a n d s are best met b y channe l ing d i s tant ava i lab le suppl ies , as witness the c u r r e n t 
F e a t h e r R i v e r d ivers i on 450 miles to S a n F r a n c i s c o . C o n v e r s e l y , a d e m a n d of less 
t h a n 1000 gallons per d a y can be met more cheap ly b y processing d i r t y w a t e r f r o m 
outside the b u i l d i n g t h a n b y lead ing a p ipe to the v i l lage p o n d . One of K o e n i g ' s charts 
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146 ADVANCES IN CHEMISTRY SERIES 

has been a d a p t e d i n F i g u r e 19 to show the a m p l e do l l a r r o o m ava i lab le for a s m a l l 
convers ion device ( any d e v i c e — t h i s is no endorsement of a centr i fuga l compress ion 
s t i l l ) . W h e n , however , larger models are i n quest ion (50,000 to 100,000 gal lons per 
d a y ) , or m u l t i p l e ins ta l la t i ons (500,000 to 1,000,000 gal lons per d a y ) , the do l l a r 
s t a n d a r d for c o m p a r i s o n has d r a s t i c a l l y decreased a n d convers ion costs of $1.50 to $1.00 
are a t t r a c t i v e o n l y i f n a t u r a l f resh w a t e r is more t h a n 50 miles d i s tant . T h i s reasoning 
appl ies to a l l types of convers ion processes, i n c l u d i n g those descr ibed here. 
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Sea Water Conversion by the 
Multistage Flash Evaporation 
Method 
D. B. BRICE and C. R. TOWNSEND 

Research Division, The Fluor Corp., Ltd., Whittier, Calif. 

The cost of converting sea water into potable water 
is sufficiently low to make it a potentially important 
source of supplemental water for many parts of the 
world. At present, multistage flash evaporation in 
large-capacity plants is the most economical proc­
ess. In many areas, because of the tremendous 
quantities of heat required, nuclear fuels are the 
only feasible source of energy for large-capacity 
sea water conversion plants. Based on today's 
technology, the cost of water produced by a single­
-purpose multistage flash evaporator using a nuclear 
steam generator was estimated to be in the range 
of 38 to 42 cents per thousand gallons. If opti­
mistic predictions of future advances in both the 
evaporator plant and the nuclear steam generator 
are realized, an ultimate water cost of 24 to 31 
cents per thousand gallons will be possible within 
the next decade. 

For m a n y years , fresh water has been obta ined f r o m the ocean for s h i p b o a r d use b y 
u t i l i z i n g the p r i n c i p l e of f lash e v a p o r a t i o n . M o r e recent ly , modest -s ized l and -based 
mul t i s tage flash e v a p o r a t i o n p l a n t s have been constructed a n d are p r o d u c i n g potab le 
water . E n g i n e e r i n g eva luat ions of the mul t i s tage flash sys tem have s h o w n t h a t i t can 
economica l ly s u p p l y f resh w a t e r to large p o p u l a t i o n centers, a l t h o u g h la rge - capac i ty 
sea water convers ion p l a n t s of a n y k i n d have not ye t been b u i l t . I n the no t too d i s tant 
fu ture , however , the ins ta l l ed capac i ty of land -based mul t i s tage flash p lants w i l l p r o b ­
a b l y d w a r f th is year ' s es t imated capac i ty of about 6,000,000 gallons a day . 

W a t e r a d m i n i s t r a t o r s t h r o u g h o u t the w o r l d are great ly concerned about s u p p l e ­
m e n t i n g w a t e r suppl ies . M a n y of t h e m w o u l d l i k e to t a p the ocean as a source f or 
future fresh water . 

A . L . M i l l e r , D i r e c t o r of the Office of Sal ine W a t e r , s u m m a r i z e d the p r o b l e m i n a 
recent speech. " I t is h a r d to r e a l i z e / ' he sa id , "as we s t a n d on the thresho ld of space, 
t h a t w i t h i n a few years our n u m b e r one domestic p r o b l e m m a y be the p r o v i s i o n of ade ­
quate suppl ies of p l a i n o r d i n a r y water . T h e pred i c t ed increase i n w a t e r use i n the c o m ­
i n g decades makes i t u n m i s t a k a b l y clear t h a t we w i l l need m o r e w a t e r t h a n can be 
p r o v i d e d f r o m r e a d i l y ava i lab le n a t u r a l sources of s u p p l y . T h e d a y of the w a t e r w i t c h 
is over . W e m u s t t u r n t o scientif ic a n d technolog ica l research t o develop a n e w source 
of s u p p l y t h a t can p r o v i d e a n ever -growing percentage of t o m o r r o w ' s w a t e r . " 

147 
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148 ADVANCES IN CHEMISTRY SERIES 

T h e mul t i s tage flash e v a p o r a t o r process c o u l d p l a y a v i t a l role i n m a k i n g D r . 
M i l l e r ' s p r e d i c t i o n of a new source of s u p p l y come t r u e . I t w o u l d convert sea w a t e r 
to f resh on a large scale. 

B a s e d o n our eva luat ions , a s ingle -purpose p l a n t us ing nuc lear energy to operate 
mul t i s tage flash evaporators w o u l d resul t i n the most economica l p r o d u c t i o n of potable 
water f r o m the ocean. T h e r e are , of course, spec ia l economic s i tuat ions where the 
log ica l choice w o u l d be a combined power a n d water p l a n t t h a t w o u l d ut i l i ze fossi l 
fuels, b u t i n general , a s ingle -purpose p l a n t w o u l d be the most advantageous . A s ingle -
purpose mul t i s tage flash e v a p o r a t o r p l a n t t h a t uses a nuc lear s team generator is shown 
i n F i g u r e 1. 

HIGH PRESSURE HOT WATER 
k STEAM 

. • 1 

Figure I. Fresh water produced by multistage flash evaporation 

I t was establ ished, on the basis of current technology , t h a t the p r a c t i c a l l i m i t of 
c a p a c i t y of a mul t i s tage flash evapora to r p l a n t (consist ing of several vessels i n series 
as shown i n F i g u r e 2) w o u l d be a p p r o x i m a t e l y 25,000,000 to 30,000,000 gal lons a d a y . 
T h e economics of w a t e r p r o d u c t i o n discussed be low are based on two such un i t s opera t ­
i n g i n p a r a l l e l , n o m i n a l l y p r o d u c i n g 50,000,000 gallons of potable water a day . T h e 
c a p a c i t y of the p l a n t was de te rmined b y the smallest economic size of nuc lear s team 
generator , w h i c h w o u l d p r o v i d e energy for e v a p o r a t i o n a n d for d r i v i n g a m a j o r i t y of 
the p u m p s . 

Steam Generation 
T h e s team generator selected for the o p t i m i z a t i o n s t u d y ( shown schemat i ca l ly i n 

F i g u r e 1) is a 370 - thermal m e g a w a t t (net to the e v a p o r a t o r ) pressur ized l i g h t - w a t e r 
reactor . T h e selection of the reactor t y p e a n d detai ls of i t s design (3) are outside the 
scope of th is paper . H o w e v e r , the steam is es t imated to cost 37 cents per m i l l i o n 
B . t . u . (3), i n c l u d i n g a l l costs associated w i t h the nuc lear s team generator , T h e sea 
w a t e r convers ion p l a n t was o p t i m i z e d to consume 350 t m w i n the b r i n e heaters . T h e 
balance of the energy was r e q u i r e d for the s team t u r b i n e p u m p dr ivers a n d s team jet 
ejectors. 

A nuc lear process heat reactor was selected for th i s a p p l i c a t i o n for economic r e a ­
sons. Studies (1, 3) i n d i c a t e d t h a t the economics of s team generat ion f r o m nuc lear e n ­
ergy are f avorab le where a large a m o u n t of r e l a t i v e l y l o w - t e m p e r a t u r e t h e r m a l energy 
is r e q u i r e d i n a s ingle -purpose p l a n t . T h e source of energy used to produce the s team 
r e q u i r e d is i m m a t e r i a l as f a r as the sea w a t e r evaporators are concerned. 
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BRICE AND TOWNSEND—MULTISTAGE FLASH EVAPORATION 149 

STAGES 9-16 

CONDENSATE 

STAGES 17-24 
i 

I * 
STAGES 41-48 

i V 

\ 1 

STAGES 25-32 

STAGES 33-40 

FROM 
GOMILUONGPD]^^ 

FRESH WATER T̂O STORAC 
25 MILLION GPO DISTRIBUl 

218 MILLION GPO 35 MILLION GPD 

Figure 2. Typical process flow diagram for multistage 
flash evaporator sea water conversion plant 

Capacity 25,000,000 gallons per day 

Process Description 
F i g u r e 2 shows the flow of sea water , b r ine , a n d condensate t h r o u g h a t y p i c a l 

mul t i s tage flash e v a p o r a t o r . I n the specific p l a n t shown , the sea w a t e r is p u m p e d 
f r o m the ocean t h r o u g h tubes i n the i n t e g r a l deaerator a n d t h r o u g h the four lowest 
t e m p e r a t u r e stages of the e v a p o r a t o r p l a n t before i t is deaerated. C h e m i c a l s used 
to contro l scale m a y be added e i ther to the sea water before i t is deaerated, or to the 
combined r e c y c l e - m a k e - u p s t r e a m , before i t is p u m p e d t h r o u g h the tubes i n the h igher 
t e m p e r a t u r e stages a n d br ine heater . T h e exact pos i t i on of the a d d i t i o n of scale c ont ro l 
chemicals depends on the m e t h o d e m p l o y e d . T h e deaerated sea water serves as the 
m a k e - u p to the p l a n t . I t is m i x e d i n the deaerator w i t h the s l i ght ly concentrated b r i n e . 

These two s t r e a m s — n o w c o m b i n e d — a r e p u m p e d t h r o u g h the r e m a i n i n g tubes of 
the evaporators a n d the br ine heater before be ing i n t r o d u c e d in to the shel l side of the 
highest t e m p e r a t u r e stage. T h e shell -side b r i n e t h e n cascades f r o m stage to stage as a 
result of the pressure d i f ferent ia l m a i n t a i n e d . I n each stage some of the water flashes 
f r o m the br ine so lut ion . I t is condensed on the tubes of the e v a p o r a t o r a n d caught i n 
troughs pos i t i oned be low the tubes. T h e condensate also cascades f r o m stage to stage. 

F i n a l l y , the shell -side b r i n e a n d the condensate reach the lowest pressure stage. 
A t th is po in t , the condensate is p u m p e d f r o m the sys tem as p r o d u c t . T h e b r i n e i n 
excess of t h a t r equ i red for recycle is p u m p e d f r o m the sys tem a n d discharged to the 
ocean as b l o w d o w n . T h e remainder of the br ine is m i x e d w i t h the m a k e - u p a n d r e ­
cyc led t h r o u g h the system. 

A n ejector system is r e q u i r e d to remove inerts f r o m the p l a n t at the lowest pressure 
po in t i n the sys tem. F o r the p l a n t shown i n F i g u r e 2, th i s po in t is the deaerator . S u i t ­
able i n s t r u m e n t s are r e q u i r e d i n the p l a n t to contro l l i q u i d flows, t emperatures , a n d 
levels. T h e process a n d controls have been described i n deta i l (3). 

Mechanical Design 
C e r t a i n mechan i ca l designs, such as single level c ons t ruc t i on a n d condenser tubes 

t h a t r u n cont inuous ly t h r o u g h several stages, have been i n c o r p o r a t e d i n the p l a n t 
because of economies t h a t can be rea l ized b y us ing th is t y p e of construc t i on . I n the 
design shown i n F i g u r e 2, tubes r u n t h r o u g h four stages. T u b e sheets are e m p l o y e d 
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150 ADVANCES IN CHEMISTRY SERIES 

on ly at the ends, a n d baffles are used ins tead of tube sheets for the other stage-to-stage 
separat ion . T h e holes i n the baffles are designed for a close fit to the tubes. T h e y can 
also be sealed to prevent stage-to-stage s team leakage a long the tubes (4 ) . 

A p l a n t t h u s constructed w o u l d e l iminate the need for i n d i v i d u a l w a t e r boxes for 
each stage a n d for a m a j o r i t y of the tube sheets, thereby effecting economy i n c a p i t a l 
costs. A l s o , i n a la rge - capac i ty p l a n t , the d iameter of the vessels is large . F o r the 
p l a n t shown i n F i g u r e 2 ( w h i c h represents a c a p a c i t y of a p p r o x i m a t e l y 25,000,000 
gal lons a d a y ) , the evapora to r vessels are 30 feet i n d iameter . T h e vessels are h o r i z o n ­
t a l cy l inders designed to take f u l l advantage of the shape to save m e t a l , b o t h i n the 
wal l s a n d i n the stiffeners r e q u i r e d u n d e r the condit ions of operat i on . These vessels 
w i l l have to be f ield-erected because of the i r large size. H o w e v e r , cer ta in components 
s u c h as the tube bundles can be shop- fabr i cated to a v o i d field r o l l i n g of the tubes. 

E x c e p t for the remote ly l ocated sea w a t e r p u m p , a l l the p u m p s i n the process area 
( shown i n F i g u r e 2) are d r i v e n b y steam turb ines . Because large quant i t i es of r e l a ­
t i v e l y l ow-pressure s team are r e q u i r e d i n the process, the use of s t e a m - d r i v e n turb ines 
ins tead of electric motors results i n a savings of several cents per t h o u s a n d gallons of 
p r o d u c t . Because of th i s , the economic analys is a n d o p t i m i z a t i o n presented below 
h a v e been based on the use of s t e a m - d r i v e n t u r b i n e dr ivers for the p u m p s located 
i n the process area . 

Design Variables 
T h e design var iab les considered i n the o p t i m i z a t i o n of a large - capac i ty p l a n t are 

shown i n F i g u r e 3. T h e re la t i onsh ip between the stage t e r m i n a l t e m p e r a t u r e difference 
( T T D ) , n u m b e r of stages, a n d per formance ra t i o (pounds of w a t e r p r o d u c e d per p o u n d 
of s team condensed) is r e a d i l y a p p a r e n t u p o n e x a m i n a t i o n of F i g u r e 3. U n l i k e a 

mult ip le -e f fect d i s t i l l a t i o n sys tem, i t is possible i n the mul t i s tage flash sys tem to select 
the n u m b e r of stages a n d the per formance ra t i o independent ly . T h e r e is , of course, a 
p r a c t i c a l l i m i t a t i o n to the n u m b e r of stages t h a t can be used. T h e n u m b e r depends 
to a considerable extent on the o v e r - a l l t e m p e r a t u r e difference between the i n c o m i n g 
br ine to the first stage a n d the b l o w d o w n to the ocean. Because a g iven stage-to-stage 
pressure di f ferent ia l is requ i red for sat i s fac tory regu la t i on of shell -s ide b r i n e flow, a 
m i n i m u m t e m p e r a t u r e difference is requ i red f r o m stage to stage, depending on the 
absolute pressure. T h e n u m b e r of stages can be increased as i m p r o v e m e n t s i n methods 
of scale p r e v e n t i o n p e r m i t h igher b r i n e temperatures . F o r the cond i t i on of 220°F . 
br ine in let a n d 9 0 ° F . b l o w d o w n (as i l l u s t r a t e d i n F i g u r e 3 ) , the p r a c t i c a l l i m i t a t i o n is 
p r o b a b l y on the order of 60 stages. 

2 4 6 8 10 
TERMINAL TEMPERATURE DIFFERENCE, °F 

Figure 3. Relation of design variables 
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BRICE AND TOWNSEND—MULTISTAGE FLASH EVAPORATION 151 

T h e most i m p o r t a n t design v a r i a b l e is the t e r m i n a l t e m p e r a t u r e difference. T h i s 
var iab le has the strongest influence o n the condenser surface r equ i red i n the evapo ­
ra tors a n d o n the heat economy of the p l a n t . T h e n u m b e r of stages also has a n effect, 
b u t i t is cons iderably less t h a n the effect of the t e r m i n a l t e m p e r a t u r e difference. A l s o , 
the re la t ionships shown i n F i g u r e 3 are for a b l o w d o w n concentrat ion of twice t h a t of 
i n c o m i n g sea w a t e r . H o w e v e r , v a r i a t i o n i n b l o w d o w n concentrat i on has o n l y a m i n o r 
effect o n the economics. 

T h e per formance ra t i o or heat economy is a result of the selection of design 
var iab les p r e v i o u s l y discussed, a n d is not a v a r i a b l e as such . L i n e s of constant c a p i t a l 
cost per d a i l y ga l l on of c a p a c i t y are also i n c l u d e d i n F i g u r e 3. C a p i t a l costs have been 
based o n p l a n t capacit ies i n a range of 25,000,000 to 60,000,000 gal lons a d a y a n d a v e ­
l o c i t y i n the e v a p o r a t o r tubes of 5 feet per second. These l ines of constant c a p i t a l cost 
per d a i l y ga l l on are a result of cross p l o t t i n g the results obta ined i n the o p t i m i z a t i o n 
s t u d y . 

Optimization 

T h e o p t i m i z a t i o n of the la rge - capac i ty mul t i s tage flash e v a p o r a t o r was based on 
the c o n s u m p t i o n of the 370 t h e r m a l megawat ts of energy ava i lab le f r o m the nuc lear 
s team generator . I t was necessary to determine the c a p i t a l cost f or v a r i o u s assumed 
t e r m i n a l t e m p e r a t u r e differences a n d n u m b e r s of stages. A d d e d t o the a m o r t i z e d 
c a p i t a l cost were a l l o ther costs necessary f or opera t i on of a complete p l a n t , such as 
steam, l abor , u t i l i t i e s , m a t e r i a l s , a n d overhead . 

R e s u l t s are shown g r a p h i c a l l y i n F i g u r e 4 for a b r i n e t e m p e r a t u r e of 220°F. , c o n ­
denser tube v e l o c i t y of 5 feet per second, b l o w d o w n t e m p e r a t u r e of 90°F . , a n d br ine 
concentrat ion of twice sea water . A s can be seen, a m i n i m u m w a t e r cost for these 
condi t ions is obta ined w i t h a 50-stage p l a n t opera t ing w i t h a t e r m i n a l t e m p e r a t u r e 
difference of about 4 ° F . S i m i l a r ca l cu lat ions were m a d e for a b l o w d o w n concentrat ion 
of 1.5 t imes sea w a t e r a n d for a once - through sys tem. B y cross p l o t t i n g , i t was t h e n 
possible t o determine the o p t i m u m b l o w d o w n salt concentrat ion for the p l a n t . I t was 
about 1.7 t imes sea water . H o w e v e r , the curve is a lmost flat i n the range of 1.5 to 2.0 
t imes sea water . 

1.4 
20 STAGES 

1.0 

30 STAGES 

40 STAGES 

50 STAGES 

STAGES 

2 4 6 8 10 
TERMINAL TEMPERATURE DIFFERENCE, °F 

Figure 4. Relative water cost as a function 
of terminal temperature difference for 

several numbers of stages 
Plant capacity 25,000,000 to 60,000,000 gallons 

per day 
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152 ADVANCES IN CHEMISTRY SERIES 

T h e tube br ine ve loc i ty was selected after cons iderat ion of the h igher pressure d r o p 
( p u m p i n g cost) a n d more r a p i d rate of erosion corros ion w i t h higher tube br ine ve l o c i ty 
a n d lower heat t rans fer coefficients w i t h l ower ve l o c i ty , consistent w i t h sound engineer­
i n g design. A s a prev ious s t u d y (2) i n d i c a t e d the d e s i r a b i l i t y of h igher b r i n e t e m p e r ­
atures i n t e rms of economic water p r o d u c t i o n , the highest p r a c t i c a l t e m p e r a t u r e 
(220°F . ) was selected. T h e selection of a b l o w d o w n t e m p e r a t u r e of 9 0 ° F . was p r i ­
m a r i l y based u p o n the v a p o r v o l u m e requirements at th i s t e m p e r a t u r e a n d , to a lesser 
extent , on the t empera ture of the sea water , w h i c h was i n the range of 57° to 6 7 ° F . 

Because a large n u m b e r of ca lculat ions were r equ i red to determine m a t e r i a l a n d 
energy balances for a l l the condit ions r equ i red , these ca lculat ions were p r o g r a m m e d 
for so lut ion on a computer . D e t a i l s of the p r o g r a m have been pub l i shed (3). I t was 
w r i t t e n so t h a t flows, t emperatures , pressures, salt concentrat ion of the b r i n e , a n d c o n ­
denser surface for each stage were p r i n t e d as computer o u t p u t d a t a . I t was t h e n pos­
sible to take these d a t a , design the vessels, determine l ine sizes a n d condenser requ i red , 
a n d est imate c a p i t a l costs for p lants w i t h i n a capac i ty range of 25,000,000 to 60,000,000 
gallons a day . 

F i g u r e 5 shows the re la t i onsh ip of the several w a t e r cost components as a f u n c t i o n 
of the T T D for a 50-stage sea w a t e r convers ion p l a n t w i t h a b l o w d o w n concentra t i on 
of twice t h a t of sea water . Because the b l o w d o w n concentrat ion was m a i n t a i n e d 
constant , the cost of chemicals for scale contro l r emained constant . 

2 4 6 8 io 
TERMINAL TEMPERATURE DIFFERENCE, EF 

Figure 5. Relation of water cost 
components to terminal temperature 
difference for 50-stage sea water 

conversion plants 
Plant capacity 25,000,000 to 60,000,000 

gallons per day 

E l e c t r i c a l energy costs as we l l as labor a n d miscel laneous expenses f or such a p l a n t 
were r e l a t i v e l y constant . These charges were s l i g h t l y h igher at b o t h l o w a n d h i g h T T D , 
however . Increased costs resulted f r o m : s l i g h t l y different l a b o r costs as the p l a n t 
c a p a c i t y changed, a n d s m a l l differences i n e lec tr i ca l l o a d w i t h T T D . O v e r the range 
inves t igated , the o n l y costs t h a t large ly depended u p o n the selection of T T D were 
s team cost ( w h i c h increased) a n d c a p i t a l cost ( w h i c h decreased) . 

T h e s u m of a l l these costs is shown as the t o t a l cost curve . T h e m i n i m u m is 
a p p r o x i m a t e l y 4 ° F . T T D . A cross p lo t of the d a t a i n d i c a t e d t h a t a concentra t i on of 
1.7 t imes sea w a t e r h a d a sl ight economic advantage over e i ther 1.5 or 2.0 t imes sea 
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BRICE AND TOWNSEND—MULTISTAGE FLASH EVAPORATION 153 

water . A l l three h a d a considerable advantage over a once - through sys tem ( largely 
because of the chemica l c o n s u m p t i o n for a once - through s y s t e m ) . 

Water Cost 

O u r studies show t h a t a 52-stage evapora to r is the o p t i m u m mul t i s tage flash sea 
w a t e r convers ion p l a n t t h a t can be combined w i t h a 3 7 0 - t h e r m a l megawat t l i g h t - w a t e r 
nuclear s team generator t h a t produces s team at a t o t a l cost of 37 cents per m i l l i o n B . t . u . 
T h i s evapora to r w o u l d operate w i t h a n average T T D of 4 ° F . a n d w o u l d have a p e r ­
formance ra t i o of more t h a n 13 pounds of condensate per p o u n d of s team. I t s n o m i n a l 
capac i ty w o u l d be 50,000,000 gallons a day . T h e es t imated c a p i t a l cost of the e v a p ­
ora tor p l a n t , complete except for the nuc lear s team generator , w o u l d be $30,700,000. 
T h e nuc lear s team generator w o u l d cost $11,500,000. T h e es t imated d a i l y opera t i on cost 
w o u l d be $20,600. A perspect ive of the proposed p l a n t is shown i n F i g u r e 6. 

Figure 6. Perspective of proposed plant 

T a b l e I shows a deta i led b r e a k d o w n of the operat ing cost for th is p l a n t . T h e cost 
of s team represents about ha l f of the water cost for the o p t i m u m p l a n t . T h e c a p i t a l 
charges for the evapora to r p l a n t , w h i c h inc ludes a m o r t i z a t i o n , interest on w o r k i n g 
c a p i t a l , a n d rea l estate, represent about 3 0 % . T h e r e m a i n i n g 15 to 2 0 % is equa l ly 
d i v i d e d between the cost of chemicals for scale contro l a n d a l l the other costs. T h e c o n ­
v e r t e d w a t e r is es t imated to cost a p p r o x i m a t e l y 42 cents per t h o u s a n d gal lons. T h i s 
w a t e r cost represents a real ist ic figure for a la rge - capac i ty mul t i s tage flash e v a p o r a t o r 
t h a t c ou ld be b u i l t t o d a y w h e n the energy i n the f o r m of s team costs between 35 a n d 40 
cents per m i l l i o n B . t . u . 

Future Improvements 
M o r e recent ly possible fu ture i m p r o v e m e n t s i n nuc lear s team generat ion a n d saline 

water convers ion b y mul t i s tage flash e v a p o r a t i o n have been eva luated . T h e nuc lear 
s team generator p l a n n e d for th i s p l a n t w o u l d be a h e a v y - w a t e r n a t u r a l - u r a n i u m t y p e . 
I t w o u l d result i n a s l i g h t l y lower s team cost, b o t h c u r r e n t l y a n d i n the fu ture , t h a n 
the l i g h t - w a t e r reactor used i n the o p t i m i z a t i o n s t u d y . T h e size of the w a t e r p l a n t 
w o u l d be 130,000,000 gallons a day , u t i l i z i n g m u l t i p l e un i t s of the flash evaporators p r e ­
v i o u s l y descr ibed. T h i s increase i n c a p a c i t y , together w i t h lower s team cost, w o u l d 
reduce the est imate of present water cost f r o m 42 to 38 cents per t h o u s a n d gallons. 

B a s e d o n th is s t u d y {1), w a t e r costs were pro jec ted to 1972. I t was conc luded 
t h a t the cost of water can be reduced f r o m the present leve l of about 38 cents per 
t h o u s a n d gallons (see F i g u r e 7) to the range of 24 to 31 cents. S u c h a r e d u c t i o n w o u l d 
depend u p o n the extent of i m p r o v e m e n t s t h a t can be m a d e i n the next decade i n heat 
t rans fer coefficients, i n opera t i on at higher temperatures as the result of i m p r o v e m e n t s 
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154 ADVANCES IN CHEMISTRY SERIES 

i n scale c o n t r o l , i n the poss ib i l i t y of us ing less expensive mater ia l s of cons t ruc t i on , a n d 
i n l ower ing the cost of s team produced i n a nuc lear s team generator . T h e poss ib i l i t y for 
such i m p r o v e m e n t s was a p p r a i s e d as rea l i s t i ca l l y as possible. 

1958 I960 1962 1964 1966 1968 1970 1972 

YEAR 

Figure 7. Projected cost of sea water conversion 
Plant capacity 130,000,000 to 150,000,000 gallons per day 

F o r purposes of c o m p a r i s o n , a fossi l - fueled bo i ler p r o d u c i n g b y - p r o d u c t power was 
also i n c l u d e d i n the analys is . A s shown i n F i g u r e 7, such a p l a n t c o u l d be b u i l t t o d a y 
to produce f resh w a t e r at a n es t imated cost of about 35 cents a t h o u s a n d gal lons, a s s u m ­
i n g t h a t the power p l a n t w o u l d be base- loaded the same as the water p l a n t . H o w e v e r , 

Table I. Summary of Water Cost for Optimized Plant 
Capac i ty , mi l l i on ga l . / day 
Stages 
T e r m i n a l temp, difference, °F. 
Performance rat io" , l b . / l b . 
C a p i t a l costs, thousands of dollars 

Dol lars / 
Operating Costs Stream D a y 

Elec t r i c power 912 
Steam c 11,090 
Chemicals 1,723 
Supplies and maintenance materials 246 
Operating labor 314 
Maintenance labor 185 
P a y r o l l extras 83 
Overhead 57 
A m o r t i z a t i o n d 5,915 
Taxes and insurance 
Interest on working capital 144 
R e a l estate* 48 
T u b e salvage value (129) 

T o t a l operating cost 20,588 
Water cost 

Cents per 1000 gallons 
Dol lars per acre-foot 

° Pounds of water produced per pound of steam condensed. 
b Erected cost of complete evaporator p lant inc luding intake facilities, reservoir, and site 

development. 
e Includes b o t h capi ta l and operating costs of nuclear steam generator. 
d Evaporator p lant , interest on money 4 % per annum. 
β $5000 per acre w i t h money at 4 % per annum. 

49 .3 
52 
4 
13.65 
30,700* 

C e n t s / 
Thousand Gal lons 

1.85 
22.49 

3.50 
0.50 
0 .64 
0.37 
0.17 
0.12 

12.00 

0.29 
0.10 
(0.26) 
41.77 

42 
136 

% 
4 .4 

53 .9 
8 .4 
1.2 
1.5 
0 .9 
0 .4 
0 .3 

28 .7 

0 .7 
0 .2 

(0 .6 ) 
100.0 
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less reduction in the future cost of water can be projected for a fossil-fueled boiler plant 
designed to produce both power and water than for a single-purpose nuclear steam 
generator plant to produce water alone, because of an assumption that fossil fuels will 
continue to increase in price (as they have over the past several years). Power gener­
ation is a necessary part of the economics of low-cost water production utilizing a fossil-
fueled boiler. A single-purpose fossil-fueled boiler producing steam for the water plant 
would not be competitive with a single-purpose nuclear steam generator water plant. 
Although some plants could be built in which both the power generation and water pro­
duction would be base-loaded, not all such plants can be base-loaded, because of the 
fluctuating demand for electrical energy and the inability to store it. 

Consequently, if one is to envision a large complex of sea water conversion and 
power generation, only a moderate amount of the water can be produced from com­
bination plants at a cost competitive with a single-purpose plant. This analysis, of 
course, is based on very large plants to serve large population areas. There are always 
special considerations and conditions in any given location where the combination would 
be the most attractive means of water production. However, many of these plants are 
small—too small to consider a nuclear steam generator. Therefore, a valid comparison 
can be made only of plants on the order of 50,000,000 gallons a day or larger as far as 
nuclear steam generation is concerned. 
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Design and Operating Principles in 
Solar Distillation Basins 

GEORGE O. G. LÖF 

512 Farmers Union Building, Denver 3, Colo. 

Among systems for solar distillation of sea water, 
the horizontal evaporation basin covered by trans­
parent condensing surfaces has most closely ap­
proached commercial use. Solar radiation ab­
sorbed on the black bottom of a basin of salt water 
causes evaporation into the air space. Distilled 
water condenses on sloping air-cooled covers of 
glass or plastic film and collects in troughs at the 
low edges of the covers; unevaporated brine over­
flows to waste. The interrelationship of the proc­
esses of radiant heat transmission, thermal conduc­
tion and convection, vapor diffusion and convec­
tion, and the energy and material balances is com­
plicated. Coupled with solar and weather variabil­
ity, these factors make the design of equipment 
and prediction of performance an involved analysis. 
A procedure for such an analysis has been de­
veloped and a solar distillation plant in an illustra­
tive location has been designed. Predicted water 
production rates throughout a typical year, the 
distribution of losses, and methods for improving 
performance are presented. 

g r o w i n g s carc i ty of fresh w a t e r i n m a n y places i n th is c o u n t r y a n d the rest of the 
w o r l d has s t i m u l a t e d the deve lopment of several p o t e n t i a l l y useful processes for sal ine 
w a t e r deminera l i za t i on . Because fresh w a t e r is such a cheap c o m m o d i t y , these p r o c ­
esses m u s t demonstrate the m a x i m u m conceivable economy to compete w i t h even the 
most expensive n a t u r a l fresh w a t e r sources. N e a r l y a l l of these methods require c o n ­
siderable energy, e i ther as heat or as electric power . Since th i s is a large cost i t e m i n 
these processes, solar d i s t i l l a t i o n offers subs tant ia l operat ing economies, b u t at the ex­
pense of large inves tment requ i rement . 

M i n i m i z a t i o n of c ons t ruc t i on cost has therefore been a p r i m e ob ject ive i n the 
deve lopment of solar d i s t i l l a t i o n . P r o b a b l y the most p r o m i s i n g m e t h o d for i ts a c c o m ­
p l i s h m e n t is the c o m b i n i n g of a l l three p r i m a r y elements i n a d i s t i l l a t i o n process—i.e. , 
heat s u p p l y f a c i l i t y , evaporator , a n d condenser—into a single piece of v e r y s imple 
equ ipment . S u c h a u n i t is the b a s i n - t y p e solar d i s t i l l a t i o n p l a n t (4). B u t the s i m ­
p l i c i t y of t h i s e q u i p m e n t ceases w i t h i t s general f o r m , a n d o v e r - a l l opera t i on of so 
m a n y funct ions makes the p h y s i c a l processes of energy a n d mass t rans fer h i g h l y 
complex . 
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LOF—SOLAR DISTILLATION BASINS 157 

T h i s paper describes a n d explains the var i ous energy- a n d w a t e r - t r a n s f e r processes 
t a k i n g place i n the b a s i n - t y p e solar d i s t i l l e r , shows t h e i r re la t ive significance i n affect­
i n g per formance , a n d indicates the factors w h i c h m a y be a l tered for o v e r - a l l i m p r o v e ­
m e n t a n d economy. 

Characteristics of Solar Radiation 
I n c lear , s u m m e r weather , so lar r a d i a t i o n is rece ived o n a surface n o r m a l to the 

sun's r a y s at a rate of a p p r o x i m a t e l y 1.3 to 1.4 c a l . / s q . cm. , m i n . , or about 300 B . t . u . / 
sq . f t . , h r . O n a h o r i z o n t a l surface i n cent ra l U n i t e d States , th i s is equ iva lent t o about 
2500 B . t . u . / s q . f t . , d a y . C loud iness , h igher or lower l a t i t u d e , a n d seasonal changes cause 
average a n n u a l values to range f r o m near 2000 i n the Southwest d o w n to about 1200 i n 
the N o r t h w e s t a n d G r e a t L a k e s A r e a (2). T h e l o w energy i n t e n s i t y m a y r e a d i l y be 
a p p r e c i a t e d iby c o m p a r i n g heat t rans fer rates i n c onvent i ona l bo i lers , as h i g h as 100,000 
B . t . u . / s q . f t . , h o u r . 

C o v e r i n g a wide spec t ra l range, solar r a d i a t i o n is d i v i d e d r o u g h l y i n t o t w o equa l 
energy p o r t i o n s — t h e u l t r a v i o l e t a n d v i s ib l e i n the 0.25- to 0 .7 -micron wave lengths , a n d 
the i n f r a r e d out to about 2 or 2.5 m i c r o n s . 

O t h e r propert ies of so lar r a d i a t i o n i m p o r t a n t to i t s uses are i ts d i s t r i b u t i o n b e ­
tween direct a n d diffuse, i ts a b s o r p t i o n , ref lect ion, a n d t ransmiss i on b y var i ous opaque 
a n d t r a n s p a r e n t m a t e r i a l s , a n d i ts chemica l effects on t h e m . A s b a s i n d is t i l l ers i n v o l v e 
n o focusing of solar r a d i a t i o n , di f fusion of solar r a d i a t i o n b y haze a n d c louds i s no t 
d e t r i m e n t a l except i n the r e d u c t i o n of t o t a l inc ident energy. I n these systems, the 
a b i l i t y of c o m m o n b l a c k surfaces to absorb about 9 5 % of the so lar r a d i a t i o n , averaged 
over i t s whole s p e c t r u m , is u t i l i z e d b y use of such a surface i n the b o t t o m of the b a s i n . 
G l a s s a n d c e r t a i n clear p last i c films are a lmost per fec t ly t r a n s p a r e n t to the so lar spec­
t r u m , b u t there are a few per cent specu lar ref lect ion f r o m these surfaces ( rang ing u p 
to a large f r a c t i o n at h i g h angles of inc idence , h o w e v e r ) , a n d some u l t r a v i o l e t a b s o r p ­
t i o n , p a r t i c u l a r l y i n the i m p u r i t i e s i n glass. Some p last i c films absorb u l t r a v i o l e t 
r a d i a t i o n also, a n d i f t h e y do, there w i l l be degradat ion of the film a n d u l t i m a t e fa i lure 
due to loss of s t rength . 

A f u r t h e r i m p o r t a n t p r o p e r t y of these t r a n s p a r e n t mater ia l s is t h e i r h i g h o p a c i t y 
to l ong w a v e r a d i a t i o n b e y o n d , say , 5 m i c r o n s . G l a s s i n i ts c o m m o n thicknesses is 
comple te ly opaque to th i s t h e r m a l r a d i a t i o n , as e m i t t e d f r o m a surface at temperatures 
be low a few h u n d r e d degrees. Some p las t i c films have t ransmiss i on bands i n these 
ranges, b u t they are large ly opaque . T h i s d ia thermanous p r o p e r t y or so-cal led " g r e e n ­
house effect" is advantageous ly used i n so lar heat systems, i n c l u d i n g solar s t i l l s , b y 
the " t r a p p i n g " of so lar r a d i a t i o n i n the t r a n s p a r e n t enclosure whi le g r e a t l y r educ ing 
or e l i m i n a t i n g d irect r a d i a t i o n loss f r o m the heated absorb ing surface. 

Basin-Type Solar Distiller 
T w o forms of the b a s i n - t y p e solar d i s t i l l e r are s h o w n i n F i g u r e s 1 a n d 2. E a c h 

of these is subject to numerous m i n o r design v a r i a t i o n s . T h e conf igurat ion of the glass-
covered s t i l l shown is a n i m p r o v e d f o r m of a 1-acre b r a c k i s h water d i s t i l l a t i o n p l a n t 
b u i l t i n C h i l e i n 1872 (3). 

T h e b a s i n is f o r m e d b y l a y i n g aspha l t or concrete o n s l i g h t l y s l op ing g r o u n d , a n d i f 
not suff ic iently b l a c k , some t y p e of b l a c k p a i n t or other coat ing is a p p l i e d to the b a s i n 
surface. L o w per imeter a n d p a r t i t i o n wal l s of concrete b l o ck , say 18 inches h i g h , s u b ­
d i v i d e the b a s i n in to l o n g bays several feet wide . M i d w a y between p a r t i t i o n s , a post 
a n d b e a m arrangement is p r o v i d e d , w h i c h , i n c on junc t i on w i t h the tops of the p a r t i t i o n s , 
suppor t s large sheets of w i n d o w glass at a n angle of 10° to 15° w i t h the h o r i z o n t a l . 
C h a n n e l - s h a p e d neoprene extrusions serve as pro tec t i ve seals a t the u p p e r a n d l ower 
glass edges, a n d pressure-sensit ive tapes are a p p l i e d t o seal the n a r r o w spaces between 
adjacent pieces of glass. A sheet m e t a l gut ter is affixed to the p a r t i t i o n beneath the 
lower glass edges, w i t h a s l ight slope to one end of the s t r u c t u r e . P i p i n g is a r r a n g e d 
for s u p p l y of salt water to each b a s i n sect ion a n d for overf low of u n e v a p o r a t e d b r i n e 
a n d runoff of d is t i l la te f r o m each sect ion. 
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158 ADVANCES IN CHEMISTRY SERIES 

N e w designs are u n d e r deve lopment w h i c h i n v o l v e s imp le r a n d cheaper cons t ruc t i on 
whi l e r e t a i n i n g the same general funct ions . 

T h e most sat i s fac tory f o r m of p last i c d i s t i l l a t i o n u n i t a l ready tested is shown 
schemat i ca l ly i n F i g u r e 2. 

A tube is f o r m e d b y seal ing together t w o l o n g s t r ips of po lyester film at the i r edges. 
[Tes lar , a D u P o n t polyester film i n a 0.003- inch (3 -mi l ) th ickness , has been tested.] 
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LOF—SOLAR DISTILLATION BASINS 159 

P r i o r to seal ing, a loosely fe l ted m a t of b l a c k a c r y l i c f iber is l a i d o n one of the f i lms a n d 
secured to i t at i n t e r v a l s w i t h a p last i c cement. T h i s l ong , n a r r o w assembly is t h e n 
l a i d on the g r o u n d between p a r a l l e l concrete curbs about 6 inches h i g h , a n d the edges 
are anchored i n grooves i n the curb tops . T h e contour of the curb tops also f o rms 
t roughs for d is t i l la te co l lect ion a n d f low to the lower ends of the bas in . A t the b a s i n 
ends, the p las t i c film is gathered in to s i m i l a r slots, a n d in le t a n d outlet p i p i n g t h r o u g h 
the curbs a n d p last i c is secured w i t h bo l t ed flanges. One of these pipes is connected to a 
s m a l l b lower w h i c h inflates the p las t i c tube a n d m a i n t a i n s a s l ight pos i t ive pressure 
i n the enclosed space. T h e complete assembly is t h e n a b o t t o m p last i c film d i r e c t l y on 
the g r o u n d , a b l a c k , r a d i a t i o n - a b s o r b i n g m a t o n the film, a shal low l a y e r (1 or 2 inches) 
of salt water w i t h occasional t ranverse dams to m a i n t a i n a complete ly wet ted surface , 
a n a i r - s u p p o r t e d cover film, a n d curb sides w h i c h secure the f i lms i n place a n d p r o v i d e 
channels for condensate. 

T h i s design is also be ing i m p r o v e d , p r i m a r i l y b y w i d e n i n g the tube a n d p r o v i d i n g 
s impler end arrangements . 

Distillation Process 
General Aspects . Super f i c ia l l y , solar d i s t i l l a t i o n i n b a s i n - t y p e st i l ls is a n ex­

t r e m e l y s imp le process. S o l a r r a d i a t i o n passes t h r o u g h the t r a n s p a r e n t cover a n d the 
salt water i n the bas in w i t h on ly s l ight in tens i ty r e d u c t i o n . I t is t h e n p r a c t i c a l l y c o m ­
plete ly absorbed on the b l a c k (bottom, the energy be ing released as heat to the b lack s u r ­
face. T h e salt water is w a r m e d b y contact w i t h the heated surface, a n d as i ts t e m p e r a ­
tures rises, so does i ts v a p o r pressure. Quie t v a p o r i z a t i o n in to the a i r space above the 
water thus takes p lace , increas ing the h u m i d i t y s u b s t a n t i a l l y to s a t u r a t i o n . C o n v e c t i o n 
currents then c a r r y the v a p o r to the v i c i n i t y of the cooler t r a n s p a r e n t surface, where 
condensat ion accord ing ly occurs. T h e a i r - v a p o r m i x t u r e , s t i l l s a t u r a t e d b u t at a lower 
t e m p e r a t u r e , s l owly re turns to the b o t t o m of the s t i l l , where i t is rehumid i f i ed . C o n ­
densate f o r m i n g on the s l op ing cover runs d o w n in to the co l lect ing t roughs , whi l e i t s 
latent heat of condensat ion is d iss ipated to the s u r r o u n d i n g a i r b y r a d i a t i o n a n d c o n ­
v e c t i o n f r o m the cover, a c t u a l l y a n a i r - coo led condenser. 

T o a v o i d salt a c c u m u l a t i o n i n the b a s i n , b r i n e is i n t e r m i t t e n t l y or cont inuous ly 
w i t h d r a w n , a n d salt w a t e r is s u p p l i e d to m a i n t a i n a reasonably constant leve l i n the 
d is t i l l e r b a s i n . Because d i s t i l la te a n d b r i n e are w a r m e r t h a n the feed water , a heat 
exchanger m a y be used for heat conservat ion a n d h igher y i e l d . 

I f a c o m p a r a t i v e l y shal low layer of salt water is p r o v i d e d , as i n the p last i c s t i l l 
descr ibed, there are large f luctuat ions i n operat ing condit ions a n d rates of w a t e r p r o ­
d u c t i o n . O n a t y p i c a l s u n n y m o r n i n g , co ld salt w a t e r i n the s t i l l w i l l f irst be s l owly 
w a r m e d b y the r a t h e r l o w i n t e n s i t y r a d i a t i o n character is t i cs of t h a t p a r t of the d a y . 
A s the water t e m p e r a t u r e rises, d i s t i l l a t i o n commences, say at a t y p i c a l 50° C . (about 
120° F . ) . T h e rate rises r a p i d l y as the salt water t e m p e r a t u r e increases u p to a m a x i ­
m u m of about 70° C . s h o r t l y after noon . I t t h e n drops off g r a d u a l l y i n the a f ternoon , 
c o n t i n u i n g a few hours after s u n d o w n u n t i l the salt water has cooled p r a c t i c a l l y to the 
cover t e m p e r a t u r e . 

I n a so-cal led " d e e p - b a s i n " s t i l l , there is less f lu c tuat i on because of t h e r m a l storage 
i n about 1 foot of salt water . So lar r a d i a t i o n causes a d a y t i m e t e m p e r a t u r e rise of 
o n l y 5 ° or 10° C , the bas in reaching m a x i m a of about 50° C . D i s t i l l a t i o n proceeds 
s lowly t h r o u g h o u t d a y t i m e hours , t h e n increases after s u n d o w n because of l owered 
cover t e m p e r a t u r e due to atmospher i c cool ing i n the evening . T h e stored heat causes 
d i s t i l l a t i o n to cont inue t h r o u g h o u t the n i g h t , a c companied b y b a s i n t e m p e r a t u r e de ­
crease of several degrees. T h e cont inuous a n d reasonably u n i f o r m w a t e r p r o d u c t i o n 
of the deep-bas in s t i l l makes c o n t r o l a n d heat exchange c o m p a r a t i v e l y s imple . 

E n e r g y Considerations. A s i n a n y d i s t i l l a t i o n process, the f u n d a m e n t a l r e q u i r e ­
ments for energy t rans fer i n a solar s t i l l are s u p p l y i n g heat to the e v a p o r a t i n g w a t e r 
a n d r e m o v i n g heat f r o m the condensing v a p o r . These t w o heat rates are essential ly 
e q u a l — a b o u t 1040 B . t . u . per p o u n d of d i s t i l l ed w a t e r . Inc ident so lar r a d i a t i o n m u s t 
p r o v i d e heat for several o ther processes, however . These are shown schemat i ca l ly i n 
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160 ADVANCES IN CHEMISTRY SERIES 

F i g u r e 3. E x c e p t for the la tent heat of condensat ion released at the t r a n s p a r e n t 
sur face , they a l l are forms of energy loss. O f p r i m a r y significance i n design a n d i n 
e v a l u a t i o n of per formance is the energy balance d r a w n a r o u n d the d i s t i l l e r b a s i n . T h i s 
i n p u t is seen to be the inc ident solar energy m i n u s ref lect ion f r o m the cover a n d the 
v e r y s m a l l a b s o r p t i o n i n the cover . T h e feed water m i g h t also be considered a sensible 
heat s u p p l y , b u t i t w o u l d u s u a l l y be cooler t h a n the p r o d u c t streams, a n d hence at a 
convenient base t e m p e r a t u r e , h a v i n g zero energy i n p u t . 

E n t h a l p y l e a v i n g the b a s i n comprises the la tent heat i n recovered w a t e r v a p o r , 
t h e r m a l r a d i a t i o n f r o m salt w a t e r a n d b a s i n b o t t o m to the cover , sensible heat t r a n s ­
ferred f r o m salt water surface to cover v i a the c i r c u l a t i n g a i r i n the enclosure, conduc ­
t i o n loss to the g r o u n d or other surround ings , sensible heat i n effluent d is t i l la te a n d 
br ine s treams, a n d e n t h a l p y i n a n y v a p o r or l i q u i d streams w h i c h m a y escape the 
enclosure a n d recovery fac i l i t ies . O f these losses, the most s ignif icant are r a d i a t i o n f r o m 
the bas in to the cover a n d the sensible heat t rans fe r red b y a i r . T h e l a t t e r is , of course, 
a n unavo idab le a c c o m p a n i m e n t of the useful t rans fer i n the water v a p o r . T h e salt w a t e r 
t e m p e r a t u r e is the v a r i a b l e p r i m a r i l y affecting th is l oss—the higher i t is , the larger is 
the water v a p o r pressure, the lower the a i r - w a t e r v a p o r r a t i o , a n d hence the lower the 
convect ive t rans fer loss. T h e r m a l r a d i a t i o n is increased, however , as bas in t e m p e r a t u r e 
rises, so these t w o p r i n c i p a l losses are inf luenced b y opera t ing t e m p e r a t u r e i n opposite 
w a y s . 

Sensible heat 
in condensale 

-Sensible heal 
ir> sal+ w o k e 

Sensible Keef 
3r> brine. 

Conduction 
+o ground 

Figure 3. Energy flow in solar distiller 
Solar radiation, substantially below 2 microns 

Thermal radiation, substantially above 5 microns 

C o v e r t empera ture is another v a r i a b l e w h i c h contro ls d i s t i l l a t i o n rate a n d effi­
c iency . A l l of the heat t rans fe r red to the unders ide of the cover f r o m the bas in , p lus 
the s m a l l solar a b s o r p t i o n i n i t , m u s t be d iss ipated b y convect ion to the s u r r o u n d i n g 
a i r a n d b y r a d i a t i o n to the s k y . A m b i e n t t e m p e r a t u r e , w i n d ve l o c i ty , a n d atmospher i c 
c l a r i t y a l l influence the t empera ture d r i v i n g force necessary to a t t a i n the e q u i l i b r i u m 
heat t rans fer rate . C o v e r t e m p e r a t u r e , i n t u r n , affects b a s i n t e m p e r a t u r e , so t h a t a n 
o v e r - a l l e q u a l i t y i n heat flows preva i l s . T h e p r i m a r y v a r i a b l e remains , of course, the 
solar energy i n p u t rate , i ts most i m p o r t a n t effect be ing the t e m p e r a t u r e l eve l i n the 
salt w a t e r b a s i n . 

Because sunshine is i n t e r m i t t e n t , there is a lways a t rans ient effect i n solar s t i l l 
condi t ions , s teady state never a c t u a l l y be ing rea l i zed . E n e r g y considerat ions m a y t h e r e ­
fore also i n v o l v e sensible heat i n v e n t o r y , a n d i ts change, i n the salt w a t e r l a y e r , the 
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LOF—SOLAR DISTILLATION BASINS 161 

b a s i n s t r u c t u r e , a n d even the soi l under the bas in . I n sha l low bas ins , m a r k e d changes 
occur , h o u r - t o - h o u r , a n d i n the deeper basins , large sensible heat storage results i n 
s u b s t a n t i a l e n t h a l p y i n v e n t o r y changes f r o m d a y to n i g h t a n d f r o m one d a y to the 
next . 

T h e numerous uncontro l l ab l e weather var iab les , the v a r i e t y of heat t rans fer p r o c ­
esses o c c u r r i n g , a n d the t rans i ent n a t u r e of the opera t i on m a k e solar d i s t i l l a t i o n a 
m u c h more c ompl i ca ted process t h a n i t first seems, p a r t i c u l a r l y i n so f a r as i t s design 
a n d pred i c t ed per formance are concerned. 

Design Procedure 
P r e d i c t i o n o f P e r f o r m a n c e . F o r purposes of d i s t i l l e r design, a n d p a r t i c u l a r l y the 

d e t e r m i n a t i o n of area requirements for a specified water p r o d u c t i o n rate , or for p r e d i c t ­
i n g the p r o d u c t i v i t y of a u n i t of specif ied design a n d size, s imul taneous so lut ion of several 
energy rate equat ions is r equ i red . B u t p r i o r to th is ca l cu la t i on , several decisions a n d as ­
s u m p t i o n s m u s t be made a n d some a p p r o x i m a t i o n s r e l a t i n g to solar energy i n p u t need to 
be used. F o r i l l u s t r a t i o n , let us assume t h a t a glass-covered, deep-bas in d is t i l l er is b e i n g 
considered as a means for s u p p l y i n g a specified a n n u a l q u a n t i t y of d i s t i l l e d w a t e r i n 
a p a r t i c u l a r l o c a l i t y where solar r a d i a t i o n a n d other meteoro log ica l d a t a are ava i lab le . 
T h e basic p r o b l e m is t h e n the d e t e r m i n a t i o n of the a n n u a l o u t p u t of a u n i t area of 
so lar d i s t i l l e r b a s i n opera t ing at these condi t ions . 

I t m a y be f u r t h e r assumed t h a t the t o t a l p r o d u c t i v i t y of the d i s t i l l e r each m o n t h 
is the m o n t h l y average as de termined b y use of m e a n va lues of solar r a d i a t i o n a n d 
atmospher i c t e m p e r a t u r e , a n d t h a t there is sufficient t h e r m a l storage i n the b a s i n to 
reduce d a y - t o - n i g h t t e m p e r a t u r e fluctuations enough for a p p l i c a b i l i t y of m o n t h l y m e a n 
condi t ions . 

T h e heat balance on the t r a n s p a r e n t cover per u n i t area m a y be represented b y 
the e q u a t i o n : 

(K, 0 + hr. o)(tg ~ ta) = (Κ. i + i)(tb - tg) + E\ (1) 

T h i s re la t i on neglects the v e r y s m a l l a b s o r p t i o n of solar energy i n the t r a n s p a r e n t 
cover , a n d the s m a l l t e m p e r a t u r e d r o p t h r o u g h the cover . 

A n o v e r - a l l energy ba lance o n the d i s t i l l a t i o n p l a n t , above the reference t e m ­
pera ture , tg} i s : 

| f = (Κ ο + hr, 0)(tg ~ ta) + E(tb - Q + L (2) 

I t is assumed for the above equat i on t h a t cover area is equa l to b a s i n area , t h a t the 
b r i n e effluent rate equals the d i s t i l la te ra te , t h a t the sea w a t e r s u p p l y is preheated b y 
exchange to d is t i l la te t e m p e r a t u r e , a n d t h a t the effective s k y t e m p e r a t u r e for r a d i a t i o n 
is equa l to atmospher i c t e m p e r a t u r e . 

T h e e v a p o r a t i o n rate , E, is a f u n c t i o n of v a p o r pressure difference (or t e m p e r a t u r e 
difference) between bas in a n d cover . I t is also dependent o n the rate of a i r convect ion i n 
the enclosure a n d the absolute h u m i d i t y difference at b a s i n surface a n d cover surface. 
A s s u m i n g s a t u r a t i o n at each surface, 

Ε = he, i(tb - t g ) l ^ (Ha, b - Ha, 0) (3) 
/ WH2O 

W i t h Ε expressed i n terms of tb a n d tg, th i s re la t i onsh ip can be subs t i tu ted i n E q u a ­
t ions 1 a n d 2, w h i c h t h e n can be so lved s imul taneous ly for these t w o u n k n o w n t e m ­
peratures . Ε can t h e n be f o u n d b y use of E q u a t i o n 3. 

I n E q u a t i o n 1, hco c an be eva luated at some m e a n w i n d v e l o c i t y b y use of the 
re la t i on hco = a + b Vn, where a, b, a n d η are constants . I n a design s t u d y based 
on a C a l i f o r n i a coastal l o ca t i on , th is convec t i on coefficient was c o m p u t e d at 3.1 B . t . u . / 
h r . , sq . f t . , ° F . , f or a w i n d ve l o c i ty of 6 mi les per h o u r . T h e r a d i a t i o n t rans fer , 
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162 ADVANCES IN CHEMISTRY SERIES 

Κ,οΨο la) is equa l to 0.173 X 1 0 - 8 ( T / - Ta
4) X 0.937, where the last t e r m is the 

emiss iv i ty of glass. T h e i n t e r n a l convect ion coefficient, hc>i m a y be expressed as 
hci = 0.256(t b — tg)0-25 represent ing convect ion t rans fer between t w o closely spaced 
h o r i z o n t a l surfaces (6). I n t e r n a l r a d i a t i o n t rans fer hrA(tb — tg) — 0.173 X 1 0 ~ 8 ( T b

4 — 
Tg*) X 0.9, where the last t e r m is the effective e m i s s i v i t y of the b a s i n b o t t o m a n d the 
salt water surface . 

T h e va lue of Ε i n E q u a t i o n s 1, 2, a n d 3, as obta ined f r o m E q u a t i o n 3, depends on 
terms a l ready descr ibed a n d on other factors . T h e ra t i o wda/wU20 is the pounds of 
d r y a i r c i r c u l a t i n g i n the d i s t i l l e r per p o u n d of w a t e r d i s t i l l e d . A s s u m i n g the a i r is 
c o n t i n u a l l y sa tura ted , a l t e rnate ly at bas in t e m p e r a t u r e a n d cover t e m p e r a t u r e , th i s 
ra t i o depends o n l y on v a p o r pressures, w h i c h depend i n t u r n on the t w o temperatures . 
T h e t e r m (Hajb — Hag) m a y be replaced b y Cp(tb — tg), a n d 

Ε = 0.256ft - « ° - 2 5 ( ^ H 2 o M i a ) C P (4.) 

A l t h o u g h conduc t i on losses to the g r o u n d a n d miscel laneous heat losses t h r o u g h 
mois ture escape are funct ions of b a s i n or cover t e m p e r a t u r e , t h e y depend on other 
factors of inde terminate m a g n i t u d e . S o i l c o n d u c t i v i t y , c o n s t r u c t i o n t ightness , a n d 
other on-site var iab les are dif f icult to pred i c t . F o r these reasons, p r a c t i c a l design can 
be accompl i shed b y assuming a constant heat loss based o n n o r m a l l y expected c o n d i ­
t ions . I n the design s t u d y p r e v i o u s l y re ferred to , a heat loss of 50 B . t . u . / s q . f t . , d a y 
was assumed. 

S u b s t i t u t i o n of Ε = 0.256(t b — tg)°-2rt w H 2 O / 0 . 2 4 wda i n t o E q u a t i o n s 1 a n d 2, a n d 
replacement of o ther terms b y the i r equiva lents shown above , y i e l d : 

3.1ft, - la) + 0.162 X 1 0 ~ 8 ( 7 y - 7T„ 4) = 0.256ft - U 1 2 5 + 0.156 X l O ^ C A 4 - ?V) + 
1.07ft - ϋ ° · 2 5 Κ ο Κ ) λ (5) 

Q.H/24 = 3.1ft, - ta) + 0.162 X 10-*(Tg* - Ta') + 1.07(4 - tg)1* X % 2 o / % + 50/24 (6) 

T h e t e r m Qsh is the net solar r a d i a n t energy a b s o r p t i o n rate on the b a s i n b o t t o m . 
I t is equiva lent to t o t a l r a d i a t i o n inc ident on the b a s i n cover m i n u s ref lect ion f r o m the 
cover , the water surface , a n d the b a s i n b o t t o m , a n d m i n u s loss due to s t r u c t u r a l shadow­
ing . I t s d e t e r m i n a t i o n f r o m W e a t h e r B u r e a u records of t o t a l d a i l y r a d i a t i o n on a 
h o r i z o n t a l surface is c ompl i ca ted b y m a n y factors such as v a r i a t i o n i n angle of i n c i ­
dence, a n d resu l t ing t r a n s m i s s i v i t y of cover , h o u r l y a n d seasonally , i n t e n s i t y change 
due to cloudiness, a n d different propert ies of d irect a n d diffuse rad ia t i ons . D e t a i l e d 
e x p l a n a t i o n of these meteoro log ica l a n d o p t i c a l ca lculat ions is b e y o n d the scope of th i s 
paper , b u t m a y be f o u n d i n the l i t e r a t u r e (δ). 

A f t e r e v a l u a t i o n of the net solar heat i n p u t rates to the salt water , as m o n t h l y 
averages (or m o r e f r equent ly i f des i red) , they a n d the a tmospher i c t e m p e r a t u r e a v e r ­
ages are subs t i tu ted i n E q u a t i o n s 5 a n d 6. T h e two equat ions can t h e n be so lved b y 
t r i a l for the m e a n b a s i n a n d cover temperatures each m o n t h . D i s t i l l a t i o n rate is t h e n 
obta ined b y s u b s t i t u t i o n of these values i n E q u a t i o n 4. T h e f irst a n d second t e rms o n 
the r i g h t - h a n d side of E q u a t i o n 5 m a y be separate ly eva luated for convect ion a n d 
r a d i a t i o n losses f r o m b a s i n to cover . 

F i g u r e 4 i l lustrates the results of this t y p e of analys is for a deep-bas in solar s t i l l 
i n the S a n D i e g o area . T h e r m a l r a d i a t i o n f r o m b a s i n to cover is the largest loss, 
fo l lowed b y ref lect ion of solar r a d i a t i o n f r o m the cover a n d a i r convect ion inside the 
s t i l l . So lar u t i l i z a t i o n efficiency is the height of the lowest curve as a f r a c t i o n of the 
height of the t o p curve , rang ing f r o m about 3 0 % i n J a n u a r y to 5 0 % t h r o u g h the s u m m e r 
m o n t h s . 

F r o m such i n f o r m a t i o n , the per formance of a proposed solar d i s t i l l e r i n s t a l l a t i o n 
c a n be a n t i c i p a t e d a n d the area requirements f or a specif ied water p r o d u c t i o n rate 
de termined . 

T h e equat ions a n d procedure descr ibed here a p p l y o n l y t o steady-state opera t i on . 
I f there is large fluctuation i n b a s i n t e m p e r a t u r e , or i f a more precise d a y - t o - d a y 
e v a l u a t i o n is des ired , another t e r m m u s t be i n c l u d e d i n the heat balances . T h i s is the 
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Figure 4. Predicted average performance of deep-basin 
solar distiller in San Diego area 

change i n t h e r m a l energy i n v e n t o r y f r o m the s tar t to the end of the analys is p e r i o d , 
represented b y the p r o d u c t of the mass of salt w a t e r per square foot of b a s i n , the 
t e m p e r a t u r e change f r o m the s tar t to the end of the per i od , a n d the heat capac i ty of 
the water . A n a p p r o x i m a t i o n for the change i n t h e r m a l storage i n the bas in b o t t o m 
a n d wal ls ought to be made also. 

I n d is t i l l ers c a r r y i n g o n l y a sha l l ow w a t e r l a y e r , d i s t i l l a t i o n ceases at n ight because 
the b a s i n cools subs tant ia l l y to cover t e m p e r a t u r e . P r e d i c t i o n s of per formance m u s t 
therefore be based on h i g h l y v a r y i n g solar a n d t e m p e r a t u r e condit ions . T h e equations 
p r e v i o u s l y developed, i n c l u d i n g a t h e r m a l storage t e r m , can be used i n a n h o u r - b y - h o u r 
c o m p u t a t i o n of temperatures a n d d i s t i l l a t i o n rates t h r o u g h o u t a n u m b e r of t y p i c a l 
days of l ow , moderate , a n d h i g h solar intensit ies at several a tmospher i c t emperatures , 
for solar posit ions corresponding to s u m m e r , f a l l , a n d w i n t e r ( spr ing is equiva lent to 
f a l l ) . T h e c o m p u t e d d i s t i l l a t i o n rates can t h e n be used i n con junc t i on w i t h weather 
d a t a for the l o c a l i t y i n quest ion to est imate m o n t h l y , seasonal, a n d a n n u a l d i s t i l l ed water 
o u t p u t per u n i t area . 

Performance Improvement 
A n analys is of the so lar d i s t i l l a t i o n process shows t h a t per fo rmance is r e m a r k a b l y 

insensi t ive to a l l var iab les except so lar r a d i a t i o n ra te . A s atmospher i c t e m p e r a t u r e 
changes, b a s i n a n d cover temperatures m o v e s i m i l a r l y , so t h a t t h e i r difference remains 
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164 ADVANCES IN CHEMISTRY SERIES 

a t a va lue w h i c h dissipates the absorbed solar energy. W i n d ve l o c i ty also appears a 
v a r i a b l e of m i n o r i m p o r t a n c e . E v e n the m a j o r design v a r i a b l e of bas in d e p t h has not 
yet been f o u n d of m a j o r influence on d i s t i l l a t i o n rate . 

O f the three m a j o r losses p r e v i o u s l y shown, ref lect ion f r o m the t r a n s p a r e n t cover 
cou ld be most easi ly reduced . B y the use of a n interference l a y e r somewhat less t h a n 
1 m i c r o n i n th ickness , the re f l ec t iv i ty of glass a n d plast ics can be m a t e r i a l l y reduced. 
Processes for coat ing or etch ing the surface have been developed, b u t unless a p p l i e d on 
large scale, they are expensive. A t least one process for contro l l ed e t ch ing of glass to 
produce a low-re f lect ion surface cou ld be extremely cheap on the scale of m a n y 
thousands of square feet. R e d u c t i o n of th is average 2 0 % loss to perhaps 5 % w o u l d 
result i n a n increase i n the bas in - to - cover t e m p e r a t u r e difference, a n d a w a t e r d i s t i l l a ­
t i o n rate increase of about 2 0 % . D i s t i l l e r s covered w i t h p last i c f i l m ra ther t h a n glass 
m a y have the i r per formance increased even more i f f i l m re f l ec t iv i ty is reduced a n d i f 
the f i l m is rendered wettab le , so t h a t ref lect ion f r o m condensed water droplets is 
e l i m i n a t e d . C o a t i n g s of T i 0 2 a n d other m a t e r i a l s show promise f or m a k i n g p e r ­
m a n e n t l y wet tab le films (1), a n d l o w ref lect ion coatings m a y also be w o r k a b l e . 

R a d i a t i o n f r o m salt water surface to the wet ted cover is the largest loss, b u t there 
seems to be no assurance t h a t i t can be reduced . T h e r e is some evidence t h a t m i c r o ­
scopic roughening of the unders ide of the cover m a y render t h a t surface reflective for 
the b u l k of the l ong wave r a d i a t i o n (peak ing at about 8 to 10 microns ) f r o m the w a t e r 
surface , w i t h o u t a p p r e c i a b l y reduc ing i ts t r a n s p a r e n c y for short wave solar r a d i a t i o n . 
H o w e v e r , even a t h i n f i l m of condensate on the cover is a n effective absorber for t h e r m a l 
r a d i a t i o n , so the benefit of a t h e r m a l l y reflective cover m a y not be real ized i n o r d i n a r y 
b a s i n - t y p e s t i l l s . 

A n o t h e r a p p r o a c h to r a d i a t i o n loss r e d u c t i o n m i g h t be the a l t e r a t i o n of the salt 
water surface i n some m a n n e r t o l ower i t s e m i s s i v i t y for t h e r m a l r a d i a t i o n . I f a t r a n s ­
parent t h i n l i q u i d film or porous so l id film of l ow t h e r m a l e m i s s i v i t y , permeable to 
water v a p o r , c ou ld be floated o n the salt water , solar energy c o u l d cont inue to be 
absorbed on the b a s i n b o t t o m , w a t e r w o u l d v a p o r i z e , b u t t h e r m a l r a d i a t i o n loss w o u l d 
be reduced. W h e t h e r mater ia l s w i t h these propert ies can be f o u n d a n d successfully 
u t i l i z e d remains to be seen. 

T h e t h i r d i m p o r t a n t loss is b y a i r convect ion inside the d is t i l l e r . T h i s a i r c i r c u l a ­
t i o n is a necessary a c c o m p a n i m e n t of water d i s t i l l a t i o n . T h e h igher the b a s i n t e m p e r a ­
t u r e , the higher is the w a t e r v a p o r pressure a n d the lower the ra t i o of a i r to w a t e r 
v a p o r i n the atmosphere of the d i s t i l l a t i o n u n i t . F a c t o r s t end ing to m a x i m i z e b a s i n 
temperatures w i l l therefore reduce th is heat loss because of the lower concentrat ion of 
a i r i n the atmosphere of the d is t i l l e r enclosure. B u t as r a d i a t i o n loss increases w i t h 
rise i n b a s i n t e m p e r a t u r e , these t w o losses cannot be s imul taneous ly m i n i m i z e d b y 
t e m p e r a t u r e change. A n y effort t o w a r d reduc ing convect ion i n the d is t i l l e r w o u l d be 
undes irab le , because th i s is the o n l y s igni f icant m e c h a n i s m for w a t e r d i s t i l l a t i o n . 

I f the e v a p o r a t i n g a n d condensing surfaces were v e r y close together, perhaps a n 
i n c h o r less, some di f fusion t rans fer of w a t e r v a p o r w o u l d occur , w i t h o u t p h y s i c a l t r a n s ­
p o r t b y c i r c u l a t i n g a i r . H o w e v e r , l i m i t e d heat t rans fer b y conduc t i on f r o m b a s i n to 
cover c o u l d also occur . I t is possible t h a t the net effect w o u l d be a moderate increase 
i n the w a t e r y i e l d a n d a corresponding decrease i n heat loss due to a i r c i r c u l a t i o n . 
B u t the p r a c t i c a l i t y of close pos i t i on ing of salt w a t e r surface a n d cover is quest ionable . 

I f the re la t ive h u m i d i t y of the a i r i n the d i s t i l l e r enclosure is cons iderab ly less t h a n 
1 0 0 % at the salt w a t e r surface a n d at the cover , more convect ive loss is a c t u a l l y occur ­
r i n g t h a n es t imated . Increas ing these a i r mo i s ture contents b y better contact of a i r 
a n d cover , or b y otherwise a l t e r ing c i r c u l a t i o n pat terns b y f a n , baffles, or enclosure 
shape cou ld reduce a i r c i r c u l a t i o n loss a n d increase p r o d u c t i v i t y . W h e t h e r the eco­
nomics of such steps m i g h t be a t t r a c t i v e remains to be determined . 

I n v i e w of the several possibi l i t ies for reduc ing energy losses, solar d i s t i l l e r y ie lds 
m i g h t be s u b s t a n t i a l l y i m p r o v e d . Decrease of r a d i a t i o n a n d convect ion losses to ha l f 
t h e i r present levels , a long w i t h the use of low-re f lec t ion cover surfaces, w o u l d result 
i n about 5 0 % increase i n s u m m e r p r o d u c t i o n a n d r o u g h l y double the w i n t e r p e r -
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LOF—SOLAR DISTILLATION BASINS 165 

f ormance . I n s u n n y c l imates , y ie lds of 0.2 ga l l on of d i s t i l l ed water per square foot 
shou ld be possible on a s u n n y s u m m e r day . A v e r a g e w i n t e r y ie lds w o u l d a p p r o a c h 
0.1 g a l . / s q . f t . , day . Y e a r - r o u n d per formance shou ld exceed 0.15 g a l . / s q . f t . , d a y , i f 
these i m p r o v e m e n t s can be rea l ized . T h e techn i ca l a c compl i shment of these measures 
as we l l as the i r economic at tract iveness is , of course, no t assured, b u t studies a long such 
l ines appear of v a l u e . 

Acknowledgment 
T h e s u p p o r t a n d cooperat ion of the Office of Sal ine W a t e r , U . S. D e p a r t m e n t of 

the I n t e r i o r , i n a solar d i s t i l l a t i o n p r o g r a m , a p o r t i o n of w h i c h is the subject of th is 
paper , are gra te fu l l y acknowledged . 

Nomenclature 
hc, ο = convect ion heat transfer coefficient f r om cover to atmosphere , B . t . u . / h r . , 

sq . ft . , ° F . 
hr, ο = r a d i a t i o n heat transfer coefficient f r om cover to atmosphere , B . t . u . / h r . , sq . f t . , ° F . 
hc, i = convec t i on heat transfer coefficient f r o m salt water surface to cover of s t i l l , 

B . t . u . / h r . , sq . f t . , ° F . 
hT, i = r a d i a t i o n heat transfer coefficient f rom salt water surface to cover of s t i l l , 

B . t . u . / h r . , sq . ft . , ° F . 
CP = heat c a p a c i t y of a i r , B . t . u . / l b . , ° F . 
tg, Τa = t emperature of t ransparent cover, assumed equa l to d i s t i l l a te t emperature , 

. ° F . or ° R . 
ta, Τa = a tmospher i c temperature , ° F . or ° R . 
tb, Tb = temperature of salt water i n bas in , ° F . or ° R . 
Ε = water e v a p o r a t i o n (and condensation) rate , l b . / h r . , sq . f t . 
λ = la tent heat of condensat ion a t bas in temperature (plus difference i n sensible 

heat of condensate a t b a s i n a n d cover temperatures ) , B . t . u . / l b . (equals 
a p p r o x i m a t e l y 1050 B . t . u . / l b . ) 

Η = e n t h a l p y of a i r , B . t . u . / l b . 
Qsh = net solar r a d i a t i o n rate absorbed on b a s i n b o t t o m , B . t . u . , sq . f t . , d a y (equals 

inc ident r a d i a t i o n m i n u s ref lect ion f rom cover, salt water surface, a n d b a s i n 
bo t tom) 

V = w i n d ve l o c i ty , m i l e s / h r . 
L = net miscel laneous heat loss rate , B . t . u . / h r . , sq . f t . 
w d a = pounds of d r y a i r c i r c u l a t i n g per u n i t t i m e 
Wh 2 o = pounds of water d i s t i l l ed per u n i t t i m e 
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Field Evaluation of Solar Sea 
Water Stills 

J. W. BLOEMER, R. A. COLLINS, and J. A. EIBLING 

Battelle Memorial Institute, Columbus, Ohio 

Construction methods and performance data are 
presented on solar sea water stills under evaluation 
at the Florida Solar Distillation Research Station. 
Three stills representing two basic designs have 
been constructed and operated there: a 2500-sq.-
foot glass-covered deep-basin still and 2300- and 
500-sq.-foot air-supported plastic stills. Other 
types of stills are being developed for future con­
struction and field evaluation. 

Among the methods of saline w a t e r convers ion be ing inves t igated b y the D e p a r t m e n t 
of the In ter i o r ' s Office of Sa l ine W a t e r is d irect solar d i s t i l l a t i o n . One phase of the s t u d y 
of so lar d i s t i l l a t i o n inc ludes the field e v a l u a t i o n of st i l l s of p r o m i s i n g design, w h i c h is 
be ing car r i ed out for the Office of Sal ine W a t e r b y B a t t e l l e M e m o r i a l I n s t i t u t e . 

T h e object ives of the research p r o g r a m a r e : to o b t a i n real ist ic engineering a n d 
economic d a t a o n solar d i s t i l l a t i o n p lants a n d to develop methods of i m p r o v i n g t h e i r 
i n i t i a l a n d opera t ing costs. F i e l d tests are be ing conducted at a research s ta t i on i n 
n o r t h e r n F l o r i d a , where three solar s t i l l s have been constructed a n d others are p l a n n e d 
to be b u i l t . T h e st i l l s are extens ive ly i n s t r u m e n t e d , so t h a t heat losses a n d other p e r ­
formance d a t a m a y be accurate ly de termined . 

Solar Distillation Research Station 

T h e F l o r i d a research s ta t i on was establ ished i n 1958 o n the Ponce de L e o n L i g h t ­
house R e s e r v a t i o n near P o r t Orange on l a n d made ava i lab le to the D e p a r t m e n t of the 
I n t e r i o r b y the U . S. C o a s t G u a r d . A p p r o x i m a t e l y 3 / 4 acre is fenced i n a n d accessible 
for the cons t ruc t i on of solar s t i l l s . 

Sea water feed for the s t i l l s is p u m p e d f r o m the H a l i f a x R i v e r , w h i c h at the po in t 
of feed i n t a k e has a s a l i n i t y of about 35,000 p .p .m. , the same as t h a t of the ocean. 
M u c h of the research i n s t r u m e n t a t i o n is housed i n a c e n t r a l l y located concrete b l o c k 
shelter , w h i c h was constructed u n d e r g r o u n d p r i n c i p a l l y to prevent i ts shading the n e a r b y 
s t i l l s . One of the p r e v i o u s l y ex is t ing bu i ld ings on the reservat ion was renovated to 
prov ide a n office, a conference r o o m , a n d equ ipment storage space. 

F i g u r e 1 is a v i e w of p a r t of the field-evaluation site as seen f r o m the t o p of the 
l ighthouse . T h e t w o st i l l s shown i n the b a c k g r o u n d are a i r - s u p p o r t e d p last i c u n i t s . A 
glass-covered deep-bas in s t i l l c an be seen i n the foreground. T h e i n s t r u m e n t house is 
i m m e d i a t e l y to the left of the s t i l l s . A 2000-gal lon t a n k for storage of sea w a t e r is 
v is ib le i n the lower r i g h t corner of the fenced- in area . 
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BLOEMER ET AL.-=-SOLAR SEA WATER STILLS 167 

Figure I. Solar still evaluation area as viewed from lighthouse 

Deep-Basin Still 
T h e first s t i l l c onstructed at the s t a t i o n is a glass-covered u n i t h a v i n g a so-cal led 

deep b a s i n t h a t m a i n t a i n s the saline w a t e r at a d e p t h of 10 to 12 inches. D u r i n g oper ­
a t i o n , solar r a d i a t i o n , t r a n s m i t t e d t h r o u g h the glass cover , heats the w a t e r i n the b a s i n 
beneath the cover . Some of the w a r m w a t e r evaporates a n d subsequent ly condenses on 
the underside of the cover . Condensate flows to the l ower edges of the cover a n d is c o l ­
lected i n suitable gutters . T h e t h e r m a l i n e r t i a of the large mass of w a t e r i n the b a s i n 
prov ides cont inuous d i s t i l l a t i o n even d u r i n g the n i g h t . T h e design cal ls for p lacement of 
the b a s i n d i r e c t l y on the g r o u n d , w i t h no t h e r m a l i n s u l a t i o n , on the premise t h a t heat 
losses to the d r y e a r t h w i l l be r e l a t i v e l y s m a l l . 

C o n s t r u c t i o n . T h e deep-basin s t i l l was conceived a n d designed i n i t i a l l y b y George 
0 . G . L o f , E n g i n e e r i n g C o n s u l t a n t , D e n v e r , Co l o . , a consul tant to the Office of Sal ine 
W a t e r . A s b u i l t at the F l o r i d a s t a t i o n , the s t i l l has served m a i n l y as a research t o o l 
ra ther t h a n as a demons t ra t i on of the lowest possible cost of cons t ruc t i on . C o n s t r u c t i o n 
was s tar ted i n the s u m m e r of 1958 a n d completed i n J a n u a r y 1959. T h e u n i t has been i n 
operat i on about 7 m o n t h s , operat i on h a v i n g been suspended several t imes so t h a t v a r i o u s 
i m p r o v e m e n t s cou ld be made . 

F i g u r e 2 is a p h o t o g r a p h of the deep-bas in s t i l l . T h e concrete c u r b i n g shown 
along the near edge of the s t i l l is p a r t of a heat-exchanger f lume i n w h i c h feed w a t e r 
can be preheated . 

F i g u r e 3 shows a cross section of one of the bays of the deep-bas in s t i l l , w i t h e n ­
larged v iews of the u p p e r a n d lower glass seals. T h e o v e r - a l l d imensions of the s t i l l are 
55 X 55 feet, p r o v i d i n g a p p r o x i m a t e l y 2450 sq . feet of b a s i n a rea d i s t r i b u t e d a m o n g s ix 
8- foot-wide bays . F e e d water enters the b a s i n f r o m the heat-exchanger flume, a n d 
b l o w d o w n is removed b y overf low weirs . T h e b l o w d o w n a n d the dis t i l la te effluents 
pass t h r o u g h plast ic pipes i m m e r s e d i n the sea w a t e r conta ined i n the heat-exchanger 
flume, thereby preheat ing the i n c o m i n g feed. 

T h e glass cover is made of 4- foot -square window-g lass panels a r ranged i n gable -
roof fashion w i t h a slope of 15 degrees. T h e u p p e r edges of the glass panels are s u p ­
por ted w i t h t i m b e r f r a m i n g members a n d are sealed w i t h neoprene extrusions a n d 
a l u m i n u m cap s t r ips . T h e lower edges of the glass panels are sealed b y the spec ia l ex -
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Figure 2. Glass-covered deep-basin still 
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BLOEMER ET AL.—SOLAR SEA WATER STILLS 169 

t r u d e d neoprene s t r ips s h o w n i n F i g u r e 3. Spaces between adjacent glass panels are 
sealed w i t h pressure-sensit ive tape . 

T h e exter ior wa l l s , the b a s i n d i v i d e r p a r t i t i o n s , a n d the heat -exchanger flume are 
constructed of concrete b lock o n p o u r e d concrete footers. T h e b a s i n was made w a t e r ­
t i g h t b y p l a c i n g p r e f a b r i c a t e d aspha l t m a t t i n g d i r e c t l y o n the so i l a n d o n the inside 
surfaces of the wal ls of the s t i l l . T w o - i n c h - t h i c k F o a m g l a s s i n s u l a t i o n was p laced 
a r o u n d the per imeter wal l s so t h a t the edge heat losses w o u l d be c o m p a r a b l e t o those of 
m u c h larger s t i l l s . 

P e r f o r m a n c e . So fa r , the deep-bas in s t i l l has been operated o n l y u n d e r b a t c h -
t y p e c o n t r o l — t h a t is , w i t h o u t cont inuous b l o w d o w n or heat exchange to the i n c o m i n g 
sea water . I n d e t e r m i n i n g the per formance of the s t i l l , inc ident so lar r a d i a t i o n a n d 
dis t i l la te p r o d u c t i o n are measured d a i l y . F r o m th is i n f o r m a t i o n , the specific p r o d u c t i o n 
i n gal lons per square foot per d a y a n d the t h e r m a l efficiency c a n be de termined . I n 
a d d i t i o n to the d a i l y co l lec t ion of per formance d a t a , h o u r l y col lections are made d u r i n g 
per iodic energy- a n d mass -balance r u n s . 

F i g u r e s 4 a n d 5 show the d a i l y a n d the average m o n t h l y p r o d u c t i v i t y of the deep-
bas in s t i l l at var ious s o l a r - r a d i a t i o n intensi t ies . T h e scatter of d a t a po ints for the d a i l y 
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Figure 4. Variation with solar radiation of average daily 
distillate production of deep-basin still 

pi lo t of p r o d u c t i v i t y is wide because of the heat-storage effects o n the d a y - t o - d a y basis . 
H o w e v e r , i t is ev ident f r o m the n e a r l y s t ra ight - l ine re la t i onsh ip of the m o n t h l y average 
p lo t i n F i g u r e 5 t h a t the rate of d i s t i l la te p r o d u c t i o n is a lmost en t i r e ly dependent o n 
the a m o u n t of solar r a d i a t i o n . D u r i n g l o n g - t e r m opera t i on , the effects of differences i n 
ambient a i r t e m p e r a t u r e a n d w i n d v e l o c i t y appear to be m i n o r . A s shown i n F i g u r e 4, 
the p r o d u c t i o n rate of the s t i l l was never be low 0.015 ga l l on per square foot per d a y , 
even w i t h ex tremely l ow solar r a d i a t i o n . T h i s is due to the fact t h a t the l o w - r a d i a t i o n 
days are r e l a t i v e l y few a n d w i d e l y spaced ; consequent ly , the heat s u p p l i e d b y the w a r m 
g r o u n d beneath the s t i l l a n d the sensible heat s tored i n the b r i n e can m a i n t a i n the 
p r o d u c t i v i t y of the s t i l l on l o w - r a d i a t i o n days . O n days of l o w r a d i a t i o n w h i c h are 
preceded b y several days of h i g h r a d i a t i o n , s t i l l efficiencies as h i g h as 1 5 8 % have been 
ca l cu lated . O n the o ther h a n d , on days of h i g h solar r a d i a t i o n preceeded b y several days 
of l ow r a d i a t i o n , efficiencies be low 1 0 % h a v e been recorded , because heat is absorbed b y 
the g r o u n d a n d the b r i n e . T h e average m o n t h l y efficiencies v a r i e d between 26 a n d 3 5 % 
b u t , for the above reasons, a direct re la t i onsh ip between t h e r m a l efficiency a n d r a d i a t i o n 
is not a p p a r e n t . 
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Figure 5. Variation with solar radiation of average 
monthly distillate production of deep-basin still 

D i s t r i b u t i o n o f E n e r g y . D u r i n g a 3-day p e r i o d , October 7 to 9, 1959, a cont inuous 
per formance r u n was made o n the deep-bas in s t i l l for the purpose of c o m p u t i n g a n 
energy balance . E a c h i t e m per t inent to the energy balance was measured , except c o n ­
v e c t i o n loss to the atmosphere , w h i c h was ob ta ined b y ca lcu lat ions . T h e e x p e r i m e n t a l l y 
de te rmined losses were t h e n c o m p a r e d w i t h the corresponding ca l cu lated losses. These 
showed r e m a r k a b l y close agreement. 

F i g u r e 6 shows the p r o d u c t i v i t y , the heat flows, a n d some of the more s ignif icant 
t emperatures of the s t i l l as t h e y v a r i e d t h r o u g h o u t the 72-hour r u n . A s shown, the m a x ­
i m u m dis t i l la te ou tputs each d a y occurred near 7 P . M . a n d 10 A . M . , r espect ive ly . T h e 
t o t a l r a d i a t i o n curve shown i n F i g u r e 6 is the s u m of the solar a n d atmospher i c r a d i a t i o n . 

AM PM AM PM AM PM AM 
October 7 October 8 October 9 

Figure 6. Productivity, heat flows, and temperatures of deep-basin still 
during 72-hour period 
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BLOEMER ET AL—SOLAR SEA WATER STILLS 171 

O n a 24-hour basis , the atmospher i c r a d i a t i o n is twice as m u c h as the so lar r a d i a t i o n . 
I t is d o u b t f u l t h a t the a tmospher i c r a d i a t i o n contr ibutes to the useful o u t p u t of the s t i l l ; 
most , i f not a l l of i t , is r e rad ia ted to the s k y . H o w e v e r , w i t h the methods used to meas ­
ure r a d i a t i o n for the energy balance , i t is necessary to account for r a d i a t i o n f r o m a l l 
sources. 

T h e net r a d i a t i o n between the s t i l l a n d i ts surroundings was measured w i t h a r a d i ­
ometer . T h e difference between the net a n d the t o t a l r a d i a t i o n was considered to be 
r a d i a t i o n f r o m the w a r m components of the s t i l l a n d ref lect ion of a tmospher i c a n d solar 
r a d i a t i o n f r o m the s t i l l . T h e curve of s t i l l r a d i a t i o n i n F i g u r e 6 is a lmost a m i r r o r 
image of the t o t a l r a d i a t i o n curve , s t i l l r a d i a t i o n be ing greatest d u r i n g the d a y w h e n 
the s t i l l is the warmest a n d solar r a d i a t i o n is be ing reflected f r o m the cover . 

T a b l e I gives the d i s t r i b u t i o n of the energy i n p u t to the deep-bas in s t i l l as de­
t e r m i n e d f r o m the results of the 3-day energy balance . A s shown, 3 2 % of the a v a i l ­
able energy was u t i l i z e d for useful o u t p u t of the s t i l l . T h e largest single loss, 2 5 % , 
was heat r a d i a t i o n f r o m the b a s i n w a t e r . T h e remainder of the heat losses, t a k e n 
separate ly , are re la t i ve ly m o d e r a t e ; co l l ec t ive ly , however , t h e y account for about 4 3 % 
of the i n c o m i n g solar energy. 

Table I. Approximate Distribution of Solar Radiation Reaching Deep-Basin Still 
(Based on 3-day energy balance r u n i n October 1959) 

% o f m 

Dis t r ibut i on Solar R a d i a t i o n " 
E v a p o r a t i o n 32 
Br ine leakage and vapor loss 0 
G r o u n d and edge heat loss 2 
Solar radiat ion reflected b y st i l l 12 
Solar radiat ion absorbed b y cover 10 
Rad ia t i on from water i n basin 25 
Internal convection 7 
Re-evaporation of disti l late and 

unaccounted-for losses 12 
T o t a l 100 

α Incident solar radiat ion averaged 1400 B . t . u . / ( s q . ft.) (day) for 3-day period. 

M e t h o d s o f I m p r o v i n g D e e p - B a s i n S t i l l . A s shown i n T a b l e I , the s u m of the 
g r o u n d a n d edge losses f r o m the deep-bas in s t i l l was o n l y 2 % . T h i s is especial ly no te ­
w o r t h y i n v i e w of the fact t h a t the b o t t o m of the b a s i n is not i n s u l a t e d , a n d suggests 
t h a t i n s u l a t i o n of the b a s i n of a large s t i l l p r o b a b l y cou ld not be just i f ied economica l ly . 

T h e solar r a d i a t i o n reflected f r o m the surface of the b a s i n w a t e r a n d the glass 
cover of the s t i l l a m o u n t e d to 1 2 % of the ava i lab le energy. T h e ref lect ion f r o m the 
glass cover cou ld be reduced b y us ing t reated glass ; w i t h present techniques , the cost 
m a y be p r o h i b i t i v e . T i l t i n g the cover of the s t i l l at a n angle equal to the l a t i t u d e fac ing 
south w o u l d be another w a y of reduc ing the glass ref lect ion. I f th i s were done, the m e a n 
y e a r l y angle of incidence between the solar r a d i a t i o n a n d the cover w o u l d be a t a m i n ­
i m u m , b u t m o r e glass w o u l d be needed to cover the s t i l l . T h e ref lect ion loss f r o m 
the b a s i n w a t e r cou ld be decreased b y floating a n absorpt ive f o a m or m a t on the w a t e r 
surface . T h e solutions for reduc ing ref lect ion loss presented above w o u l d have to be 
examined f u r t h e r f r o m a n economic v i e w p o i n t to determine whether t h e y can be r e c o m ­
mended . 

I f the r a d i a t i o n f r o m the b a s i n w a t e r to the s t i l l cover cou ld be e l i m i n a t e d or s u b ­
s t a n t i a l l y reduced, a large ga in i n p r o d u c t i v i t y w o u l d be effected. T o ac compl i sh t h i s , 
i t w o u l d be necessary to have a cover , the unders ide of w h i c h w o u l d reflect l ong -wave 
r a d i a t i o n e m i t t e d b y the w a t e r surface. T h e idea l cover w o u l d t r a n s m i t a l l i n c o m i n g 
r a d i a t i o n , b o t h l o n g - a n d shor t -wave l e n g t h , a n d reflect a l l r a d i a t i o n e m a n a t i n g f r o m 
the b a s i n water . Because such a cover is theore t i ca l l y no t a t ta inab le , the next best 
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172 ADVANCES IN CHEMISTRY SERIES 

w o u l d be one t h a t w o u l d t r a n s m i t s h o r t - w a v e - l e n g t h or so la r r a d i a t i o n a n d reflect l o n g ­
w a v e - l e n g t h r a d i a t i o n . I f the cover is made of glass or other m a t e r i a l t h a t absorbs l o n g ­
w a v e - l e n g t h r a d i a t i o n , i t m i g h t be advantageous to t reat the cover i n such a w a y t h a t 
i t w i l l reflect l ong -wave - l ength r a d i a t i o n f r o m the unders ide o n l y . H o w e v e r , w a t e r is a 
good absorber of l ong -wave - l ength r a d i a t i o n . E v e n a film of condensate o n l y 0.002 i n c h 
t h i c k o n the unders ide of the cover w o u l d absorb a lmost a l l r a d i a t i o n f r o m the b a s i n 
w a t e r ; consequent ly , the effectiveness of a spec ia l ly t r ea t ed cover w o u l d be nu l l i f i ed . 
T o take advantage of a reflective cover, i t m a y be necessary to use a n externa l c o n ­
denser to keep the cover free of d i s t i l l a te . 

T h e i n t e r n a l convect ion loss is moderate , so t h a t measures suggested to reduce th i s 
loss, such as rep lac ing the a i r inside the s t i l l w i t h a gas of lower specific heat or operat ­
i n g the s t i l l u n d e r v a c u u m , m a y not be economica l ly feasible. 

T h e r e - e v a p o r a t i o n of the d i s t i l la te m a y account for a f a i r l y large loss a n d shou ld 
be reduced , i f possible. T h i s cou ld be accompl i shed b y shad ing the d i s t i l l a te co l lect ion 
troughs f r o m direct sun l ight . A w a y to measure the a m o u n t of r e - e v a p o r a t i o n a c c u ­
r a t e l y has not yet been devised, b u t ca lculat ions ind i ca te t h a t the loss f r o m re -evapo ­
r a t i o n m a y be as large as 1 0 % , i n . w h i c h case the unaccounted - for loss i n T a b l e I w o u l d 
be o n l y about 2 % . D r o p s of d i s t i l l a te on the r e la t i ve ly w a r m lower neoprene extrus ion 
have been seen to evaporate before they cou ld reach the co l lect ion t r o u g h , t h u s es tab ­
l i s h i n g v i s u a l proo f of the i r r e - e v a p o r a t i o n . I t is suspected t h a t there is also r e - e v a p ­
o r a t i o n i n the co l lect ion troughs , p a r t i c u l a r l y those on the n o r t h wal ls of the bays w h i c h 
are heated b y direct sun l ight . 

E x p e r i e n c e ga ined d u r i n g cons t ruc t i on p o i n t e d to several ways i n w h i c h the s t i l l 
c o u l d be s u b s t a n t i a l l y i m p r o v e d f r o m the s tandpo ints of sounder cons t ruc t i on a n d l ower 
cost. F o r example , considerable l abor a n d mater ia l s c ou ld be saved b y e l i m i n a t i n g the 
footers beneath the per imeter wal l s a n d s u p p o r t i n g the wal l s d i r e c t l y on the waterproo f 
b a s i n l i n e r . T h e weight of the supers t ruc ture of the s t i l l is m u c h less t h a n the bear ing 
c a p a c i t y of most types of so i l , i n c l u d i n g sand . 

A n o t h e r design change t h a t w o u l d reduce cons t ruc t i on costs w o u l d be e l i m i n a t i o n 
of the p a r t i t i o n s between the bays . T h e b o t t o m of the b a s i n , instead of be ing composed 
of several separate mats bordered b y d i v i d i n g wal l s , c ou ld consist of one cont inuous 
w a t e r t i g h t m a t . A l l suppor ts for the glass cover , b o t h u p p e r a n d lower sections, w o u l d 
then be on concrete-block pedestals rest ing d i r e c t l y on the b a s i n b o t t o m . T h i s a r r a n g e ­
ment w o u l d be s i m i l a r to t h a t used to s u p p o r t the center r idge of the ex is t ing deep-bas in 
s t i l l . T h e b o t t o m of the s t i l l c o u l d be constructed of waterproo f b l a c k t o p on crushed 
rock ra ther t h a n of pre fabr i ca ted asphal t i c m a t . T h i s m a t e r i a l cou ld be l a i d q u i c k l y 
a n d economica l ly i n large areas w i t h s t a n d a r d equ ipment . 

P r e l i m i n a r y cost estimates ind icate t h a t i n a d d i t i o n to m a k i n g these suggested i m ­
provements , i t is h i g h l y desirable to w o r k t o w a r d the design of a s t i l l t h a t m i g h t have 
a l i fe of 50 years w i t h l ow maintenance . I n designing for a l i fe of 50 years , no w o o d 
shou ld be considered for the s t r u c t u r e ; the center r idge s u p p o r t cou ld be constructed 
of a l u m i n u m or of p r e f o r m e d concrete beams. These mater ia l s m a y be more expensive 
t h a n wood , b u t w h e n the maintenance a n d replacement of wooden components for a 
50-year per iod are considered, i t is apparent t h a t concrete or a l u m i n u m components 
w o u l d be more economical . 

Air-Supported Plastic Stills 

T h e two a i r - s u p p o r t e d p last i c st i l ls were constructed d u r i n g the w i n t e r of 1958-
1959. Some a d d i t i o n a l a n d some modi f ied bays were ins ta l l ed i n the large p last i c 
s t i l l a f ter t h a t t i m e . B o t h st i l ls have been i n cont inuous operat i on since J a n u a r y 1959, 
a n d , as a result , considerable per formance data have been col lected. I n a s m u c h as the 
per formance of the t w o plast ic st i l l s is s i m i l a r , for b r e v i t y the discussion i n th is paper 
deals m a i n l y w i t h the larger u n i t . 

C o n s t r u c t i o n of D u P o n t S t i l l s . T h e a i r - s u p p o r t e d p last i c st i l ls were b u i l t w i t h 
the cooperat ion a n d assistance of Ε . I . d u P o n t de N e m o u r s & C o . , w h i c h also furnished 
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BLOEMER ET AL—SOLAR SEA WATER STILLS 173 

the p last i c f i lms used i n the cons t ruc t i on . F r a n k E . E d l i n of D u P o n t designed the 
a i r - s u p p o r t e d st i l l s a n d assisted i n the i r c ons t ruc t i on at the research s t a t i o n . 

F i g u r e 7 is a p h o t o g r a p h of the 2300-sq.-foot a i r - s u p p o r t e d plast ic s t i l l . T h i s s t i l l 
consists of rows of separate channels , each p r o v i d e d w i t h a w a t e r p r o o f p las t i c b a s i n 
a n d a n a i r - s u p p o r t e d t r a n s p a r e n t p last i c cover . T h e design incorporates a r e l a t i v e l y 
sha l low b a s i n , c onta in ing o n l y a few inches of water , so t h a t there is m u c h less t h e r m a l 
i n e r t i a t h a n i n the deep-bas in s t i l l . 

F i g u r e 8 shows the cons t ruc t i on features of the a i r - s u p p o r t e d p last i c s t i l l s . A 
plast i c p a n sheet contains the feed w a t e r i n the b a s i n . A t r a n s p a r e n t p last i c cover 
t r a n s m i t s the solar r a d i a t i o n a n d prov ides a condensing surface for the v a p o r . T h e 
cover f i l m o n the 500-sq.-foot s t i l l is 3 - m i l T e s l a r , wh i l e the cover film o n the 2300-sq. -
foot s t i l l is 5 - m i l W e a t h e r a b l e M y l a r , except for three of the bays w h i c h have been r e ­
p laced recent ly w i t h T e s l a r bays . I n each s t i l l , the cover film is s u p p o r t e d b y a i r pres ­
sure s u p p l i e d b y a s m a l l b l ower . Concre te curbs const i tute the side wal l s of the b a s i n 
a n d also p r o v i d e a n anchor for the p last i c films. T h e p a n sheet a n d cover films are se­
cured b y inser t ing the i r edges, together w i t h a n e x t r u d e d neoprene s t r i p , in to a groove 
i n the c u r b i n g . T h e basins wa l l s a n d b o t t o m are insu la ted to reduce heat losses. O t h e r 
p last i c films serve as a g r o u n d sheet a n d as a n envelope to protec t the t h e r m a l i n s u l a ­
t i o n f r o m g r o u n d mo i s ture . A b l a c k O r i o n m a t i n the b a s i n fac i l i tates t r a p p i n g of the 
solar r a d i a t i o n . T h e d is t i l la te col lected i n the t roughs f o r m e d b y the curbs flows to the 
l o w end of the b a y . S t i l l opera t i on is a b a t c h process, w i t h m a k e - u p a n d br ine flush­
i n g scheduled c o n c u r r e n t l y a t i n t e r v a l s of a p p r o x i m a t e l y 1 week. 

D u r i n g the cons t ruc t i on of the a i r - s u p p o r t e d s t i l l s , t w o cost i tems were ident i f ied 
w h i c h can be reduced s u b s t a n t i a l l y : curbs a n d l a b o r for assembl ing the p last i c m a t e ­
r ia l s . One suggestion is to use e x t r u d e d p last i c c u r b i n g m a t e r i a l w i t h sand , w a t e r , or 
concrete for ba l las t . A n e x t r u d e d p last i c cap w i t h b u i l t - i n grooves c o u l d be impressed 
i n the concrete c u r b whi l e the concrete is fresh. 

T h e cost of l abor for assembl ing the p last i c m a t e r i a l s i n the field was h i g h at first, 
because each of the p last i c films c o m p r i s i n g each b a y h a d t o be t u c k e d i n t o the grooves 
of the c u r b i n g . L a t e r a p r e f a b r i c a t e d design was developed b y D u P o n t , u t i l i z i n g T e s ­
l a r envelopes. E a c h envelope consisted of a 4 - m i l T e s l a r p a n sheet w i t h a n O r i o n m a t 
a t tached to i t b y means of a r a n d o m l y a p p l i e d spot adhesive a n d a 4 - m i l T e s t a r cover 
film. T h e p a n a n d cover film were sealed a long the edges in to a cont inuous envelope. 
N o g r o u n d sheet was used. T h r e e such pre fabr i ca ted b a y s were ins ta l l ed i n the large 
D u P o n t s t i l l o n the ex is t ing concrete curbs . T h e l a b o r r equ i red for the i n s t a l l a t i o n of 
the pre fabr i ca ted u n i t s was o n l y one f o u r t h of t h a t r e q u i r e d for the o r i g i n a l b a y s . 

P e r f o r m a n c e o f L a r g e A i r - S u p p o r t e d S t i l l . T h e large a i r - s u p p o r t e d s t i l l has 
been i n cont inuous opera t i on since J a n u a r y 1959. One of the pre fabr i ca ted b a y s ( N o . 
14) , w h i c h was ins ta l l ed i n the large s t i l l , has no d is t i l la te leaks , whereas the other bays 
of the s t i l l have l eaked d i s t i l la te i n v a r y i n g amounts a long the grooves i n the c u r b i n g . 
These leaks represented a serious loss i n p r o d u c t i v i t y . I n a s m u c h as the loss can be 
prevented i n future s t i l l s , the p r o d u c t i v i t y of b a y 14, r a t h e r t h a n t h a t of the ent ire 
s t i l l , is the bet ter measure of the per formance . 

F i g u r e 9 shows the v a r i a t i o n w i t h so lar r a d i a t i o n of the average m o n t h l y p r o d u c ­
t i o n of the large D u P o n t s t i l l for the first 12 m o n t h s of operat i on . S i m i l a r d a t a are 
g i v e n for the n o n l e a k i n g b a y , N o . 14, d u r i n g i t s 5 m o n t h s of opera t i on . A s was the 
case w i t h the glass-covered s t i l l , there is l i t t l e d e v i a t i o n f r o m a s t ra ight - l ine r e l a t i o n ­
sh ip between solar r a d i a t i o n i n t e n s i t y a n d p r o d u c t i v i t y , i n d i c a t i n g t h a t the p r o d u c t i o n 
of the s t i l l is p r i m a r i l y a f u n c t i o n of so lar r a d i a t i o n , no t affected g r e a t l y b y weather 
condi t ions . T h e difference between the t w o curves i n F i g u r e 9 attests to i m p o r t a n c e 
of o b t a i n i n g complete ly l eakproo f seals at the seams. F o r example , at a solar r a d i a t i o n 
i n t e n s i t y of 2000 B . t . u . / ( s q . ft .) ( d a y ) , b a y 14 produced a t a rate of 0.080 g a l . / ( s q . ft .) 
( d a y ) , whereas the average for the ent ire s t i l l was 0.056 g a l . / ( s q . ft.) ( d a y ) . I n a s m u c h 
as a l l of the bays operated u n d e r a p p r o x i m a t e l y the same condit ions , except f or l e a k ­
age, the average loss of d is t i l la te t h r o u g h leakage can be assumed to be 0.024 g a l . / ( s q . 
ft.) (day) or 3 0 % . 
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Figure 7. Air-supported plastic still 

Fiberboard 
insulation 

Transparent plastic sheet 
inflated to 1/4" hydrostatic air pressure 

Figure 8. Cross-sectional elevation showing construction of air-supported 
plastic stills 
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Figure 9. Variation with solar radiation of average 
monthly distillate production of large Du Pont still 

and bay 14 

F i g u r e 10 shows the per formance of the large D u P o n t s t i l l for the f u l l y e a r 1959. 
T h e p r o d u c t i o n curve fo l lows the solar r a d i a t i o n curve closely. T h e efficiency, a l t h o u g h 
er ra t i c , tends to increase w i t h increased solar r a d i a t i o n . T h e p r o d u c t i o n curve for b a y 
14 is also shown i n F i g u r e 10 a n d inc ludes es t imated values f or the ear l ier m o n t h s of the 
year , based on leakage rates der ived f r o m F i g u r e 9. 

T h e p r o d u c t i v i t y of the large D u P o n t s t i l l reaches a peak each d a y a r o u n d 1 P . M . 
a n d drops off g r a d u a l l y d u r i n g the n i g h t to a lmost zero b y 6 A . M . T h u s , the m a x i m u m 
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Figure 10. Performance of large Du Pont still by 
months in 1959 

p r o d u c t i v i t y lags o n l y about 1 h o u r b e h i n d the peak solar r a d i a t i o n . T h e r e is about a 
6-hour l a g w i t h the deep-bas in s t i l l . 

E n e r g y - b a l a n c e runs made w i t h the large p las t i c s t i l l have s h o w n t h a t the heat 
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loss to the g r o u n d t h r o u g h the insu la ted bas in is negl ig ible . T h e heat loss resu l t ing 
f r o m b r i n e a n d v a p o r leakage appears to be about 2 % , b u t th i s loss w o u l d be reduced 
to a n even less s igni f icant a m o u n t i n a f u l l y developed s t i l l . 

A c omment shou ld be made concerning the ref lux of condensate i n the a i r - s u p p o r t e d 
p last i c s t i l l s . P l a s t i c films, unless spec ia l ly t reated , cause condensat ion i n droplets 
w h i c h grow to considerable size before they r u n d o w n the cover . N e a r the c r o w n , the 
drop le ts f r equent ly become so large t h a t they f a l l i n to the b r i n e . T h e reflux has been 
observed to be p a r t i c u l a r l y severe w h e n the cover is ag i ta ted b y gusts of w i n d . One 
of the M y l a r - c o v e r e d bays of the large s t i l l was t reated for w e t t a b i l i t y p r i o r to i n s t a l l a ­
t i o n , w h i c h appeared to reduce the reflux a n d gave evidence of increas ing the o u t p u t 
of the b a y . D i s t i l l a t e leaks prec luded the exact d e t e r m i n a t i o n of the increase i n p r o ­
d u c t i v i t y . T h e t r i a l r u n , however , shows the d e s i r a b i l i t y of deve lop ing methods of 
p r o d u c i n g p e r m a n e n t l y h y d r o p h y l i c surfaces o n p las t i c covers . T h e F r a n k l i n I n s t i t u t e , 
under Office of Sal ine W a t e r sponsorship , has t reated b o t h M y l a r a n d T e s l a r films, a n d 
i t is p l a n n e d to place these on some of the bays of the large s t i l l . 

Plans for Evaluation of Other Concepts of Solar Stills 

T h e glass-covered deep-bas in s t i l l a n d the a i r - s u p p o r t e d p last i c st i l ls descr ibed i n 
th is paper represent o n l y t w o of several designs t h a t have been proposed for so lar 
s t i l l s . C o n s t r u c t i o n of a d d i t i o n a l solar s t i l l s at the F l o r i d a s ta t i on is p l a n n e d . These 
i n c l u d e : (1) a n a i r - s u p p o r t e d p last i c s t i l l of i m p r o v e d design be ing developed b y 
D u P o n t , (2) a T e l k e s t i l t e d single-effect s t i l l to be fabr i ca ted b y the C u r t i s s - W r i g h t 
C o r p . , (3) a p las t i c enve lope - type s t i l l deve loped b y the B j o r k s t e n L a b o r a t o r i e s , a n d 
(4) a glass-covered s t i l l designed for m i n i m u m cost a n d l ong l i f e . 

T h e new a i r - s u p p o r t e d s t i l l w i l l be of pre fabr i ca ted cons t ruc t i on . T e s l a r films 
w i l l be used a n d the s t i l l w i l l feature b a y s about 8 feet w i d e as c o m p a r e d w i t h the 3-foot 
bays of the present s t i l l . T h u s , the a m o u n t of c u r b i n g needed w i l l be reduced c o n ­
s iderab ly . A l s o , the p i p i n g w i l l be g r e a t l y s impl i f i ed , f u r t h e r reduc ing the cost of 
cons t ruc t i on . E x t r u d e d p last i c caps are be ing considered f o r the concrete curbs t o 
s i m p l i f y c u r b cons t ruc t i on . T h r e e 100-foot- long bays , p r o v i d i n g a t o t a l of 2400 sq . 
feet, are p l a n n e d for c ons t ruc t i on a t the s t a t i o n . 

F i v e modules of the T e l k e s t i l t e d single-effect s t i l l , t o t a l i n g 500 sq . feet, w i l l be 
constructed b y the C u r t i s s - W r i g h t C o r p . a n d sh ipped , unassembled , to the F l o r i d a 
s t a t i o n . T h e t i l t e d single-effect s t i l l is essential ly a b l a c k absorbent fabr i c s u p p o r t e d 
at a n angle b y a n i m p e r m e a b l e sheet of p last i c or m e t a l a n d s u r r o u n d e d b y a t r a n s p a r e n t 
cover above a n d a n opaque cover be low. 

T h e B j o r k s t e n p last i c enve lope - type s t i l l w i l l be b u i l t of several modules t o t a l i n g 
600 sq . feet. I t w i l l consist of a n a lmost v e r t i c a l , b l a c k - f a b r i c absorber -evaporator 
s u r r o u n d e d on a l l sides b y a t r a n s p a r e n t p last i c envelope. T h e concept of th is s t i l l 
i s s i m i l a r t o t h a t of the T e l k e s s t i l l , except t h a t there is no i m p e r m e a b l e film o n the 
unders ide of the absorber ; the ent ire cover is composed of p last i c film. B j o r k s t e n 
L a b o r a t o r i e s w i l l construct the modules a n d sh ip t h e m , unassembled , to the F l o r i d a 
s t a t i o n . 

T h e new glass-covered s t i l l be ing considered for cons t ruc t i on w o u l d fo l low the 
design p r e v i o u s l y descr ibed, w h e r e i n the s t i l l w o u l d be s u p p o r t e d o n a cont inuous 
w a t e r t i g h t aspha l t m a t . A l l wooden components w o u l d be e l i m i n a t e d . A 50-year l i fe 
expectancy , w i t h l o w maintenance a n d reasonably l o w first cost, is the p r i m e object ive . 
T h e size of the s t i l l w o u l d be a p p r o x i m a t e l y 2500 sq . feet. 

I n a d d i t i o n to the above -ment ioned s t i l l s , several o ther designs are be ing i n v e s t i ­
gated at B a t t e l l e ' s l a b o r a t o r y i n C o l u m b u s . T w o of these are s ingle-tube a n d doub le -
t u b e s t i l l s . T h e single-tube s t i l l is m e r e l y a t r a n s p a r e n t p las t i c a i r - s u p p o r t e d t u b e 
w h i c h lies i n a sha l low b a s i n scooped out of the g r o u n d . T h e w a t e r i n the b a s i n serves 
to anchor the s t i l l , thereby e l i m i n a t i n g the need for curbs . T h e d is t i l la te t r o u g h is 
heat-sealed t o the t r a n s p a r e n t tube . 

T h e double - tube s t i l l consists of a n outer tube of a i r - s u p p o r t e d t r a n s p a r e n t p last i c 
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film a n d a n inner tube , i n w h i c h the br ine is conta ined , made of porous b l a c k p las t i c 
m a t e r i a l . T h e porous inner tube t r a n s m i t s water v a p o r b u t not l i q u i d water . W a t e r 
e v a p o r a t e d inside the porous tube is t r a n s m i t t e d t h r o u g h the porous m a t e r i a l a n d c o n ­
denses on the inside surface of the outer tube . T h e condensate collects i n the t r o u g h 
w h i c h exists between the t w o tubes. 

W i t h respect to fu ture a c t i v i t y i n the field of solar d i s t i l l a t i o n , three basic ca te ­
gories of solar st i l ls can be v i s u a l i z e d : pe rmanent , semipermanent , a n d expendable . 
I t is not possible to single out a n y one t y p e as the best, because each has advantages i n 
p a r t i c u l a r app l i ca t i ons w h i c h m a y range f r o m s m a l l remote domest ic ins ta l la t ions t o 
p lants cover ing m a n y acres a n d serv ing m u n i c i p a l i t i e s , i n d u s t r y , a n d agr i cu l ture . 

T h e glass-covered deep-bas in s t i l l is a n example of a p e r m a n e n t - t y p e s t i l l . T h e 
i n i t i a l cost of such a s t i l l m i g h t be r e l a t i v e l y h i g h a n d yet fresh water w o u l d be 
produced at a reasonable operat ing cost. Some of the p las t i c st i l l s m i g h t be considered 
as be ing of the semipermanent class. These m a y be lower i n i n i t i a l cost t h a n the 
permanent s t i l l s , b u t t h e y are constructed of mater ia l s w h i c h have a shorter l i f e . T h e 
single - a n d double - tube st i l l s m i g h t be considered i n the expendable category . I f t h e y 
can be m a n u f a c t u r e d at a n ext remely l o w cost, t h e y c o u l d be replaced comple te ly 
when a n y component fa i l ed . L i t t l e field p r e p a r a t i o n w o u l d be r e q u i r e d for t h e i r 
c ons t ruc t i on , and t h e y cou ld be sh ipped c o m p a c t l y fo lded . 

Conclusions 
T h e experience i n cons t ruc t ing a n d e v a l u a t i n g the solar st i l l s at the research 

s tat ion has l ed to several i m p o r t a n t observat ions : 
A p r o d u c t i v i t y a t t a i n m e n t of 0.10 g a l . / ( s q . ft.) (day) at solar r a d i a t i o n intensit ies 

of 2000 B . t . u . / ( s q . ft.) (day) is possible. I f care fu l a t t e n t i o n is g i v e n to heat losses a n d 
to the use of selective r a d i a t i o n surfaces, p r o d u c t i v i t y m a y be pushed a p p r e c i a b l y above 
th i s . H o w e v e r , the economics of i n c o r p o r a t i n g the means of i m p r o v e m e n t w h i c h have 
been presented m u s t be de termined on the basis of the results of f u r t h e r research a n d 
deve lopment . 

T h e net heat loss to the g r o u n d i n large b a s i n - t y p e st i l l s is so s m a l l t h a t the use of 
t h e r m a l i n s u l a t i o n p r o b a b l y cannot be just i f ied . 

Because of the l ow o u t p u t per u n i t of area of solar s t i l l s , even s m a l l d i s t i l la te a n d 
br ine leaks cannot be to l erated . Some of the seal ing techniques used successful ly i n 
l a b o r a t o r y invest igat ions have been f o u n d inadequate i n field ins ta l la t i ons . 

E v a p o r a t i o n of b r i n e i n a b a s i n - t y p e s t i l l can be car r i ed to h i g h concentrat ions 
w i t h o u t p r e c i p i t a t i o n . 

A l g a e g r o w t h d i d not occur i n the st i l l s when sea w a t e r feed was used, b u t developed 
o n several occasions w h e n b r a c k i s h we l l w a t e r was s u p p l i e d to the deep-bas in s t i l l . 

T h e use of " w e e d k i l l e r " or other means of p r e v e n t i n g g r o w t h of vegetat ion u n d e r 
p last i c basins is desirable to prevent punctures of the p las t i c films. 

I n a d d i t i o n to desirable t r a n s m i s s i v i t y a n d reasonably l ong l i fe , p las t i c films shou ld 
be capable of be ing sealed read i ly at seams, of w i t h s t a n d i n g temperatures of u p to 
250°F . w i t h o u t m e l t i n g , a n d of i n d u c i n g film condensat ion w h e n used as covers. 

A pressure-sensit ive tape h a v i n g a n extremely l o n g l i fe u n d e r sunl ight exposure 
is needed for use i n seal ing gaps between glass panels . 
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Sea Water Demineralization by 
Ammonium Salts Ion Exchange 

PAUL B. STEWART 

Department of Mechanical Engineering and Sea Water Conversion 
Laboratories, University of California, Berkeley, Calif. 

Experimental data on mixed-bed ion exchange show 
that ammonium bicarbonate-sea water salts ion 
exchange is a possible route to saline water demin­
eralization. Material balances for two processing 
schemes are presented: a four-stage ion exchange 
demineralizing plant using a regenerant solution of 
ammonium bicarbonate in fresh water, and a seven­
-stage plant, the first five stages of which use a 
regenerant solution made by dissolving ammonium 
bicarbonate in filtered sea water followed by two 
stages of sodium chloride-free regenerant. The 
distillation requirements for removing the ammo­
nium salts between ion exchange stages and from 
all effluent streams are examined, and compared to 
the distillation load on multiple effect and multi­
stage flash plants. On the basis of distillation 
requirements alone, the ammonium salts ion ex­
change method is not competitive with direct 
distillation. 

Ion exchange, s t a r t i n g w i t h n a t u r a l zeolites used for w a t e r softening for a p p r o x i m a t e l y 
a h a l f - c e n t u r y , has developed t h r o u g h the years to m a n y other fields of a p p l i c a t i o n , 
i n c l u d i n g bo i ler feed w a t e r t r e a t m e n t , meta ls recovery f r o m aqueous so lu t i on , the 
r e m o v a l of i on ized mater ia l s f r o m sugar so lut ions , a n d the p r o d u c t i o n of h i g h p u r i t y 
water for special uses. T h i s expans ion of the uses of i o n exchange technology has i n 
large measure been m a d e possible b y i m p r o v e d i o n exchange m e d i a : synthet i c zeolites, 
the so-cal led carbonaceous zeolites, a n d most recent ly the var i ous classes of synthet i c 
res in i o n exchange m a t e r i a l s . 

S ince the advent of the resins capable of be ing regenerated w i t h acids a n d a lkal ies , 
respect ive ly , exchanging cations for the h y d r o g e n ions a n d anions for the h y d r o x y l i o n , 
i t has been real ized t h a t i o n exchange processing is a possible route to w a t e r d e m i n e r a l i ­
z a t i o n . T h e cost of the régénérant chemica l , a c i d a n d base, has prevented the use of 
the process except i n ce r ta in " c l e a n - u p " app l i ca t i ons where the q u a n t i t y of i on i c m a t e ­
r ia ls to be r e m o v e d is ex t remely s m a l l . 

G i l l i l a n d (6) suggested the p o s s i b i l i t y of a n i o n exchange process us ing régénérant 
chemicals t h a t c o u l d be recovered b y d i s t i l l a t i o n . H i s patent o n th i s subject ( 7 ) a p ­
peared i n 1957. 
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STEWART—DEMINERALIZATION BY AMMONIUM SALTS ION EXCHANGE 179 

Basically, the relative volatility of the components in sea water or saline waters is 
reversed by this type of ion exchange. Thus, the 3.5% of ordinarily nonvolatile salts 
present in sea water are made volatile by substituting for them a volatile salt such as 
one of the ammonium carbonates. This substitution puts distillation in an entirely 
different light : The minor component is now to be distilled away from the major com­
ponent, water, which should reduce the amount of distillation to be done per unit 
quantity of water produced by many fold compared to distillation (or evaporation) 
processes in which all of the recovered water must be distilled. 

Prior Work 
In the course of this work, particularly in its initial stages, extensive use was made 

of the pertinent technical literature. 
U n i t e d States Patents. Gilliland's patent (7) covers mixed-bed ion exchange of 

nonvolatile salts for "thermolytic salts"—those which decompose on heating or reduction 
of pressure into gaseous compounds, or into gases and insoluble solids—followed by 
recovery of the thermolytic salt and its re-use for regeneration of the ion exchange bed. 
Ammonium bicarbonate is specifically claimed as one of the possible thermolytic salts. 

The example cited in the patent used a mixed bed of Amberlite IRA 400 and Dowex 
50 resins, and on an ammonium carbonate-sodium chloride exchange cycle reported a 
reduction of the sodium chloride content of the brine from 0.6iV to 02N in one stage 
(0.67V is approximately the value of total dissolved salts in sea water). 

Ion E x c h a n g e Literature . The technical literature on ion exchange is rather 
voluminous, but not much of it is pertinent to the subject at hand. As might be 
expected, far more information is available on the laboratory use of ion exchange than 
on its processing applications. Two of the best books, general references, are by Kunin 
(17) and Nachod and Schubert (19). The annual reviews published by Industrial and 
Engineering Chemistry are excellent summaries of the literature appearing in the pre­
ceding year. 

Among the few quantitative data on ion exchange performance in the technical 
literature are those reported by Myers (IS) of the Rohm and Haas Co. He reports 
experimental results using Amberlite IR-1 in the hydrogen cycle with a sodium chloride 
feed solution, giving both feed and effluent concentrations. 

More typical of most of the journal articles are those by Bonner, Argersinger, and 
Davidson (2)} Gregor, Belle, and Marcus (8), and Bonner and Payne (3). In the first 
of these papers the authors report on studies in dilute solutions of ion exchange reac­
tions of the type 

where m = molality in solution and Ν = mole fraction on resin, gives good correlation 
of the experimental results. 

There is an extensive literature on applications of ion exchange in analytical 
chemistry. 

Trade literature published by the manufacturers of ion exchange resins is a valuable 
source of information. These manufacturers include the Chemical Process Co., Red­
wood City, Calif.; Dow Chemical Co., Midland, Mich.; and Rohm and Haas, Phila­
delphia, Pa. 

E q u i l i b r i u m Data . Liquid and Solid Phases, N H 3 - C 0 2 - H 2 0 System. Equilib­
rium in condensed systems in the 20° to 40° C. temperature range and from 1- to 4.5-
atm. absolute pressure are reported by Neumann and Domke (21). Similar data are 
reported by Terres and Weiser (26) and Guyer and Piechowicz (9) but over a wider 
temperature range and for less complex systems. The latter authors also report that 

A + + Β Res = A Res + Β 

An equilibrium constant formulated as 
Ν A Res 

NB Res 
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180 ADVANCES IN CHEMISTRY SERIES 

a m m o n i u m b i carbonate i n w a t e r so lut ion evolves carbon d iox ide , b u t m a k e no m e n t i o n 
of a m m o n i a i n the carbon d iox ide . 

Gas and L i q u i d Phases. E q u i l i b r i u m d a t a (P-V-T) a n d t h e r m o d y n a m i c p r o p ­
erties f o r the s ingle -component systems w a t e r (steam) a n d a m m o n i a are complete a n d 
a p p a r e n t l y of the best a c curacy because of the extensive use of these substances i n cyc l i c 
systems (14,20). 

S i m i l a r d a t a for the two - component sys tem w a t e r - a m m o n i a are also ava i lab le a n d 
complete , because of the use of th i s sys tem i n a b s o r p t i o n re f r igerat i on . T h e d a t a of 
S c a t c h a r d a n d coworkers are the most recent (24), a n d are u n i q u e a m o n g such c o m p i l a ­
tions i n t h a t the a v a i l a b i l i t y f u n c t i o n is t a b u l a t e d as w e l l as the u s u a l e n t h a l p y , e n t r o p y , 
a n d G i b b s free energy. These d a t a have been conver ted to g r a p h i c a l f o r m (charts ) b y 
K o h l o s s a n d Scot t (16) a n d B u l k l e y a n d S w a r t z (4). O l d e r d a t a , b u t more complete 
i n the l o w concentrat i on range, are those of Jenn ings a n d S h a n n o n (11). 

D a t a for the three - component sys tem a m m o n i a - w a t e r - c a r b o n dioxide are i n a less 
sat i s fac tory state . P e x t o n a n d B a d g e r (22) r epor t d a t a at 2 0 ° , 3 0 ° , a n d 40° C . 
B a d g e r a n d W i l s o n (1) extend the d a t a to the higher t e m p e r a t u r e range of 90° to 
100° C , b u t th i s was done w i t h so lut ions no t at the b o i l . E g a l o n , V a n h i l l e , a n d W i l l e -
m y n s (δ) measured the p a r t i a l pressures of a m m o n i a a n d c a r b o n d iox ide over so lut ions 
of a m m o n i u m carbonates i n the 20° to 50° C . range . 

Ion Exchange Experimental Work 

T h e e x p e r i m e n t a l w o r k can be d i v i d e d in to two general classes: (1) e x p l o r a t o r y 
exper iments to f ind i o n exchange resins su i tab le for the proposed a p p l i c a t i o n , a n d (2) 
o b t a i n i n g q u a n t i t a t i v e d a t a on one resin p a i r selected. 

Ion E x c h a n g e Resins. I o n exchange resins, regular c o m m e r c i a l p roduc t s , were 
obta ined f r o m the C h e m i c a l Process C o . , R e d w o o d C i t y , C a l i f . 

D u o l i t e C - 2 0 is a po lys tyrene ca t i on res in w i t h sul fonic a c i d f u n c t i o n a l groups . I t 
has a r a t e d c a p a c i t y of 0.8 equ iva lent per l i t e r for ca t i on exchange, except i n the h y d r o ­
gen cyc le , for w h i c h i t s c a p a c i t y is 1.5 equiva lents per l i t e r . Su l f on i c ac id groups are 
charac ter i zed as s t r o n g ac id groups . 

D u o l i t e A - 1 0 2 , a n an ion exchange res in , has strong q u a t e r n a r y a m m o n i u m func ­
t i o n a l groups , w i t h a c a p a c i t y of 0.8 equ iva lent per l i t e r . 

Quantitative D a t a . A series of 18 e x p e r i m e n t a l runs was m a d e to determine 
q u a n t i t a t i v e l y the per formance of a m i x e d - b e d i o n exchange c o l u m n u s i n g C h e m i c a l 
Process C o . resins C - 2 0 a n d A - 1 0 2 . L a b o r a t o r y d a t a are s u m m a r i z e d i n T a b l e I . 

T h e co lumns used were f abr i ca ted f r o m a c r y l i c p last i c (P lex ig las ) t u b i n g , 6 inches 
i n outside d iameter , 5 3 / 4 inches i n inside d iameter , a n d 48 inches l ong . F langes were 
cemented to the t u b i n g b o t h t o p a n d b o t t o m , a n d cover plates w i t h nozzles were bo l t ed 
to the flanges. T h e c a p a c i t y of these co lumns was ca l cu lated to be 0.721 cubic foot 
(5.4 U . S. ga l l ons ) . A so lut ion feed t a n k of 4 0 - U . S. ga l l on c a p a c i t y was m o u n t e d o n a 
w a l l b r a c k e t a n d above the t o p of the i o n exchange co lumns to p r o v i d e g r a v i t y feed. 
Connec t i ons (p ip ing ) were of glass t u b i n g 1 7 / 3 2 i n c h i n outside d iameter w i t h j o ints 
made w i t h r u b b e r t u b i n g . L a b o r a t o r y screw c lamps were used as flow cont ro l devices. 

A n i o n exchange res in bed 32 inches deep made u p of e q u a l vo lumes of C - 2 0 a n d 
A - 1 0 2 resins was used i n each of the two co lumns . T h e bed was s u p p o r t e d b y several 
inches of g r a v e l covered w i t h 2 to 3 inches of coarse sand . I n one r u n ( N o . 7—1) the 
t w o co lumns were used i n series to a p p r o x i m a t e a deeper b e d (64 inches ) . 

T h e "sea w a t e r " used i n these exper iments was S a n F r a n c i s c o B a y w a t e r col lected 
at the l a b o r a t o r y ' s salt w a t e r s u p p l y i n t a k e on the pier at the R i c h m o n d F i e l d S t a t i o n . 
Because of the d i l u t i n g a n d p o l l u t i n g effect of the Sacramento R i v e r as w e l l as other 
effluents d u m p e d i n t o the b a y , the s a l i n i t y of b a y w a t e r a t R i c h m o n d var ies w i d e l y 
d u r i n g the t ide cyc le . I n order to o b t a i n w a t e r of m a x i m u m s a l i n i t y , the^ i n t a k e p u m p 
is c ont ro l l ed b y float switches a n d p e r m i t s the p u m p to operate o n l y at or near h i g h 
t ide for a p p r o x i m a t e l y 3 hours i n 24. E v e n w i t h th is l i m i t e d p u m p i n g schedule the 
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182 ADVANCES IN CHEMISTRY SERIES 

d i l u t i o n b y m i x i n g w i t h less sal ine water is a p p a r e n t . T a b l e I I gives some analyses of 
b a y w a t e r made at var i ous t imes , a n d shows t h a t , judged on the chlor ide i o n content , 
the b a y w a t e r at R i c h m o n d is a p p r o x i m a t e l y h a l f sea water a n d a p p r o x i m a t e l y ha l f 
w a t e r of l o w ch lor ide content . T h e rat ios of c a l c i u m i o n to chlor ide i o n , a n d of sul fate 
i o n to chlor ide i o n are b o t h h igher i n b a y w a t e r t h a n i n n o r m a l sea w a t e r . 

Table II. Analysis of San Francisco Bay Water at Richmond 

D a t e 
12-13-57 
12-17-57 

1-27-58 
1-28-58 
1-29-58 
1-30-58 
1- 31-58 
2 - 1-58 

A v . 
A v . sea water 

A v . bay water 
A v . sea water 

Hardness 
as C a C 0 3 , C a + 2 , 

P . P . M . P . P . M . 
4560 
3440 
3050 
3100 
3300 
3340 
3280 
3260 
3416 
6464 

0.339 
0.335 

440 
297 
186 
226 
232 
232 
220 
220 
257 

M g + 2 , 
P . P . M . 

840 
656 
627 
618 
660 
671 
660 
670 
675 

c i -
P . P . M . 
14,400 
8,570 
8,930 
9,840 
9,760 

10,000 
9,660 
9,530 

10,080 
420 1318 19,324 

S 0 4 - 2 , 
P . P . M . 

2000 
1830 
1420 
1960 
1610 
2000 

1570 
1770 
2696 

R a t i o to Chlor ide 
0.0255 0.0670 
0.0217 0.0680 

0.1755 
0.1395 

A l k a l i n i t y 
as C a C 0 3 , 

P . P . M . 

840 
290 
190 
120 
135 
140 
120 
262 
124 

0.026 
0.006 

N a ^ 

7500 

7500 
10,722 

0.745 
0.554 

R a i n i n 
P r e ­

ceding 
2 D a y s , 
Inches 
0 
1.37 
1.01 
0.01 
0.01 
0 .42 
0 .43 
0 .02 

T o o b t a i n the more concentrated "sea w a t e r " used i n these exper iments , the c o n ­
centrated effluent f r o m solar st i l l s was used. T h i s was set t led , decanted, a n d f i l tered to 
o b t a i n a clear p r o d u c t , a n d then ad justed to the desired c h l o r i n i t y b y d i l u t i o n w i t h t a p 
water . 

T h e a m m o n i u m b i carbonate used was a technica l grade p r o d u c t m a n u f a c t u r e d i n 
the U n i t e d K i n g d o m b y the I m p e r i a l C h e m i c a l Industr i es , L t d . T i t r a t i o n of th i s p r o d ­
uc t for a m m o n i a w i t h su l fur i c a c i d to the m e t h y l orange end po in t i n d i c a t e d a p u r i t y of 
a p p r o x i m a t e l y 1 0 0 % . 

T h e exper imenta l procedure was k e p t as s imple as possible. F i r s t the régénérant 
so lu t i on was fed to the i o n exchange c o l u m n , fo l lowed b y the "sea w a t e r " or d i l u t e d " sea 
w a t e r . " A l t h o u g h the flow rate v a r i e d somewhat , i t was he ld as close to 1 ga l l on per 
m i n u t e per square foot of bed cross sect ion as condit ions p e r m i t t e d . T h e effluent f r o m 
the c o l u m n was col lected i n 3- l i ter por t i ons , a sample f r o m w h i c h was reserved i n a 
glass-stoppered bo t t l e for chemica l ana lys i s . T h u s the analyses are those for 3 - l i ter 
por t ions of effluent, the compos i t i on of w h i c h was chang ing cons tant ly , a n d represent 
( i n heat t rans fer t e rmino logy ) a m i x e d - m e a n average analys i s . T h e chemica l analyses 
used were M o h r t i t r a t i o n for chlor ide i o n , a n d ac id t i t r a t i o n for a m m o n i a , the results of 
w h i c h were ca l cu la ted to s o d i u m chlor ide a n d a m m o n i u m b i carbonate . 

I n the course of th is w o r k two phenomena were noted for w h i c h no e x p l a n a t i o n was 
sought. W h e n a m m o n i u m b i carbonate was added to sea w a t e r to prepare a régénérant 
so lut i on , a whi te prec ip i ta te was f o rmed w h i c h was sett led out a n d d iscarded w i t h no 
a t t e m p t made at chemica l ana lys i s . T o w a r d the end of some of the regenerat ion cycles 
a n d at the s tar t of some of the feed cycles, gas was evo lved i n the i o n exchange co lumns , 
w h i c h e v e n t u a l l y d isappeared . T h i s gas, w h i c h was not ident i f ied , caused serious flow 
impedance . 

I n w o r k i n g u p the d a t a presented i n T a b l e I , the t o t a l effluent f r o m the i o n exchange 
c o lumn(s ) is d i v i d e d in to three p o r t i o n s : the régénérant, the r inse , a n d the p r o d u c t . 
F o r a complete cyc le , the first p o r t i o n , equal i n v o l u m e to the régénérant so lut i on i n t r o -

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
18
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Figure I. Relation between effluent and feed concentrations in ammo­
nium bicarbonate-sodium chloride ion exchange 
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Figure 2. Effluent volumes (based on stage product 
volumes) as a function of feed composition ion 

exchange 
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184 ADVANCES IN CHEMISTRY SERIES 

R E L A T I O N B E T W E E N A M M O N I U M 

B I C A R B O N A T E CONCENTRATION IN 

E F F L U E N T A N D F E E D C O M P O S I T I O N 

0.04 0.06 0.1 0.2 0.4 0.6 

P E R C E N T SODIUM CHLORIDE IN F E E D 

Figure 3. Relation between ammonium bicarbonate 
concentration in effluent and feed composition 
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Figure 4. Operating effluent concentrations as a function of feed 
composition ion exchange 
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STEWART—DEMINERALIZATION BY AMMONIUM SALTS ION EXCHANGE 185 

Figure 6. Densities of ammonium bicarbonate-normal sea water solu­
tions at 20° C. 
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186 ADVANCES IN CHEMISTRY SERIES 

duced, is designated as the régénérant or régénérant p r o d u c t . C h a r a c t e r i s t i c a l l y , th is 
f r a c t i o n increases i n a m m o n i u m i o n content ( ca l cu lated as a m m o n i u m b icarbonate ) w i t h 
t h r o u g h p u t . T h e chlor ide i o n content ( ca l cu lated as s o d i u m chlor ide) s tarts out at a 
va lue de termined la rge ly b y the chlor ide content of the l i q u i d i n i t i a l l y i n the c o l u m n 
f r o m the preceding cycle , rises to a m a x i m u m , a n d t h e n decreases. 

T h e p r o d u c t p o r t i o n of the t o t a l effluent is t h a t f r a c t i o n conta in ing less chlor ide 
t h a n the feed. I n general , the chlor ide content s tarts a t a va lue s l i g h t l y less t h a n i n the 
feed, decreases to a m i n i m u m , a n d t h e n more s l owly rises to the feed va lue as the i o n 
exchange process slows d o w n . T h e a m m o n i u m concentrat i on decreases w i t h v o l u m e 
t h r o u g h i n th i s f r a c t i o n . 

T h e in termediate p o r t i o n , ca l led the r inse , shows a m a x i m u m i n a m m o n i u m i o n 
concentrat i on a n d a s teadi ly decreasing chlor ide i o n concentrat i on . 

F i g u r e s 1 t h r o u g h 4 are plots of ce r ta in d a t a g i v e n i n T a b l e I , p r e p a r e d to fac i l i tate 
i n t e r p o l a t i o n r e q u i r e d i n w o r k i n g u p m a t e r i a l balances . 

T h e densities of sea water , n o r m a l , d i l u t e d , a n d concentrated , a n d of aqueous s o l u ­
t ions of a m m o n i u m b i carbonate are g iven as a f u n c t i o n of concentra t i on i n F i g u r e 5. 
F i g u r e 6 gives the densities of solutions of a m m o n i u m b i carbonate made u p i n sea w a t e r 
of v a r y i n g s a l i n i t y . A l l of these dens i ty measurements were made at 20° C . b y means 
of a pycnometer . 

Discussion of Laboratory Data 

T h e first p a r t of th is w o r k compr i sed a n i n i t i a l economic s t u d y of a process such as 
t h a t proposed b y G i l l i l a n d . O n us ing the few d a t a ava i lab le , ex trapo lat ions , est imates, 
a n d even pure guesses, the results of th is i n i t i a l w o r k i n d i c a t e d t h a t f u r t h e r w o r k was 
i n order . T w o questions were left v e r y m u c h u n a n s w e r e d : W o u l d the i o n exchange 
process w o r k , a n d i f so, how w e l l ; a n d w h a t about recovery of chemica ls? These d a t a 
p r o v i d e some answers to the first quest ion , a n d o n l y to t h a t quest ion . 

Because the first stage i n a n y economic e v a l u a t i o n of a proposed process invo lves 
a t enta t ive flow sheet for the process, fo l lowed b y mater ia l s a n d energy balances , the 
d a t a for such ca lculat ions were considered to be of p a r a m o u n t i m p o r t a n c e . These 
aspects h a d to be encouraging , because t h e y cou ld m a k e or break the ent ire concept . 

T h e d a t a here in presented were gathered w i t h t h a t purpose i n m i n d , a n d answer 
the object ive , at least i n p a r t . T h e inf luent a n d effluent s t r e a m vo lumes , specific g r a v i ­
ties, a n d concentrat ions enable the p r e p a r a t i o n of mater ia l s balances a r o u n d the i o n 
exchange u n i t s . H o w e v e r , such m a t e r i a l balances are no bet ter t h a n the d a t a on w h i c h 
t h e y are based. There fore , i t is advisable to consider the assets a n d l iab i l i t i e s of the 
d a t a . 

A m o n g the assets is that of f a i r l y large size opera t i on ; the co lumns were 6 inches i n 
d iameter instead of smal ler un i t s f r equent ly used . T h e m e t h o d of opera t i on was 
designed to s imulate as far as possible the v i s u a l i z e d operat i on of a p r o d u c t i o n u n i t — a s 
s imple a n d foo lproof as possible. 

T h e chemica l analyses used were k e p t t o a m i n i m u m , a n d as s imp le as possible. 
M o r e d a t a cou ld have been ga ined b y c o m p l i c a t i n g th i s f a c t o r ; a n d i n retrospect , i t 
w o u l d be c o m f o r t i n g to have such d a t a . T h e a l iquots f r o m 3- l i ter samples c e r t a i n l y 
m a s k e d out comple te ly a n y s h o r t - t e r m t rans ients . A l s o , the fate of the ions other t h a n 
chlor ide a n d a m m o n i u m is not k n o w n . 

T h e a p p r o x i m a t e 1 foot of c lear l i q u i d above the res in b e d is another troublesome 
factor . M i x i n g m u s t occur i n th i s v o l u m e w h e n the compos i t i on of the in f luent so lu t i on 
is changed. A s there was no v i s u a l evidence of gross turbu lence i n th i s v o l u m e , th i s 
effect was not invest igated . O n th is basis these d a t a are c o n s e r v a t i v e ; perhaps too 
m u c h so. 

T h i s l i s t of w h a t was not done cou ld cont inue for some l e n g t h . Suffice i t to say 
t h a t the descr ip t i on of w h a t was done a n d h o w is thought to be suff ic iently complete so 
that, th i s is tint, nec.pssarv. 
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STEWART—DEMINERALIZATION BY AMMONIUM SALTS ION EXCHANGE 187 

Material Balances for Sea Water Processing 
B y us ing the l a b o r a t o r y d a t a descr ibed a n d presented above , p a r t i c u l a r l y the 

g r a p h i c a l corre lat ions , a n d m a k i n g some engineering assumpt ions , m a t e r i a l balances for 
a sea w a t e r convers ion p l a n t us ing the a m m o n i u m b i carbonate i o n exchange process 
were t h e n developed. 

A s there is p r a c t i c a l l y no difference i n the l a b o r a t o r y d a t a w i t h b e d depths of 32 
inches a n d 64 inches, a n d i o n exchange operat ions are revers ib le , i t appears necessary 
to s t r i p the p r o d u c t f r o m one i o n exchange stage of i ts a m m o n i u m b i carbonate before 
sending i t on to the next stage. 

A l s o , the l i m i t e d s o l u b i l i t y of a m m o n i u m b i carbonate i n water , a p p r o x i m a t e l y 1 3 % 
at r o o m t e m p e r a t u r e , indicates t h a t i f one were to a t t e m p t to produce a d is t i l la te of 
greater concentrat i on there w o u l d be danger of depos i t ion of solids w i t h a t tendant pos ­
sible p lugg ing i n par t s of the rec t i f i cat ion or s t r i p p i n g u n i t s . O n th i s basis , i t was de­
cided to fix a r b i t r a r i l y , at least as a f irst a p p r o x i m a t i o n , the d is t i l la te compos i t i on f r o m 
the st i l l s at 1 3 % a m m o n i u m b i carbonate . 

T h i s decis ion t h e n l e d to a n o t h e r : T h e sa tura ted a m m o n i u m b i carbonate so lut ion 
obta ined f r o m the v a r i o u s st i l l s is a regenerat ing so lut ion for the i o n exchange u n i t s — 
the so-cal led fresh w a t e r régénérant of the l a b o r a t o r y w o r k . 

N o d i s t i l l a t i o n ca lcu lat ions of a n y k i n d were c a r r i e d out , o ther t h a n the s imple 
m a t e r i a l balance t y p e . I t was assumed t h a t a l l of the a m m o n i u m b i carbonate fed to a 
s t i l l w o u l d go to the d i s t i l l a te p r o d u c t , p lus sufficient w a t e r to f o r m a 1 3 % a m m o n i u m 
b i carbonate so lut i on , a n d t h a t a l l of the s o d i u m chlor ide p lus the r e m a i n i n g w a t e r w o u l d 
be the s t i l l bo t t oms p r o d u c t . 

Disti l lation of A m m o n i u m Bicarbonate Solutions. V a p o r - l i q u i d e q u i l i b r i u m 
d a t a for a m m o n i u m b i carbonate so lut ions at the b o i l are a p p a r e n t l y not ava i lab le i n the 
l i t e r a t u r e . T h e d a t a i n the l i t e r a t u r e , however , do ind i cate t h a t w h e n the t e m p e r a t u r e 
of such a so lu t i on is increased, or the pressure on i t decreased, the gas t h a t is evo lved is 
p r e d o m i n a n t l y c a r b o n d iox ide . T h u s , i t appears t h a t such a d i s t i l l a t i o n w o u l d be t w o 
consecutive processes: first, a s team s t r i p p i n g of the carbon dioxide i n the so lu t i on , 
fo l lowed b y a d i s t i l l a t i o n of a m m o n i a f r o m a n a m m o n i a - w a t e r m i x t u r e c onta in ing p e r ­
haps some c a r b o n d iox ide . P o s s i b l y the a m m o n i a , carbon diox ide , a n d w a t e r i n the 
dis t i l la te p r o d u c t w o u l d recombine comple te ly i n the condenser to f o r m a n a m m o n i u m 
b i carbonate so lu t i on . P e r h a p s a n a b s o r p t i o n tower w o u l d be necessary to effect the 
r e c o m b i n a t i o n . 

E v e n t h o u g h m a n y questions concerning the d i s t i l l a t i o n , or s t r i p p i n g , of the a m m o ­
n i u m b i carbonate so lut ions r e m a i n unanswered , there seems to be no reason to assume 
that th i s operat i on cannot be car r i ed out , a n d th is a s s u m p t i o n is made i n th is w o r k . 

T h e first sys tem for w h i c h a m a t e r i a l balance was c o m p u t e d was made u p of four 
un i t s i n series, each consist ing of a n i o n exchange stage a n d a d i s t i l l a t i o n assembly to 
remove the a m m o n i u m b i carbonate f r o m the i o n exchange p r o d u c t effluent ( F i g u r e 7 
a n d T a b l e I I I ) . 

Table III. Summary of Main Process Streams 
( 1 3 % N H 4 H C O 3 solution distillates) 

L b . 
N a C l / % 

Stream 
N o . 

1 
4 
7 

10 
11 
14 
15 
18 
19 

Designation 
X - l feed 
X - l prod. 
X - 2 f e e d 
X - 2 prod . 
X - 3 feed 
X - 3 prod . 
X - 4 f e e d 
X - 4 prod . 
Fresh water 

V o l ­ 100 T o t a l Enter ing 
ume, % AV, % G a l . Δ L b . % N a C l N a C l 
G a l . N a C l G a l . Loss Feed N a C l Removed Removed 
100 3.21 27 .4 
73 .2 0 .94 26 .8 26 .8 5.87 21.57 78 .6 78 .6 
46 .7 1.525 26 .5 36 .2 6.01 + 0 . 1 4 » + 0 . 5 1 ° 
37 .5 0.36 9 .2 10.7 1.145 4.865 17.8 81 .0 
31 .6 0.434 5.9 15.7 1.145 0 0 
28 .9 0.084 2 .7 8 .5 0.202 0.943 3.44 82 .2 
27 .2 0.0887 2 .7 9 .3 0.202 0 0 
26 .0 0.0220 1.2 4 .4 0.475 0.155 0.566 76.9 
25 .7 0.0222 0 .3 1.2 0.475 0 0 

α Increase because of recycle from X - 4 . 
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ADVANCES IN CHEMISTRY SERIES 

Figure 7. Flow diagram of sea water demineralization by ammonium bicarbonate 
ion exchange 

A n o t h e r poss ib i l i t y i n the a m m o n i u m b i carbonate d i s t i l l a t i o n is to assume t h a t a 
d is t i l la te of a n h y d r o u s a m m o n i u m b i carbonate can be recovered f r o m a l l of the s t r i p ­
p i n g u n i t s or rect i f i cat ion assemblies. T h i s a s s u m p t i o n w o u l d seem to be the lower 
l i m i t o n the q u a n t i t y of m a t e r i a l to be d i s t i l l ed . 

O n th is a s s u m p t i o n , a n d the f u r t h e r one t h a t the a n h y d r o u s a m m o n i u m salt is d i s ­
so lved i n filtered sea w a t e r t o f o r m the régénérant so lu t i on , another m a t e r i a l ba lance 
was made . Seven i o n exchange stages are r e q u i r e d ; the first five use sea w a t e r régén­
érant, a n d the last t w o , fresh w a t e r régénérant. ( I f the p r o d u c t w a t e r f r o m such a 
p l a n t a n d the a n h y d r o u s a m m o n i u m b i carbonate d i s t i l la te are used to m a k e u p a l l fresh 
water régénérant, insufficient w a t e r is produced for the i n - p l a n t requirements of regen­
era t i on m a k e - u p . ) T a b l e I V is a s u m m a r y of the m a t e r i a l balance thus developed. 

Table IV. Summary of Ion Exchange Stream 
(Anhydrous N H 4 H C 0 3 distillates) 

Feed Weights % Product Weights % 
Stage T o t a l N a C l N H 4 H C O 3 H 2 0 N a C l T o t a l N a C l N H 4 H C O 3 H 2 0 N a C l 

1 11,570 371 0 11,199 3.21 8550 179 256 8115 2.09 
2 8,855 190 0 8,665 2.14 6908 93 145 6670 1.34 
3 7,202 99 0 7,103 1.37 5809 48 81 5680 0.825 
4 5,960 50 0 5,910 0 .84 4995 23 37 4935 0.46 
5 5,059 23 0 5,036 0.455 4402 10.4 22 4370 0.236 
6 4,380 10.4 0 4,370 0.238 4120 2 18* 4100 0.048 
7 4,089 2 0 4,087 0.049 3965 0.57 4* 3960 0.0144 

563 

Nonrecycled Effluent Streams Stage Recycled Effluent Streams 
1 7,578 302 476 6,800 5 733 13.3 53 .7 666 

3,502 98 318 3,086 6 439 6 15.2 418 
2 4,497 166 276 4,055 301 2 .4 29 .0 270 

2,246 55 201 1,990 7 119 1.1 9 .5 109 
3 2,661 89 162 2,410 130 0 .4 2 .9 127 

1,608 36 133 1,440 109.3 
4 1,514 47 87 1,380 

109.3 

1,092 27 89 975 
5 823 23 41 759 

1783 
0 Recovered as 1 3 % solutions. 
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STEWART—DEMINERALIZATION BY AMMONIUM SALTS ION EXCHANGE 189 

Discussion and Conclusions 
T h e object ive of a n y sea w a t e r convers ion process is t w o f o l d : to produce a d e m i n -

era l i zed w a t e r whose q u a l i t y is adequate for the proposed use, a n d to produce th is w a t e r 
at as l o w a cost as possible. I n cons ider ing a n y new convers ion process, a f ter the es tab­
l i s h i n g of the scientif ic a n d technologic soundness of the m e t h o d , the quest ion to be 
answered is the probab le re la t ive economics of the proposed process as c o m p a r e d to 
other processes, e i ther a c t u a l (preferable) or proposed . One m e t h o d of m a k i n g t h i s 
c ompar i son is to prepare cost est imates. H o w e v e r , i n some cases, such as th i s one, 
other indexes can be used . 

M u l t i p l e - e f f e c t e v a p o r a t i o n , or mul t i s tage f lash e v a p o r a t i o n of sea water , is as 
s imple a d i s t i l l a t i o n process as can be v i s u a l i z e d , because i t invo lves o n l y the separat i on 
of a solvent f r o m a nonvo la t i l e solute. R e c t i f i c a t i o n is not i n v o l v e d i n this opera t i on . 
These d i s t i l l a t i o n processes are those most a d v a n c e d techno log i ca l ly at the present t i m e , 
a n d therefore are a log i ca l s t a n d a r d for compar i son . I n a d d i t i o n to these reasons, the 
a m m o n i u m b i carbonate i o n exchange process employs rec t i f i cat ion , no t m e r e l y s imple 
d i s t i l l a t i o n , to effect the i o n exchange régénérant recovery . There fo re , a c o m p a r i s o n of 
the d i s t i l l a t i o n requ i rements of the t w o processes c o u l d be in teres t ing . T h e d i s t i l l a t i o n 
requirements , o n the basis used i n m a k i n g the. first m a t e r i a l ba lance , for the a m m o n i u m 
b i carbonate i o n exchange process are s u m m a r i z e d i n T a b l e V . 

Table V. Summary of Distillation Requirements 
( A m m o n i u m bicarbonate ion exchange process, 1 3 % N H 4 H C 0 3 solution disti l late) 

N o . of N o . of Feed, L b . H 2 Q Dis t i l l ed T o t a l L b . D i s t i l l ed 
Stages Sti l ls % N a C l L b . Product L b . Product 

1 2 0.0887 0.0459 0.0527 
2 3 0.434 0.227 0.274 
3 4 1.525 0.90 1.035 
4 5 3.21 3.29 3.78 

I n a n y p l a n t d i s t i l l i n g sea w a t e r d i r e c t l y to o b t a i n a deminera l i zed water , the rat ios 
of pounds of water d i s t i l l ed per p o u n d of p r o d u c t , a n d pounds of t o t a l m a t e r i a l d i s t i l l ed 
per p o u n d of p r o d u c t , are i d e n t i c a l a n d are equa l to u n i t y . There fore , i f a c o m p e t i n g 
process has a d i s t i l l a t i o n ra t i o greater t h a n u n i t y , i t is c l ear ly uneconomica l w h e n c o m ­
p a r e d to direct d i s t i l l a t i o n . T a b l e V shows e i ther a three-stage or four-stage p l a n t to 
f a l l i n th is category ; the i o n exchange process, as v i sua l i zed , invo lves more d i s t i l l a t i o n 
t h a n does d irect d i s t i l l a t i o n . 

A n o t h e r factor increas ing the cost of d i s t i l l a t i o n i n i o n exchange régénérant recov ­
ery is the need for s u p p l y i n g ref lux to the r e c t i f y i n g co lumns . T h e b o i l - u p for the 
reboi lers is the d is t i l la te p r o d u c t p lus the reflux, where i n d irect d i s t i l l a t i o n the reboi ler 
has to vapor i ze on ly the p r o d u c t . 

I f i o n exchange régénérant recovery as a 1 3 % a m m o n i u m b i carbonate so lut ion 
invo lves too m u c h d i s t i l l a t i o n for the process to be a t t r a c t i v e , m i g h t not some other 
d i s t i l l a t i o n condit ions a p p e a r more f a v o r a b l e ? T o answer th i s quest ion the second 
m a t e r i a l balance was made w h i c h assumed a s t i l l overhead p r o d u c t of a 1 : 1 : 1 mole 
ra t i o of N H 3 : C 0 2 : H 2 0 , the same r a t i o i n w h i c h these compounds un i te to f o r m a n h y ­
drous a m m o n i u m b i carbonate . T h i s is the compos i t i on of the d i s t i l la te w h i c h gives a 
m i n i m u m a m o u n t of d is t i l la te p r o d u c t , a n d s t i l l a process w h i c h m i g h t be feasible. 

S u m m i n g u p the a m m o n i u m b i carbonate to be d i s t i l l ed , i n T a b l e I V , gives a t o t a l 
of 2455 pounds to produce 3965 pounds of water . O n m e n t a l l y a d d i n g o n the e x t r a 
reboi ler l o a d to produce the ref lux, p r o b a b l y several t imes the d i s t i l l a t i o n p r o d u c t as a 
m i n i m u m , the c ompar i son of th is process to mult ip le -e f fect e v a p o r a t i o n does not appear 
p r o m i s i n g . 

A n o t h e r quest ion comes to m i n d at th i s stage: I f the i o n exchange process us ing 
a m m o n i u m b i carbonate does not appear to be p r o m i s i n g , m i g h t no t some other salt 
p e r f o r m more s a t i s f a c t o r i l y ? 
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190 ADVANCES IN CHEMISTRY SERIES 

C r i t e r i a f o r C h o i c e o f S a l t . G i l l i l a n d has chosen to ca l l these chemica l compounds 
" t h e r m o l y t i c sa l t s . " H e defines t h e m as mater ia l s w h i c h , u p o n increase i n t e m p e r a t u r e , 
r e d u c t i o n i n pressure, o r b o t h , decompose in to gases, or i n t o gases a n d inso luble sol ids. 
T h e idea b e h i n d th is is to have a n i o n exchange m a t e r i a l t h a t can be recovered w i t h o u t 
h a v i n g to b o i l a w a y a l l of the so lvent , water . A l s o i m p l i c i t i n th is idea is the w i s h t h a t 
the i o n exchange m a t e r i a l , a f ter i t s decompos i t ion , be easi ly separable f r o m water . I t is 
on th is last fac tor t h a t a m m o n i u m b i carbonate does not meet the des iderata . 

I n a water desal t ing operat i on , there appears to be no means of a v o i d i n g deal ing 
w i t h water . H o w e v e r , at first glance i t seems possible to subst i tute some other base-
f o r m i n g gas for a m m o n i a . T h e o n l y such gases k n o w n to the w r i t e r are the subs t i tu ted 
ammonias , or the amines . A n d a l l of the amines considered seem to be less desirable 
t h a n the parent c o m p o u n d , a m m o n i a , for reasons such as b o i l i n g po in t , cost, chemica l 
s t a b i l i t y , a n d even odor. O t h e r n o n m e t a l hydr ides s i m i l a r to a m m o n i a t h a t m i g h t be 
considered, such as phosphine a n d arsine, can be r u l e d out because of t o x i c i t y , w i t h o u t 
cons ider ing a n y other propert ies . 

A n o t h e r s u b s t i t u t i o n t h a t can be considered is t h a t of us ing some acidic gas other 
t h a n carbon d iox ide . T h e h y d r o g e n hal ides do not appear to f i l l th is need, because the 
ch lor ide i o n , der ived f r o m one of t h e m , is the p r i n c i p a l a n i o n present i n sea w a t e r . 
H y d r o g e n cyanide a n d h y d r o g e n sulfide can b o t h be e l i m i n a t e d f r o m cons iderat ion 
because of t o x i c i t y , a n d so on d o w n the l i s t u n t i l we come to su l fur d ioxide . 

S u l f u r d ioxide , f o r m i n g t w o series of salts , the sulfites a n d the bisulf i tes , seems to 
m e r i t a second look . T h e s o l u b i l i t y of the a m m o n i u m sulfites i n w a t e r — 3 2 t o 60 grams 
of a n h y d r o u s salt for the n o r m a l sulfite per 100 grams of s a t u r a t e d so lut ion i n the t e m ­
perature range of 0 ° to 100° C , a n d 71 to 86 grams of salt for the b isul f i te , per 100 
grams of s a t u r a t e d so lut ion i n the 0 ° to 60° C . range, as repor ted b y Se ide l l (25)—is 
several t imes t h a t of a m m o n i u m b i carbonate . T h e v a p o r - l i q u i d , or g a s - l i q u i d , e q u i l i b r i a 
appear to be less favorab le t h a n for a m m o n i u m b i carbonate . T h e sys tem N H 3 - H 2 0 -
S 0 2 has been s tud ied modera te ly extens ive ly as a possible means of recover ing or r e ­
m o v i n g su l fur d ioxide f r o m stack gases (12, 13, 15, 23). T h i s sys tem is also of interest 
to the sulfite p u l p i n d u s t r y , as a means οΓ b o t h increas ing q u a l i t y of p r o d u c t a n d de­
creasing water p o l l u t i o n prob lems , as is attested b y a series of pub l i ca t i ons (10, 27). 
A p p a r e n t l y the a m m o n i u m sulfites are more stable chemica l l y t h a n the b i carbonate , a n d 
m o r e dif f icult to recover f r o m aqueous so lu t i on . C e r t a i n l y these solut ions are more 
corros ive to meta ls . There fo re , the a m m o n i u m sulfites appear to be less w e l l su i ted to 
th is i o n exchange cycle t h a n the b i carbonate . 

Summary 
O f the possible t h e r m o l y t i c a m m o n i u m salt i o n exchange processes for sea water 

d e m i n e r a l i z a t i o n , the a m m o n i u m b i carbonate process appears to be the best. B u t i t 
appears in f e r i o r to mult ip le -e f fect e v a p o r a t i o n processes on the sole basis of the a m o u n t 
of d i s t i l l a t i o n r equ i red for the régénérant recovery . 
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Osmosis through α Vapor Gap 
Supported by Capillarity 

GERALD L. HASSLER and J. W. McCUTCHAN 

Department of Engineering, University 
of California, Los Angeles, Calif. 

The semipermeable membrane proposed for the de-
mineralization of sea water is based on H. L. Cal­
endar's theory that osmosis takes place through 
the membrane as vapor, condensing at the opposite 
membrane surface. The actual membrane being 
used consists of two sheets of untreated cellophane 
separated by a water-repellent powder, such as a 
silicone-coated pumice powder. The vapor gap is 
maintained by an air pressure in excess of the pres­
sure on the sea water and the cellophane sheets 
support the capillary surfaces, which will withstand 
pressures up to 1500 p.s.i. A number of successful 
experiments are reported with over 95% desaliniza-
tion. The present effort is directed toward obtain­
ing reproducible experimental results and better 
methods of fabricating the vapor gap. 

T h e t e r m "osmos i s " is used to describe spontaneous flow of water in to a so lu t i on , or 
f r o m a more d i lu te to a m o r e concentrated so lu t i on , separated f r o m each other b y 
a sui table m e m b r a n e . T o o b t a i n fresh w a t e r f r o m sea w a t e r , the flow m u s t be r e ­
versed, f r o m the so lut i on in to a fresh water s t r e a m . H e n c e the t e r m used to describe 
th is process is " reverse osmosis . " 

C e r t a i n exper iments (16) associated w i t h the theoret i ca l ideas of C a l l e n d a r (2) 
show t h a t , i n some instances at least, osmosis takes place t h r o u g h e v a p o r a t i o n of the 
water at one m e m b r a n e surface, passage t h r o u g h the m e m b r a n e as v a p o r , a n d conden­
sat i on aga in at the opposite m e m b r a n e surface . T h e exper iments repor ted here have 
been based ent i re ly on th is t y p e of osmosis. I t seems probab le t h a t i n other instances , 
w h e n ce r ta in types of membranes are used, osmosis takes place w i t h o u t a change of 
phase. F o r example , the fresh w a t e r ions m a y pass t h r o u g h channels i n the membranes 
too s m a l l to p e r m i t passage of the solute ions, or aga in , the water m a y dissolve i n the 
m e m b r a n e (and poss ib ly p a r t of the m e m b r a n e also dissolves i n w a t e r ) , whi l e the 
solute does not so dissolve a n d does not pass. T h i s d i s t i n c t i o n is developed b y M c B a i n 
(10) a n d Glass tone (4). 

T h e osmotic pressure of a so lu t i on is defined b y Glass tone (4) as the excess pres ­
sure w h i c h m u s t be a p p l i e d to a so lu t i on to p r e v e n t the passage i n t o i t of so lvent w h e n 
t h e y are separated b y a per fec t ly semipermeable m e m b r a n e . A c t u a l l y no m e m b r a n e is 
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HASSLER AND McCUTCHAN—OSMOSIS THROUGH VAPOR GAP 193 

perfect i n th i s respect, b u t copper f errocyanide , C u 2 F e ( C N ) 6 , has been f o u n d to be 
most selective. 

D a t a co l lected w i t h membranes of th i s t y p e p l a y e d a n i m p o r t a n t p a r t i n the 
f o r m u l a t i o n of present -day so lu t i on t h e o r y — s o m u c h so t h a t the authors have used 
th i s t h e o r y w i t h o u t hes i ta t i on to compute osmotic pressures of so lut ions whose osmot ic 
pressures have never been prec ise ly measured . S u c h a so lut i on is sea water . T h e 
copper ferrocyanide m e m b r a n e is " l e a k y " to so lut ions of s t rong e lectrolytes . Some 
d a t a have been obta ined o n weak solut ions of s t rong e lectrolytes b y the T o w n e n d m e t h o d 
(16), b u t no one has made precise measurements on the osmotic pressure of sea w a t e r . 

R e c e n t w o r k b y R e i d (18), B r e t o n (1), a n d L o e b (9) shows promise t h a t c e l l u ­
lose acetate m a y be used for such osmotic measurements . H o w e v e r , the i r ob ject ive 
was to s t u d y the desa l in izat ion process a n d not the e q u i l i b r i u m measurement of 
osmotic pressure. 

T h e osmotic pressure ( O P ) of solut ions expressed i n atmospheres is u s u a l l y c a l ­
cu lated f r o m the freez ing-po int depression, AT, i n degrees C e n t i g r a d e , i n accordance 
w i t h the re la t i on 

O P = 12.06ΔΓ - 0 . 0 2 1 ( A r ) 2 

where AT is ob ta ined f r o m the I n t e r n a t i o n a l C r i t i c a l T a b l e s (8). B y t a k i n g average 
concentrat ions of the v a r i o u s salts i n sea water , the osmotic pressure is ca l cu lated to 
be a p p r o x i m a t e l y 25 a t m . (370 p.s . i . ) . 

Proposed Osmotic Membrane for Sea Water 
T h e semipermeable m e m b r a n e proposed at U C L A i n 1950 (7) is based on C a l ­

e n d a r ' s t h e o r y t h a t osmosis takes place t h r o u g h e v a p o r a t i o n of the water at one m e m ­
brane surface, passage t h r o u g h the m e m b r a n e as v a p o r , a n d condensat ion at the o p p o ­
site m e m b r a n e surface : 

T h e scheme is 

„ -u ι Fresh water channel P i 
Cap i l la ry membrane • — — : T ) 

Capi l la ry membrane * Diffusion gap P 2 

Salt water channel P 3 

ft > Λ » Λ 

P 2 m u s t be > P 3 , i n order t h a t w a t e r c onta in ing salt w i l l no t flow t h r o u g h the 
m e m b r a n e b u t , ra ther , pure water w i l l evaporate f r o m the t o p of the c a p i l l a r y surfaces. 

I f P 3 — P1 = osmotic pressure of the salt so lut i on , no flow b y di f fusion w i l l o ccur 
across the gap . F o r pressure differences less t h a n t h i s , Δ Ρ < ( P 3 — Pi), n o r m a l 
osmotic flow w o u l d occur f r o m the fresh water s t r e a m i n t o the salt w a t e r . T h u s , i f we 
are to reverse this process, Δ Ρ m u s t be greater t h a n ( P 3 — Px), i n order t h a t water 
w i l l d i s t i l l f r o m the salt w a t e r side to the fresh w a t e r side. 

Be fore equ ipment can be designed, a decis ion m u s t be made concerning pressures 
l*i J Τ*2> a R d P 3 . T h r e e pressure arrangements have been considered based on the 
assumpt ion that the osmotic pressure of sea water is 25 a t m . ( T a b l e I ) . 

Table I. Pressure Data 
Pressure, Atmospheres 

Condit ion A Β C 
Fresh water - 2 5 - 2 4 1 
G a p 0.01 + 1 + 25 + 
Sea water 0.01 1 25 

T h u s a n y pressure di f ferent ial i n excess of the 2 5 - a t m . osmotic pressure shou ld 
produce some y i e l d of fresh water . T h e quest ion t h e n becomes one of rate of p r o ­
d u c t i o n . A n analys is made as fol lows shows t h a t the l i m i t i n g factor , so far as rate is 

Pu
bl

is
he

d 
on

 J
an

ua
ry

 1
, 1

96
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
96

0-
00

27
.c

h0
19



194 ADVANCES IN CHEMISTRY SERIES 

concerned i n a w e l l designed sys tem, w i l l be the dif fusion of the water v a p o r across the 
gap . W a l k e r et al. (17) present Stefan 's equat i on for the di f fusion of v a p o r t h r o u g h a 
gas f i l m . W h e n there is no di f fusion of a i r , the equat ion becomes: 

T h i s equat ion shows us t h a t the p r a c t i c a l p r o b l e m is to design a n a r r o w gap, thus 
m a k i n g Ζ s m a l l , or to decrease the a i r pressure i n the gap , PB (Townend ' s a p p r o a c h ) , 
w h i c h necessitates a p a r t i a l v a c u u m i n the gap a n d p u l l i n g tension on the fresh w a t e r 
c o l u m n i n the equ ipment . 

T h e o r e t i c a l l y th is is possible, a n d — 150-atm. tens ion has been demonstra ted ex­
p e r i m e n t a l l y on w a t e r i n B e r t h e l o t (3) tubes . H o w e v e r , negat ive pressures i n T o w n -
end's exper iments w i t h d i lute so lu t i on were less t h a n 1 a t m . a n d i t is felt t h a t more 
basic research on l i q u i d tensions is necessary before schemes A a n d Β of T a b l e I can 
be considered for solut ions as concentrated as sea water . T o w n e n d measured o n l y 
e q u i l i b r i u m a n d h a d no need for r a p i d v a p o r t rans fer . 

T h i s leaves arrangement C , T a b l e I , i n w h i c h the n a r r o w a i r gap funct ions as a 
semipermeable m e m b r a n e , as the most p r o m i s i n g . T h e choice of m a t e r i a l w i t h 
capi l lar ies s m a l l enough to s u p p o r t the pressure necessary for reverse osmosis of sea 
water is a research pro ject i n i tsel f . 

T h e desirable propert ies for the authors ' equ ipment are a i r e n t r y pressures greater 
t h a n 750 p.s . i . , s t a b i l i t y ( m a n y p last i c f i lms deter iorate w i t h t i m e ) , l o w a i r p e r ­
m e a b i l i t y of the wet ted f i l m , a v a i l a b i l i t y , a n d l ow cost. C e l l o p h a n e seems to come 
closest to sat i s fy ing these requirements . 

T h e decis ion to use cel lophane was based on the w o r k of R i c h a r d s (15). whose 
classic studies o n h i g h values of v a p o r pressure a n d l ow saturat ions i n soils l ed h i m to 
test m a n y p las t i c sheets before dec id ing to use V i s k i n g casing i n his h i g h pressure 
equ ipment . 

Prediction Equation 

T h e process of pressure d i s t i l l a t i o n t h r o u g h a homogeneous m e m b r a n e is based 
first o n the c o m m o n fact t h a t the v a p o r pressure of a n y l i q u i d can be increased b y 
compress ing i t or decreased b y p l a c i n g i t u n d e r suc t i on , a n d second on the equa l ly 
c o m m o n fact t h a t o n l y pure w a t e r v a p o r escapes f r o m water i n t o v a p o r or a i r , 
l e a v i n g nonvo la t i l e salts b e h i n d the phase b o u n d a r y . I n operat ing the processes of 
v a p o r i z a t i o n — h e a t t rans fer a n d dif fusion across a n extremely t h i n g a p — n o new 
phenomena or new propert ies of mater ia l s are r equ i red . H o w e v e r , the nove l c o m b i n a ­
t i o n of c a p i l l a r y surfaces, pressure, a n d extremely short paths for heat a n d dif fusion 
offers a n o p p o r t u n i t y for i m p r o v e m e n t s i n film propert ies a n d methods of cons t ruc t i on 
not k n o w n before. 

T h e fo l l owing ca l cu la t i on as made for the Sal ine W a t e r P r o j e c t (6) shows the r e l a ­
t i o n between pressure a p p l i e d a n d p r o d u c t i o n rate . T h e d o m i n a n t factors a r e : (1) 
the salt so lu t i on whose osmotic pressure m u s t be overcome, (2) the pressure, as a n 
energy source, (3) the dif fusion of heat a n d (4) v a p o r as resistance factors , a n d (5) 
viscous losses w i t h i n the cel lophane capi l lar ies . 

T h e v a p o r dens i ty , l i k e the v a p o r pressure, can be used as a t h e r m o d y n a m i c p o ­
t e n t i a l whose t o t a l change a r o u n d a closed p a t h is zero. A c c o r d i n g to th is a r g u m e n t , 
the effect of the above five factors on v a p o r dens i ty can be m a t h e m a t i c a l l y expressed 
a n d s u m m e d to zero. B e g i n n i n g at the p r o d u c t water out let , move to salt w a t e r b y 
a d d i n g M, compress the salt w a t e r to pressure p , a n d subject i t to the t h e r m a l loss of 
l a t e n t heat t rans fer , the di f fusion loss of mass t rans fer , a n d the viscous loss of pressure 
i n cel lophane a n d m a n i f o l d passages. T h i s r e turns the p a t h to fresh w a t e r a n d a closed 
c i r c u i t . 

^ 4 
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HASSLER AND McCUTCHAN—OSMOSIS THROUGH VAPOR GAP 195 

Salt. T h e depar ture f r o m s t a n d a r d v a p o r dens i ty , Δ ρ ν , w i l l be g i v e n b y — A P v — 
0.61 X 1 0 _ e M g r a m per cc. 

Pressure. T h e effect of pressure is ( by a s t ra ight - l ine a p p r o x i m a t i o n of t h e 
K e l v i n equat ion) 

- f Δρί, = 1.31 X 10 " 8 ρ grams per cc. 

Diffusion of Heat . I n d y n a m i c e q u i l i b r i u m , a t rans fer of v a p o r f r o m l i q u i d 
t h r o u g h a v a p o r phase to a second l i q u i d (the t w o l i q u i d s be ing t h e r m a l l y connected 
o n l y across the t h i n gap) w i l l require reverse t rans fer of the heat of v a p o r i z a t i o n . T h i s 
w i l l a c c o m p a n y a t e m p e r a t u r e difference de termined b y the ra t i o of heat flow t o t h e 
t h e r m a l conductance of the t w o heat paths . These t w o are the di f fusion v a p o r gap 
a n d the series of salt w a t e r a n d p last i c films. F o r the di f fusion gap the c.g.s. a i r v a l u e 
5.7 X I O - 5 is chosen for the t h e r m a l c o n d u c t i v i t y (neglect ing the separat ing p o w d e r ) , 
whi le for the series po lye thy lene (50 Χ 1 0 - 4 c m . t h i c k ) , wet ce l lophane (50 X 1 0 - 4 c m . 
t h i c k ) , a n d w a t e r (200 Χ 1 0 - 4 c m . t h i c k ) the respect ive t h e r m a l conduct iv i t i es are 
3.5 X I O " 4 , 4 X I O " 4 , a n d 14 X 10" 4 . 

Δ0 = 

\ Z / g a p V / disk 

ΑΘ = 
585w 

5.7 X 10 ~* 
50 X 10 ~ 4 , 50 X 10 " 4 200 X 10 ~ 4 

3.5 X 10~ 4 f 4 X 1 0 " 4 -1" 14 X 10~ 4 

ΑΘ 585w 585w 
0.57 + 0.0244 5.7 X 1 0 - * + 0 Q 2 4 4 

S u c h a t emperature difference w i l l cause a f u r t h e r depar ture f r o m s t a n d a r d v a p o r 
dens i ty g i v e n b y 

- A P v = - 1 . 0 2 X 10-e ΑΘ = - , 7 t°^-}°~4W gram per cc. 
5 7 X 1 0 + 0.0244 

ζ 

Diffusion of V a p o r . T h e difference i n v a p o r densi ty needed to cause dif fusion 
across the gap is 

w 
— Apv = Χ ζ 

where the di f fusion coefficient, D, for water v a p o r t h r o u g h a i r is a f u n c t i o n of pressure. 

η ° · 2 0 8 A D = sq. cm. per second 

[See the G i l l i l a n d equat i on (12).] 
Viscous Pressure L o s s . T h e viscous pressure loss as descr ibed b y the measured 

p e r m e a b i l i t y of cel lophane (IS) is 
W 

AP = (one sheet of cellophane) lo.o X 1U β 

T h i s pressure d r o p w i l l be reflected i n the dens i ty of v a p o r i n e q u i l i b r i u m w i t h 
water . S u b s t i t u t i n g the above a n d i n c l u d i n g two sheets of ce l l ophane : 

1 Q 1 ν 1Ω~8 W 

- A P v * 1.31 X 10-» ρ - 6 9 χ 10-* = L 9 X 1 0 ~ 3 W 

N o w set t ing the s u m of these five terms equal to zero : 
ΔρββΗ + ΔρρΓβββιΐΓβ + Apthermal loss + Ap^Uius^jn + Δρ ν ί ε <;οιΐ8 flow = 0 

- 0 . 6 1 Χ Ι Ο " · M + 1.31 Χ ΙΟ"»ρ - ..6® * 1
4 ° ~ — £ 7 5 ^ W - 1.9 Χ 1 0 - 3 W = 0 

5 7 X 1 0 + 0.025 ° - 2 0 8 
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196 ADVANCES IN CHEMISTRY SERIES 

F i g u r e 1 shows a p l o t of th i s equat i on . F l o w rates were p l o t t e d against pressure 
for several values of a i r gap th i ckness , z, for sea w a t e r ( 3 . 5 % salt , M = 0.537) . 
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Figure I. Calculated fresh water flow rate as a function 
of pressure for several thicknesses of the compressed air 

diffusion cap 

I f a scheme c o u l d be devised to a p p l y l i q u i d tens ion as noted i n T a b l e I , A , the 
dif fusion loss w o u l d a p p r o a c h zero. T h i s c u r v e is s h o w n i n F i g u r e 1 a n d is labe led 
l i q u i d tens ion c u r v e . 

Townend's Experiments on Osmosis 

I n 1928 T o w n e n d (16) descr ibed a procedure for d e t e r m i n i n g osmotic pressure, 
t r i e d out at J o h n s H o p k i n s U n i v e r s i t y . F i g u r e 2 presents the idea where the basic 
p r o b l e m is to m a i n t a i n the tens ion on the fresh water c o l u m n . 

Figure 2. Idea sketch of Townend 
system 

In the glass vacuum bulb îs a thistle tube 
reaching above the solution's surface. In 
the tube is sealed a porous disk made 
from a mixture of special clay and pow­
dered glass; the capillaries are large 
enough to permit the passage of liquid 
through them, but so small that the maxi­
mum capillary rise is greater than the 

osmotic pressure to be measured. 
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HASSLER AND McCUTCHAN—OSMOSIS THROUGH VAPOR GAP 197 

L a t e r deve lopments o n th is m e t h o d were repor ted b y M a r t i n a n d S c h u l t z (11) t 

who obta ined the f o l l owing d a t a o n p o t a s s i u m chlor ide solut ions, repeated here because 
t h e y are most s i m i l a r to the author ' s p r o b l e m w i t h sea w a t e r . 

Early Experiments at University of California 

I n 1954, H a s s l e r h a d a pro ject t h e n k n o w n as " A D e m o n s t r a t i o n of D i s t i l l a t i o n b y 
Pressure A l o n e " (δ), w h i c h was sponsored i n i t i a l l y b y the State of C a l i f o r n i a u n d e r 
a u t h o r i t y of E v e r e t t H o w e . I t was t h e n sponsored for a t i m e b y the Office of Sa l ine 
W a t e r , U . S. D e p a r t m e n t of the I n t e r i o r . 

T h r e e d e m o n s t r a t i o n models were made for the Office of Sal ine W a t e r . F i g u r e s 
3, 4, a n d 5 give the basic elements of these models . T h e most obvious design change 
was the use of cel lophane sheets for the c a p i l l a r y surface ins tead of the porous ceramic 
plates . T h e use of cel lophane w i t h i t s h i g h e n t r y pressure p e r m i t t e d tests o n sea w a t e r 
as we l l as d i lu te s o d i u m chlor ide so lut ions . O t h e r e v o l u t i o n a r y changes h a d to do w i t h 
be t ter techniques of gap f a b r i c a t i o n a n d pressure c o n t r o l . 

Present Reverse Osmosis Equipment 

I t became a p p a r e n t t h a t to proceed fur ther the mechan i ca l components w o u l d 
have to be made more re l iab le . A f t e r rev iewing the past models , i t was be l ieved t h a t 

M o l e K C 1 / 1 0 0 0 
Grams Water 

Tension for Zero 
Rate of Dis t i l la t i on 
(Osmotic Pressure), 

M m . H g 
0.00504 
0.00298 
0.00298 
0.00298 
0.0020 

187 
112.4 
111.5 
136.5 

96 .5 

Figure 3. Porous plate model for 0.01Ν sodium chloride 
solution 

Redrawn from (6) 
Gap spacings 3, 10, and 25 microns were maintained between two 
standard porous clay plates, ground flat. The largest measured yield 

was 5.23 cc. per hour, per square foot. 
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198 ADVANCES IN CHEMISTRY SERIES 

Figure 4. Cellophane capillary condensing model 
A wick siphon was used to provide flow of salt water over the cello­
phane and to avoid the need for tubes through the pressure tank wall. 
The rates of distillate production showed a sharp cutoff at the osmotic 

pressure and dependence on gap thickness. 

T H E R U B B E R D I A P H R A G M INTENDED TO K E E P SOIL F R O M 

SHRINKING AWAY F R O M T H E B O T T O M C E L L O P H A N E IS 

H E R E U S E D T O P R E S S T H E D O U B L E T TO A THIN G A P 

L I M I T E D B Y P O W D E R 

5 0 A T M O S P H E R E S , 
S E A W A T E R I N L E T 

B R I N E O U T L E T " 

C O M P R E S S E D A I R T O G A P ' 

5 0 A T M O S P H E R E S + 

I I N C H M E R C U R Y . E N T R Y 

B Y H Y P O D E R M I C N E E D L E 

T H R O U G H T H E L O W E R O-RING 

a A I R P R E S S U R E . 5 0 A T M O S P H E R E S + 
I I N C H M E R C U R Y 

P R E S S U R E P L A T E S 

G A P M A D E O F T W O S H E E T S O F 
V I S K I N G C E L L O P H A N E - S E P A ­
R A T E D B Y X E R O X P O W D E R 
A N D B A C K E D B Y 2 0 0 M E S H 
B R A S S S C R E E N 

Figure 5. Adaptation of Richards equipment 
Pressure membrane extractor, Catalog No. 1000, Soilmoisture Equipment Co., Santa 

Barbara, Calf. 

By inserting a hypodermic needle through the O-ring seal, this equipment was 
adapted to reverse osmosis experiments by using a cellophane doublet separated by a 
powder gap in place of the single cellophane used by Richards (14). After some 
difficulty with the reliability of the pressure system, fresh water was produced at the 

rate of 0.06 gallon per square foot per day. 

a trouble - f ree design w o u l d c o n t a i n a re l iable compressed a i r sys tem, pressure vessel , 
salt w a t e r c i r c u l a t i n g sys tem, " e v a p o r a t o r " p la te assembly , " c o n d e n s e r " p late assembly , 
a n d gas spac ing a n d gap pressur i za t i on . 

F i g u r e 6 shows the ex is t ing p i l o t p l a n t . 
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HASSLER AND McCUTCHAN—OSMOSIS THROUGH VAPOR GAP 199 

T h e compressed a i r sys tem consists of a Sprague gas booster p u m p , receiver t a n k s , 
G r o v e pressure regulators , a n d a B a r t o n di f ferent ia l gage. T h e booster p u m p operates 
on the 80-p .s . i . p l a n t a i r l ine a n d boosts the pressure to 1500 p.s . i . T h e pressure r e g u ­
lators c ont ro l the operat ing pressures w i t h i n the range 200 to 1000 p.s . i . at a n y preset 
level to ± 1 0 p.s. i . , a n d the di f ferent ial gage reads the difference i n pressure across the 
sea water c a p i l l a r y m e m b r a n e . 

Figure 6. Reverse osmosis sea water demineralization pilot plant 

T h e pressure vessel was made b y the L o s Angeles B o i l e r W o r k s . I t is a 997-p.s . i . 
A . S J V l . E . - a p p r o v e d vessel 18.75 inches i n d iameter a n d 20 inches i n w o r k i n g d e p t h . 
T h e d e p t h was specified because the authors p l a n to assemble a stack of m em br anes . 
So far a l l tests have been made on a single osmotic gap assembly . 

T h e salt water c i r c u l a t i n g system p r o v e d to be one of the most troublesome p r o b ­
lems, because of rust b u i l d - u p i n the r e c i r c u l a t i n g sys tem. H o w e v e r , th i s was so lved 
b y p u m p i n g the sea water t h r o u g h on ly once. T h e sea water is p u m p e d f r o m a 5-
ga l l on glass bot t le b y a M i l t o n R o y stainless steel pos i t ive -d isp lacement , v a r i a b l e -
vo lume p u m p w h i c h has a m a x i m u m c a p a c i t y of 1.1 gallons per h o u r at 950 p . s i . T h e 
sea water is col lected i n a pressure t a n k w i t h a contro l l ed a i r pressure dome. 

T h e evapora tor p late a n d condenser p late assemblies are p r a c t i c a l l y i d e n t i c a l a n d 
are best descr ibed b y F i g u r e 7. T h e y are stainless steel a n d differ o n l y i n t h a t the 
sea water p late has i n a n d out connections, whi le the condenser p late has o n l y the o u t ­
flow connect ion . 

F i n a l l y , gap spac ing a n d pressur i za t i on are t r u l y the heart of the p r o b l e m . T h e 
desirable condit ions are fineness of the spacer m a t e r i a l , i ts w a t e r repe l lency , a n d the 
degree to w h i c h i t m a i n t a i n s the a i r pressure excess over the ent ire m e m b r a n e surface . 
D r i f i l m e d ta lc powder , X e r o x powder , a n d s i l i cone-coated pumice powder have a l l been 
used w i t h success w i t h r e l a t i v e l y l ow pressure di f ferentials across the sea w a t e r c a p i l l a r y 
m e m b r a n e . 

T h e most recent deve lopment has been to increase the gap pressure d i f ferent ia l 
f r o m 5 to 50 p.s . i . I t was discovered t h a t at th is h igher pressure, w a t e r repel lency d i d 
n o t seem to be such a n i m p o r t a n t v a r i a b l e . A more reproduc ib le gap has been obta ined 
b y us ing the a i r gap excess pressures to h o l d the wet ted sheets against flat b a c k i n g 
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200 ADVANCES IN CHEMISTRY SERIES 

screens instead of pressing t h e m together against powder . I n th is arrangement the 
n y l o n h a i r nets, p a r t i a l l y pressed in to the cel lophane, determine the average thickness 
of the a i r gap as w e l l as assure complete access of the a i r to every p a r t of the gap 
t h r o u g h flow channels next to the n y l o n monof i laments . 

UPPER PLATE ft RING ASSEMBLY 0 
ONE REOUIREO 

CUT 2 GROOVES 
1/4 WIDE 

1/32 DEEP 

POLISH AREA OF BREAK RADIUS 

P̂ -LET. 1(02720) DRILL.5/I6-24UNF 
8 HOLES,EQUALLY SPACED 

2. POLISH INNER SURFACES OF PLATE 8. RING 
I. FINISH ALL OVER 

0 SAME AS LOWER ASSEMBLY, EXCEPT AS NOTED 

Figure 7. Evaporator and condenser plate assemblies 

F i g u r e 8 shows the assembly t h a t gave the d a t a r epor ted here . 

Recent Experimental Results 
B y the s u m m e r of 1959, i t was be l ieved t h a t the prob lems of m e c h a n i c a l r e l i a b i l i t y 

h a d been s o l v e d ; so the fo l l owing exper iments were p l a n n e d i n the hope of d e m o n ­
s t r a t i n g t h a t the e x p e r i m e n t a l results w o u l d n o w be reproduc ib le . 

P r e l i m i n a r y tests were r u n for 100 hours w i t h l i t t l e o r no di f f i cul ty . S i l i c one -
coated pumice powder was s t i l l used as the gap spac ing m a t e r i a l . T h r e e runs were 
m a d e ; t h e n these condit ions were repeated. T h e results a n d the contro l l ed pressure 
set t ing are shown i n F i g u r e 9. 

U p o n comple t i on of these exper iments i t became a p p a r e n t t h a t the di f ferent ial 
pressure i n the gap was a more i m p o r t a n t v a r i a b l e t h a n the water repel lency of the 
powder . H e n c e a 3 X 3 or thogona l set of exper iments was p l a n n e d , us ing n y l o n h a i r 
nets as the spacer ins tead of s i l i cone-coated p u m i c e . I t was be l ieved t h a t th i s design 
w o u l d be more reproduc ib le . 

N y l o n h a i r nets h a d been t r i e d i n the past w i t h gap pressure d i f ferent ia l of 5 p.s . i . , 
a n d w i t h o u t the water - repe l l ent powder i n the gap there was no m a r k e d desa l in izat i on . 

T a b l e I I shows the p l a n of the exper iments . 

P , a i r pressure i n the gap , represents the t o t a l pressure across the condensing 
cap i l lar ies . T h e pressure d i f ferent ia l , Δ ρ , is across the sea w a t e r m e m b r a n e , so t h a t 
the t o t a l pressure o n the sea w a t e r is ( Ρ — Δ ρ ) . T h e n u m b e r of n y l o n h a i r nets used 
to m a i n t a i n the gap between the t w o sheets of ce l lophane is n. 
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HASSLER AND McCUTCHAN—OSMOSIS THROUGH VAPOR GAP 201 

Figure 8. Vapor transfer osmotic gap assembly 
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202 ADVANCES IN CHEMISTRY SERIES 

. AIR GAP PRESSURE 650 P.S.I. 
SEA WATER PRESSURE 450 RS.I. 

- DIFFERENTIAL PRESSURE 200 RSJ. 

SALINITY CURVE 

1 
YIELD CURVE 

) 1 0 2 0 3 0 4 0 5 
TIME, 

0 6 
HOURS 

0 7 0 8 0 9 0 10 

1 1 1 1 
AIR GAP PRESSURE 600 P.S.I. -
SEA WATER PRESSURE 450 P.S.I. 
DIFFERENTIAL PRESSURE 150 P.S.I. -

AIR GAP PRESSURE 600 P.S.I. -
SEA WATER PRESSURE 450 P.S.I. 
DIFFERENTIAL PRESSURE 150 P.S.I. -

SA -IN IT Y C JRVE 

ν • " ^ ^ 

s —YIELD CURVE 
' 1 

TIME, HOURS 

rfg4 

1 1 1 1 
AIR GAP PRESSURE 500 P.S.I. 
SEA WATER PRESSURE 450 P.S.I. 
DIFFERENTIAL PRFSSIIRF HO Ρ <ϊ 1 

AIR GAP PRESSURE 500 P.S.I. 
SEA WATER PRESSURE 450 P.S.I. 
DIFFERENTIAL PRFSSIIRF HO Ρ <ϊ 1 

V -—SALIN TY CUR> Ε 

V -—YIELD CURVE 

<1 

>I2 

Figure 9. Composite yield and salinity curves for 100-
hour run 

Table II. Experimental Plan 

Ρ = lOOOp.s. i . Ρ = lOOOp.s. i . Ρ = lOOOp.s. i . 

Ap - 150 p.s . i . Ap = 100 p.s . i . Ap = 50 p.s . i . 

η = 1 η = 2 η = 3 

Ρ = 750 p.s . i . Ρ = 750 p.s . i . Ρ = 750 p.s . i . 

Ap = 150 p.s . i . Ap = 100 p.s . i . Ap = 50 p.s . i . 

η = 3 η = 1 η = 2 

Ρ = 500 p.s. i . Ρ = 500 p.s. i . Ρ = 500 p.s . i . 

Ap = 150 p.s . i . Ap = 100 p.s . i . Ap = 50 p.s . i . 

η = 2 η = 3 η = 1 

T h e t rans ient d a t a s h o w n i n p r e l i m i n a r y exper iments were t y p i c a l of the y i e l d i n 
t h i s series. Because of t i m e considerat ions , the y i e l d for the second d a y is r e p o r t e d as 
the so -ca l led s teady-state figure. A s the s a l i n i t y ( i n a l l cases b u t one) s t a r t e d l o w a n d 
cont inued l ow , the s a l i n i t y r e p o r t e d is t y p i c a l of the ent i re r u n . 
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HASSLER AND McCUTCHAN—-OSMOSIS THROUGH VAPOR GAP 203 

T h e d a t a are t a b u l a t e d i n T a b l e s I I I , I V , a n d V . T h e e m p i r i c a l equations for 
y i e l d a n d s a l i n i t y are h e l p f u l summar ies of these tables , b u t i t shou ld a lways be k e p t 
i n m i n d t h a t the bas i ca l l y der ived y i e l d equat ion gives more clues for i m p r o v i n g the 
process. 

Y i e l d (ml. per hour) = 0.095 + 0.00026P - 0.0555/1 
Sal in i ty (% of sea water value) = 5.47 - 0.0028P - 0.009Δρ - O.Sn 

Table III. Steady-State Data Arranged According to Pressure Level 

(December 9, 1959, to January 15, 1960) 

Differential Sal in i ty , 
Pressure, Pressure, N o . of Y i e l d Rate , Sal in i ty , % Sea Water 

P . S . I . P . S . I . H a i r Nets M l . / H r . P . P . M . Va lue 

1000 150 1 0.2938 150 0 .5 
100 2 0.2495 100 0 .3 

50 3 0.1400 75 0 .2 
M e a n 0.2411 108 0 .3 

750 150 3 0.1333 200 0 .7 
100 1 0.2138 200 0 .7 

50 2 0.2033 100 0 .3 
M e a n 0.1835 167 0 .6 

500 150 2 0.0934 75 0 .2 
100 3 0.0711 75 0 .2 

50 1 0.1698 1400 4 .7 
M e a n 0.1114 517 1.7 

Table IV. Steady-State Data Arranged According to Gap Pressure Differential 
(December 9, 1959, to January 15, 1960) 

Differential Sal in i ty , 
Pressure, Pressure, N o . of Y i e l d Rate . Sal in i ty , % Sea W i 

P . S . I . P . S . I . H a i r Nets M l . / H r . P . P . M . Va lue 
150 1000 1 0.2938 150 0 .5 

750 3 0.1333 200 0 .7 
500 2 0.0934 75 0 .2 

M e a n 0.1735 142 0 .5 
100 1000 2 0.2495 100 0 .3 

750 1 0.2138 200 0 .7 
500 3 0.0711 75 0 .2 

M e a n 0.1781 125 0 .4 
50 1000 3 0.1400 75 0 .2 

750 2 0.2033 100 0 .3 
500 1 0.1698 1400 4 .7 

M e a n 0.1710 525 1.4 

Nomenclature 
D == gaseous di f fusion coefficient of water t h r o u g h a i r , 0.208 sq . c m . per second 
Dm == d i f fus iv i ty of water v a p o r i n a i r 

== rate of mass transfer of water v a p o r per u n i t area 

k == t h e r m a l c o n d u c t i v i t y of a i r , 0.0000568 c a l . / s e c . / ° C . / c m . 
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204 ADVANCES IN CHEMISTRY SERIES 

λ = heat of v a p o r i z a t i o n of water , 584 eal . per g r a m 
M rss f o r m a l concentrat ion of (sea) salt , as f o r m u l a weights per l i t e r , 0.537 for 3 . 5 % 

sea water 
Ρ — pressure exerted o n l i q u i d , a t m . 
Vo osmotic pressure, a t m . 
PA = p a r t i a l pressure of water v a p o r 
PB p a r t i a l pressure of a i r 
Pv — dens i ty of water v a p o r i n e q u i l i b r i u m w i t h l i q u i d . 1.73 X IO"**5 g r a m per cc . 

a t 293.18° K . 
θ temperature , ° K . 

flow rate , g r a m s / s e c o n d / s q . c m . w = 
temperature , ° K . 
flow rate , g r a m s / s e c o n d / s q . c m . 

ζ = th ickness of di f fusion a i r gap, c m . 
Ζ gap th ickness , c m . 

Table V. Steady-State Data Arranged According to Number of Nylon Hair Nets 
Used as Gap Spacers 

(December 9, 1959, to January 15, 1960) 

N o . of 
H a i r Nets 

Pressure, 
P . S . I . 

Dif ferential 
Pressure, 

P . S . I . 
Y i e l d Rate , 

M l . / H r . 
Sal in i ty , 
P . P . M . 

Sal ini ty , 
% Sea W a 

Va lue 
3 1000 

750 
500 

50 
150 
100 

0.1400 
0.1333 
0.0711 

75 
200 

75 

0 .2 
0 .7 
0 .2 

M e a n 0.1148 117 0 .4 
2 1000 

750 
500 

100 
50 

150 

0.2495 
0.2033 
0.0934 

100 
100 

75 

0 .3 
0 .3 
0 .2 

M e a n 0.1822 92 0 .3 

1 1000 
750 
500 

150 
100 
50 

0.2938 
0.2138 
0.1698 

150 
200 

1400 

0 .5 
0 .7 
4 .7 

M e a n 0.2258 583 2 .0 

Conclusion 

T h e promise of the t h e o r y , s u m m a r i z e d b y the curves of F i g u r e 1, is t h a t a p r o c ­
ess has been f o u n d for secur ing t h e r m o d y n a m i c efficiencies of the order of 5 0 % , flow 
rates of the order of 10~ 5 c m . per second (0.2 ga l l on per d a y per square foot) b y u s i n g 
r e l a t i v e l y coarse, cheap m a t e r i a l (cel lophane) to s u p p o r t , b y c a p i l l a r i t y , a s e m i -
p e r m e a b l e - m i c r o n a i r film w h i c h w i l l not dissolve a w a y because i t is c o n t i n u a l l y r e ­
placed . 

T h e results were obta ined i n t w o classes of exper iments . F i r s t , i n w o r k for the 
Office of Sal ine W a t e r gap spacings of the order of 25 to 75 microns (0.001 to 0.003 
inch ) p roduced the expected osmot ic flow b e h a v i o r (zero flow w h e n the pressures are 
below the osmotic pressure) w i t h the effective surface permeabi l i t i es of 0.7 Χ 1 0 - 6 c m . 
per second for each atmosphere pressure i n excess of the osmotic va lue as measured over 
a 2 -hour t rans ient exper iment . T h e r e was also a n energy loss t o a i r di f fusion, i n w h i c h 
0.06 Χ I O - 6 c m . per second of s t a n d a r d a i r escapes ( t h r o u g h one 0.0013-inch sheet of 
P T 450 a n d 0.004- inch sheet of V i s k i n g sausage casing together) f or each atmosphere 
of t o t a l pressure. A p p a r e n t l y pure w a t e r was produced , b u t because the exper iments 
were of l i m i t e d d u r a t i o n a n d c e r t a i n t y , one c o u l d not be sure. I n the second class of 
exper iments designed for absolute r e l i a b i l i t y , r e p r o d u c i b i l i t y , a n d c e r t a i n t y of opera t i on , 
f resh w a t e r of unquest ioned p u r i t y was p r o d u c e d f r o m sea w a t e r on a cont inuous basis 
a t the rate of 0.005 Χ 1 0 - 6 c m . per second for each atmosphere of pressure i n excess of 
osmot ic . T h i s l ower flow rate a p p a r e n t l y is ob ta ined inde f in i te ly . V e r y h i g h rates are 
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obta ined d u r i n g the first few hours a n d these rates are c l ear ly osmotic w a t e r p r o d u c t i o n , 
not leaks or other types of e r ror . 

T h e reduc t i on i n y i e l d a p p a r e n t l y has to do w i t h a r e f o r m i n g of the s t ruc ture of 
the gel u n d e r pro longed a p p l i c a t i o n of pressure. T h e change i n the nature of the 
condensing cel lophane can be felt b y the h a n d as a h a r d e n i n g a n d densi f icat ion, as 
w e l l as b y the change i n i t s p e r m e a b i l i t y . 

B y th is process of reverse osmosis salts can be r e m o v e d at v e r y h i g h values of 
osmotic pressure b y exposing the so lut i on t o a t h i n v a p o r gap s u p p o r t e d b y c a p i l ­
l a r i t y . T h e process needs for i t s economica l opera t i on a gel w h i c h w i l l r e m a i n p e r ­
meable , whi l e s u p p o r t i n g the h i g h a i r gap pressure. 
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Electrochemical Demineralization of 
Water with Porous Electrodes of 
Large Surface Area 

JOHN W. BLAIR and GEORGE W. MURPHY 

Department of Chemistry, University of Oklahoma, Norman, Okla. 

Research began as an investigation of electrically 
induced ionic adsorption on porous "inert" elec­
trodes. Electrode pairs based on carbon have been 
developed which will demineralize saline water at 
low voltage, and can be regenerated upon reversal 
of polarity. Various carbon electrodes have been 
conveniently classified into cation- and anion-re-
sponsive types. As received carbons are normally 
cation-responsive, but anion-responsive types have 
been made by chemical treatment. Laboratory de­
mineralization cells based on this principle have 
been constructed and operated. Owing primarily 
to the low cost of basic construction materials, the 
process shows great promise for the economical 
conversion of saline waters. 

The basic elements of a new e lectrochemical a p p r o a c h to saline water d e m i n e r a l i z a t i o n 
under s t u d y at the U n i v e r s i t y of O k l a h o m a for the past three years are t w o porous 
electrodes, one of w h i c h is responsive to cations a n d the other to anions. W h e n a n 
a p p r o p r i a t e vo l tage is a p p l i e d to such a n electrode p a i r i m m e r s e d i n saline water , 
cat ions are r e m o v e d b y the f o rmer a n d anions b y the l a t t e r . I n the regenerat ion phase, 
reversa l of vo l tage gives u p these ions to a reject so lut ion . 

T h e k e y to the successful deve lopment of th is m e t h o d lies i n the deve lopment of 
inexpensive electrodes possessing h i g h e lec tr i ca l c o n d u c t i v i t y , chemica l a n d p h y s i c a l 
s t a b i l i t y , large selective i o n r e m o v a l capac i ty , a n d reasonable e lectrochemical efficiency. 
G r a p h i t e a n d carbon-based mater ia l s are considered to be the most p r o m i s i n g . 

R e s e a r c h accompl i shments repor ted here in inc lude the deve lopment of d e m i n e r a l i ­
za t i on cells, power s u p p l y , f lu id contro l equ ipment , a means of m o n i t o r i n g the salt c o n ­
centrat ions i n the f low streams, a n d deminera l i za t i on studies. 

Principles 
T h e proposed e lectrochemical m e t h o d of saline w a t e r d e m i n e r a l i z a t i o n is s i m i l a r 

to e lectrodialys is , i n t h a t ions are r e m o v e d f r o m a so lut ion b y e lectr ica l transference. 
I f the electrodes are porous , oppos i te ly charged ions w i l l be a t t r a c t e d to t h e m a n d thus 
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be r emoved f r o m the so lut ion . T h i s m i g h t be re ferred to as a condenser effect. T o 
produce subs tant ia l salt r e m o v a l , one m u s t go b e y o n d the s imple condenser effect, a n d 
relate i o n r e m o v a l b y a definite h a l f - c e l l react ion i n accordance w i t h F a r a d a y ' s laws . 
T h i s rules out the p r a c t i c a l use of iner t electrodes, b u t necessitates stable a n d pre f e rab ly 
t h e r m o d y n a m i c a l l y reversible ones. T h e t e r m " i o n - r e s p o n s i v e " is used here to ind i ca te 
r e v e r s i b i l i t y to one i o n — c a t i o n or a n i o n — w h e t h e r complete or not . E f f o r t s i n electrode 
deve lopment have been d i rec ted t o w a r d t w o selective electrodes, cat ion-responsive a n d 
anion-responsive , each of w h i c h possesses h i g h i o n - c o m b i n i n g capac i ty . 

T h e d e m i n e r a l i z a t i o n process, as a p p l i e d to a s o d i u m chlor ide so lut i on , w o u l d c o n ­
sist of two steps. I n the f irst , the s o d i u m a n d chlor ide ions are r emoved b y electrodes A 
a n d C i n accordance w i t h the f o l l owing schematic h a l f - c e l l react ions 

A + C l - = A + C l - + e 

C + N a + + e = C " N a + 

fo l lowed b y a second step where the p o l a r i t y is reversed a n d the ions are g i v e n u p to 
a reject so lut i on . A becomes a n a n i o n exchanger u p o n o x i d a t i o n , wh i l e C becomes a 
cat ion exchanger u p o n reduc t i on . 

E lec t rodes A a n d C w i l l , i t is hoped , be fabr i ca ted f r o m large g raph i t e - type c a r b o n 
molecules . Some e lec trochemica l ly ac t ive f u n c t i o n a l groups w h i c h m a y be present i n 
var ious carbons have been discussed b y G a r t e n a n d Weiss (3-6), H a l l u m a n d D r u s h e l 
(8), a n d S tudebaker (12). O t h e r poss ibi l i t ies , i n c l u d i n g funct ions i m p a r t e d b y chemica l 
t r ea tment , are discussed below. O x i d a t i o n of edge carbon atoms c o u l d poss ib ly y i e l d 
a qu inone - type s t ruc ture t h a t cou ld undergo a qu inone -hydroqu inone t y p e of electro­
chemica l cat ion-responsive react ion . T h e exper imenta l d a t a g iven below show t h a t the 
graphites a n d other carbons tested are cat ion-responsive . U n d e r chemica l a n d e lectr i ca l 
o x i d i z i n g condi t ions the cat i on c a p a c i t y of g raph i te electrodes has been successful ly 
increased. These results can be sat i s fac tor i ly i n t e r p r e t e d b y the qu inone -hydroqu inone 
t y p e theory . 

O t h e r responsive groups m i g h t be b u i l t in to the g r a p h i t e - t y p e p o l y m e r . F u n c ­
t i o n a l groups c o m m o n to synthet i c i o n exchange p o l y m e r s , such as c a r b o x y l i c groups , 
sul fonic a c id groups , a n d q u a t e r n a r y a m m o n i u m groups on the edge of the g r a p h i t e 
la t t i ce , cou ld produce selective responsive electrodes. I n a d d i t i o n to the a l t e r a t i o n of 
edge funct ions there also exists the poss ib i l i t y of pseudo-c lathrate s t ruc ture where 
f u n c t i o n a l groups , l i k e b i su l fate , cou ld p r o v e responsive w h e n b u i l t i n t o the i n t e r s t i t i a l 
l a m i n a r g raph i te s t r u c t u r e . X - r a y d a t a (10) are repor ted to prove the existence of 
this t y p e of s t ruc ture for graphi te b isu l fate . G r a p h i t e s , as we l l as carbons, are k n o w n 
as p i g m e n t - t y p e molecule adsorbents where especial ly large a r o m a t i c - t y p e adsorbed 
molecules are re ta ined w i t h not iceable t enac i ty . T h e poss ib i l i t y of occ lusion of r e s p o n ­
sive groups b y a d s o r p t i o n shou ld be considered. C o n s i d e r the a d s o r p t i o n of o x i d a t i o n -
reduc t i on pro to types A a n d B : 

c i - c i -

M e 2 N — < Ç = ^ > — N M e 2 + 2C1~ = M e 2 N ^ < ^ = ^ > = N M e 2 + 2e A 

Because the molecule u p o n ox ida t i on acquires a double pos i t ive charge, i t w i l l t a k e u p 
two anions . O n the other h a n d , a t y p i c a l t r i p h e n y l m e t h a n e dye m i g h t undergo the 
react ion t a k i n g u p a n a n i o n , b u t g i v i n g u p a cat i on i n the process. P r o t o t y p e A shou ld 

[ M e 2 N - ^ ^ > - ] C — H + C l " = 

c i -

Me 2 N — < % = ^> — J C = < ^ ) = N M e 2 + H + + 2e Β 

y i e l d a n electrode responsive to the a n i o n , whi l e Β shou ld y i e l d one responsive to b o t h 
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208 ADVANCES IN CHEMISTRY SERIES 

ions . I t has been repor ted (11) t h a t p r o t o t y p e A molecule t e t r a m e t h y l p h e n y l e n e d i -
amine ( T M P D ) is indeed anion-responsive , whi le the dye neocyanine is responsive to 
b o t h ions i n accordance \vith p r e d i c t i o n for p r o t o t y p e Β molecules. 

I n m a n y exper iments a noncarbon-base anion-respons ive electrode, s i l ver - s i l ver 
ch lor ide , was e m p l o y e d . T h i s electrode was selected for p a i r i n g w i t h cat ion-respons ive 
carbon-based electrodes because of i ts k n o w n propert ies a n d ease of p r e p a r a t i o n . 

A d d i t i o n a l t r ea tments t h a t cou ld conce ivab ly be useful i n the deve lopment of c a r ­
b o n electrodes w o u l d inc lude t e m p e r a t u r e , pressure, react ions i n v o l v i n g inorganic 
substances, a n d select d ispers ing agents on a n y of numerous carbon mater ia l s . 

Electrodes 

T h e most effective m e t h o d of porous electrode p r e p a r a t i o n has been the depos i t ion 
of aqueous dispersions of co l lo idal graphites a n d carbons on fibrous b a c k i n g mater ia l s . 

Poss ib le b a c k i n g mater ia l s , i n c l u d i n g glass c l o t h , filter paper ( W h a t m a n N o . 17) , 
a n d seven n o n w o v e n synthet i c fiber fabr ics received f r o m the m a n u f a c t u r e r ( T r o y 
B l a n k e t M i l l s , N e w Y o r k , Ν . Y . ) , have been eva luated for t h e r m a l s t a b i l i t y , g raph i te 
u p t a k e , resistance, a n d subsequent water p e r m e a b i l i t y . S m a l l samples of these mater ia l s 
were soaked i n a 1 to 1 d i l u t i o n of A q u a d a g , a i r - d r i e d , a n d heated to 200° C . for 5 hours . 
T h e weight increase a n d resistance were recorded. T h e resistance was de termined 
us ing the s imple b lock of L u cite t h a t b inds a 1.75-inch sample s t r i p between brass plates 
separated 1.25 inches. T h e water p e r m e a b i l i t y of the samples was tested i n the a p p a r a ­
tus of F i g u r e 1, where the flow p a t h was lengthwise t h r o u g h the g r a p h i t e d fabr i c as i t 
was i n deminera l i za t i on cell D C - 2 . T h e nongasketed area p r o v i d e d a flow p a t h 4 c m . 
l ong b y 1.5 c m . wide . T h e resu l t ing p e r m e a t i o n rates are in tended to be c o m p a r a t i v e 
on ly . I n a d d i t i o n , the u n g r a p h i t e d fabr i c was subjected to 200° C . for 2 hours , a n d 
effects of th is heat t r e a t m e n t were noted . T h e results of the tests are shown i n T a b l e I . 

Table I. Percolation and Resistance Tests on Backing Materials Impregnated with 
Graphite 

Weight of, Resistance 
Weight Graphite of Impreg-

of on Results of nated Percolat ion 
Back ing , Back ing , 200° C . on Sample after Results , 

M a t e r i a l Tested G . G . M a t e r i a l Heat ing , Ohms M l . / M i n . 
T r o y t u f Dacron , 1-ounce 

1-9 
T r o y t u f Orion, 2-2.25 C 
T r o y t u f Dacron 1-2.25 C 
T r o y t u f Orion 1-ounce 2-9 
T r o y t u f felt of D a c r o n 
T r o y t u f Dacron 1-2.5 to 

E m l O (cloth backed) 
V2-ounce 1-4.5 

T r o y t u f Dacron , 1 / 2 -
ounce 1-4.5 

W h a t m a n paper N o . 17 

1.3484 1.4966 N o apparent effect 2 .2 14.3 
0.3263 0.3209 Ye l lowed 8 .8 0 .15 
0.3887 0.3702 N o apparent effect 8 .4 0 .40 
1.1250 0.9562 Ye l lowed 3.2 0.24 
2.5388 0.4621 N o apparent effect 13.5 2.32 

0.7759 0.5792 N o apparent effect 6.6 0.51 

0.7259 1.0217 N o apparent effect 3 .5 0.41 
1.8131 0.3321 N o apparent effect 10.1 0 .07 

D a c r o n felt was considered the most p r o m i s i n g of the mater ia l s tested. T h e effect 
of d r y i n g condit ions on A q u a d a g - i m p r e g n a t e d D a c r o n patches (1.5 X 1.75 inch ) was 
tested ( T a b l e I I ) . These patches were a i r - d r i e d for 24 hours , weighed, heat - t reated , 
a n d soaked i n 50 m l . of d i s t i l l ed w a t e r , a f ter w h i c h they were aga in a i r - d r i e d , heated a t 
100° C . for 30 m i n u t e s to ensure dryness , a n d t h e n réweighed. F r o m these results , 
electrodes w h i c h were stable o n w a t e r i m m e r s i o n , i n d i c a t i v e of complete coagulat ion of 
the co l lo id , were ob ta ined b y a i r - d r y i n g fo l lowed b y heat ing for 1 h o u r at 100° C . 
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A m o n g the m a n u f a c t u r e d predispersed graphites p r e v i o u s l y considered, A q u a d a g 
(Acheson C o l l o i d s C o r p . ) was f o u n d to be best i n terms of l o w resistance a n d h i g h 
surface area . I n a s m u c h as i t contains a n u n k n o w n dispersant a n d the graph i te cannot 
be chemica l ly m a n i p u l a t e d p r i o r to depos i t ion w i t h o u t coagulat ing the co l lo id , the 
techniques of d ispers ing var i ous carbon a n d graph i te molecules were invest igated . A 
co l lo id m i l l ( E p p e n b a c h , Inc . ) was used to reduce the par t i c l e size to near co l lo ida l 
d imensions , a f ter w h i c h t r ea tment w i t h a chemica l d ispersant produced sat i s fac tory 
dispersions. T h e f o l l owing m e t h o d p r o v e d effective (1,13). 

1-3/8»» 

Figure I. Exploded view of 
cell (less end clamps) for 
determining permeability of 

graphited fabrics 
Arrows Indicate flow path 

A . 1/4-inch Lucîte disks 
B. 1/16-inch polyethylene spacers 
C. 1/50-inch polyethylene spacers 
D. Sample gasketed surface 

T o each 100 grams of f inely m i l l e d carbon were added 30 m l . of a water so lut ion 
conta in ing 5 grams of tannic ac id ( T A ) . T h e resu l t ing m i x t u r e was t h o r o u g h l y m u l l e d 
to a u n i f o r m t h i c k p a s t e — a d d i t i o n a l water added i f necessary to produce a p a s t e — 
a n d t h e n set aside to digest. T h e m i x t u r e was s t i r r e d f requent ly f or at least 2 days 
because w i t h m a n y carbons the paste does not r e m a i n homogeneous b u t separates to a 
h a r d p a n covered b y the fluid. A f t e r d igest ion, the resu l t ing p r o d u c t was d i l u t e d w i t h 
50 m l . of 1 5 N a m m o n i u m h y d r o x i d e . F u r t h e r water d i l u t i o n is possible w i t h o u t b r e a k ­
i n g d ispers ion . 
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210 ADVANCES IN CHEMISTRY SERIES 

A n u m b e r of carbon samples were dispersed w i t h tann i c a c i d by the above t e c h ­
nique a n d a p p l i e d to D a c r o n felt patches sui table for use i n d e m i n e r a l i z a t i o n cell D C - 1 . 
T h e resistances of these patches , as de termined on the L u c i t e resistance b l o ck , were 
m u c h less t h a n patches m a d e f r o m undispersed m a t e r i a l ( T a b l e I I I ) . D e m i n e r a l i z a t i o n 
studies on a few of these patches are presented elsewhere i n th i s r epor t . 

Treatment of Graphite with Ni tr ic -Sul fur ic A c i d M i x t u r e . T h e fo l l owing ex­
per iment was car r i ed out i n a n effort to prepare a more h i g h l y ox id ized g r a p h i t e t h a n 
the A q u a d a g p r e p a r a t i o n p r e v i o u s l y s tud ied . 

Table II. Effect of Drying Conditions on Resistance of Aquadag-lmpregnated 
Dacron Patches 

Weight , Grams 
After Resistance, Ohms 

soaking Change In i t ia l 
1.2450 0.0093 
1.2130 0.0042 
1.2600 0.0035 
1.2142 0.0059 
1.2580 0.0048 
1.2524 0.0048 
1.2444 0.0050 

P a t c h Temp . , 
° C . 

T i m e , After air-
N o . 

Temp . , 
° C . M i n . d ry ing 

1 1.2543 
2 ioo 30 1.2172 
3 100 60 1.2635 
4 100 90 1.2201 
5 150 30 1.2628 
6 150 60 1.2572 
7 150 90 1.2494 

7.4 10.4 3.0 
7.2 9.7 2.5 
6.7 8.9 2.2 
7.0 9.7 2.7 
7.3 9.2 1.9 
7.6 9.1 1.5 
7.6 9.8 2.2 

Table III. Comparison of Resistances of Dacron Patches Impregnated with Milled 
and Dispersed Carbon Samples 

^ , . , M i l l e d , Dispersed, 
Carbon M a t e r i a l Ohms Ohms 

A i r - spun graphite (Dixon) 
T y p e 200-10 3,200 28 
T y p e 200-39 ' 8 6 0 24 

V u l c a n X C - 7 2 R (Cabot ) 960 34 
Spectrographs carbon ( N a t i o n a l ) 12,200 42 
Statex (B inney and Smi th ) / . . 24 
Kosmos 20 (Uni ted C a r b o n Co. ) 850 46 
C a r b o n decolorizing N o r i t N o . P1731 (Eastman) ( N o t coherent) 
Graphi te bisulfate prepared from commercial graphite . . . 46 
Attempted sulfonation product of commercial graphite . . . 21 
M i x e d acid-treated Aquadag graphite (Acheson) . . . 28 
Kosmos C (United Carbon Co. ) . . . 2800 

T w e n t y grams of stock A q u a d a g ( conta in ing about 4.4 grams of so l id m a t e r i a l ) 
were added to 20 m l . of a 1 to 3 m i x t u r e of concentrated n i t r i c a n d su l fur i c ac ids . T h e 
resu l tant p r o d u c t was a l l owed to settle for about 30 m i n u t e s , a f ter w h i c h i t was f i l tered 
t h r o u g h a fr i t ted-g lass filter. T h e re ta ined so l id was t rans fe r red to a flask a n d aga in 
t rea ted w i t h 20 m l . of the same m i x e d acids. A f t e r 6 hours of u n d i s t u r b e d reac t i on , the 
so l id was aga in separated b y v a c u u m filtration t h r o u g h a fr i t ted-g lass filter a n d t r a n s ­
ferred to a beaker . R e p e a t e d w a s h i n g w i t h d i s t i l l ed water , l a rge ly b y décantation, 
e v e n t u a l l y gave a filtrate test o n the basic side of m e t h y l orange. T h e so l id residue was 
a i r - d r i e d for a few m i n u t e s b y cont inued a s p i r a t i o n of the residue o n the filter. W i t h ­
out f u r t h e r d r y i n g , the p r o d u c t was dispersed b y the t a n n i c a c i d technique a n d a p p l i e d 
to D a c r o n patches. 

T h e m i x e d - a c i d t r ea tment was also m a d e on c o m m e r c i a l g raph i t e , N a t i o n a l C a r b o n 
C o . spec t rograph c a r b o n ( C a t a l o g N o . L 4 3 0 9 ) , a n d D i x o n ' s A i r - s p u n , T y p e 200 -10 . 
T h e resu l t ing A i r - S p u n p r o d u c t was tested for su l fur b y opening a sample u s i n g s o d i u m 
carbonate fus ion a n d t h e n test ing a so lut i on of the resu l tant m a t e r i a l for sul fate a n d for 
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BLAIR AND MURPHY—ELECTROCHEMICAL DEMINERALIZATION WITH POROUS ELECTRODES 211 

sulfide. N o su l fur was f ound . A n electrode was f o r m e d f r o m the dispersed, m i x e d 
a c i d - t r e a t e d A q u a d a g graph i te . Res is tance measurements made on th is electrode are 
shown i n T a b l e I I I . 

Treatment of Graphite with O l e u m . C o m m e r c i a l g raph i te a n d t w o 
h i g h p u r i t y graph i te s a m p l e s — N a t i o n a l C a r b o n C o . spec t rograph carbon ( C a t a l o g N o . 
L4309 ) a n d A i r - S p u n 200 -10—were sul fonated b y pro longed t r e a t m e n t w i t h o leum. 
T h e resu l t ing products were washed u n t i l no sulfate cou ld be detected i n the filtrate as 
tested w i t h a b a r i u m chlor ide so lut ion . Subsequent s o d i u m fus ion as we l l as s o d i u m 
carbonate fusion of the resu l t ing A i r - S p u n graph i te gave negat ive tests for su l fur as 
sulfate a n d as sulfide. 

M i x t u r e of Graphite and Ion E x c h a n g e Resin. A heterogeneous m i x t u r e of 
i o n exchange r e s i n - A q u a d a g (1 to 4 on d r y basis weight ) was used to prepare electrodes 
w i t h the hope of e lec tr i ca l ly i n d u c i n g desorpt ion f r o m the res in . These m i x t u r e s were 
p r e p a r e d w i t h 400-mesh D o w e x 1 (anion exchanger) a n d D o w e x 50 (cat ion exchanger) 
resins s l u r r i e d i n a 1 to 1 d i l u t i o n of stock A q u a d a g . 

Treatment of Graphite to Increase Iron. I r o n i n some f o r m is k n o w n to be 
present i n A q u a d a g a n d i n m a n y other sources of graph i te . A graph i te of l o w i r o n 
content , A i r - S p u n T y p e 200-10 , was t reated to increase i t s i r o n content b y i n t i m a t e 
m i x i n g w i t h e lec tro lyt i c i r o n dust . T h e m i x t u r e was heated overn ight i n a 400° C . 
furnace , a n d t h e n t reated w i t h m i x e d ac id . A n electrode p r e p a r e d f r o m th i s p r o d u c t , 
d ispersed w i t h tann i c a c i d , was c o m p a r e d w i t h a n electrode m a d e f r o m m i x e d a c i d -
t reated , t a n n i c a c id -d i spersed stock A i r - S p u n . 

Dispersant Reagents. T h e role of the dispersant i n electrode responsiveness was 
tested, b y per formance c ompar i son of electrodes t h a t differed o n l y i n the d ispersant used 
i n the graph i te p r e p a r a t i o n . T h e f o l l owing dispersants were per formance c o m p a r e d 
w i t h A q u a d a g (d ispersant u n k n o w n ) : M a l l i n c k r o d t ' s a n a l y t i c a l reagent t a n n i c a c i d 
( T A ) , M o n s a n t o ' s L u s t r e x X - 7 1 0 po lys tyrene sul fonic a c id ( P S A ) , a n d B a d i s c h e 
A n i l i n u n d Soda F a b r i k A . G . p o l y - i V - v i n y l i m i d a z o l w h i c h was quatern ized i n th i s 
l a b o r a t o r y accord ing to the procedure of G r e g o r a n d G o l d (7 ) , to give the iod ide f o r m 
of the p o l y m e r ( P V I ) . E le c t rodes were p r e p a r e d f r o m A i r - S p u n g r a p h i t e T y p e 200 -10 
dispersed w i t h tannic a c i d , po lys tyrene sul fonic a c i d a n d P V I b y a procedure s i m i l a r to 
those deta i led above. These electrodes were then per f o rmance - compared w i t h A q u a d a g . 

T a n n i c ac id -d ispersed A i r - S p u n T y p e 200-10 was t reated w i t h m i x e d a c i d i n 
another c o m p a r a t i v e s t u d y a n d then redispersed w i t h tann i c ac id . T h e per formance of 
a n electrode p r e p a r e d w i t h th is p r o d u c t was c o m p a r e d w i t h electrodes p r e p a r e d f r o m 
m i x e d a c i d - t r e a t e d A q u a d a g T A redispersed. 

Figure 2. Demineralization apparatus assembly 
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212 ADVANCES IN CHEMISTRY SERIES 

Apparatus 
T h e basic elements needed for d e m i n e r a l i z a t i o n exper iments are a d e m i n e r a l i z a t i o n 

ce l l , so lut ion reservo ir a n d p u m p , constant vo l tage power s u p p l y , c o n d u c t i v i t y cell ( w i t h 
t e m p e r a t u r e regulat ion) a n d br idge a n d vol tage a n d c u r r e n t meters . A t y p i c a l 
d e m i n e r a l i z a t i o n assembly is s h o w n i n F i g u r e 2. 

T h r e e deminera l i za t i on cells designated D C - 1 , D C - 2 , a n d D C - 3 ( F i g u r e 3) were 
used. 

Figure 3. Demineralization cell DC-3 
Left. Assembled 

Right Components 
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BLAIR AND MURPHY—ELECTROCHEMICAL DEMINERALIZATION WITH POROUS ELECTRODES 213 

P u m p . S o l u t i o n is p u m p e d at low flow rate t h r o u g h the cell b y means of a L a p p 
Pulsafeeder p u m p M o d e l L S - 1 0 . D i f f i c u l t y i n m a i n t a i n i n g constant flow at slow flow 
rates was t raced to s m a l l a i r pockets i n the d i a p h r a g m p u m p head t h a t w o u l d no t 
spontaneous ly pass the exit check v a l v e . T h i s d i f f i cu l ty was remedied b y the a s p i r a t i o n 
of the feed so lut ion to remove dissolved gases. T o m i n i m i z e the h a z a r d of i m p l o s i o n of 
the feed reservoir , a cage was made f r o m 1 / 4 - i n c h h a r d w a r e c l o th to fit the 20 - l i t er 
reservoir . 

P o w e r S u p p l y . T h e constant vo l tage power s u p p l y is a t rans i s tor - regu la ted de­
vice t h a t m a i n t a i n s a constant o u t p u t to 0.01 v o l t over a wide l oad range. T h e 
m a x i m u m current o u t p u t is about 10 amperes over a range of 0.25 to 6 vo l t s . T h e 
regulator c i r c u i t , m o l d e d after a basic one s u p p l i e d b y A v c o M a n u f a c t u r i n g C o . , 
L a w r e n c e , M a s s . , is shown i n F i g u r e 4. T h e a p p a r a t u s has p r o v e d re l iable above 0.25 
v o l t , b u t has no regu la tory contro l at lower voltages because of the thresho ld c ont ro l 
character is t i cs of the 2 N 2 7 8 t rans is tors . T h e R a y t h e o n A C voltage regulator T y p e 
V R 6 1 1 1 v i r t u a l l y e l iminates a n y dependence of o u t p u t voltage on l ine fluctuations. 

Figure 5. Six conductance cells with wide range of 
cell constants 

C o n d u c t a n c e C e l l s . A conductance cell w i t h large electrodes closely spaced can 
be used for d i lu te or p o o r l y conduct ing solut ions, whi le s m a l l electrodes w i d e l y spaced 
are desirable for more concentrated e lectro lyte solut ions. 

S i x conductance cells, L C - 1 t h r o u g h L C - 7 , each constructed of boros i l i cate glass 
w i t h p l a t i n i z e d p l a t i n u m electrodes, are shown i n F i g u r e 5 ( L C - 7 is s i m i l a r to L C - 5 a n d 
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214 ADVANCES IN CHEMISTRY SERIES 

L C - 6 ) . Ce l l s L C - 1 a n d L C - 2 have h o l d u p vo lumes of 2.0 a n d 0.7 m l . , respect ive ly . I n 
the case of L C - 2 the p l a t i n u m electrodes a n d m e r c u r y w e l l side a r m s are p a r t of a 
s tandard - taper j o in t assembly . Ce l l s L C - 3 a n d L C - 4 have h o l d u p vo lumes of 0.16 m l . 
a n d external copper electrode caps. Ce l l s L C - 3 a n d L C - 4 were s tacked so as to be able 
to shi f t scales d u r i n g the d e m i n e r a l i z a t i o n a n d regenerat ion ha l f cycles, b u t a more 
convenient design was achieved i n the c o m p o u n d cells, L C - 5 a n d L C - 6 , w i t h effective 
h o l d u p vo lumes between 0.25 a n d 0.55 m l . F i g u r e 6 is a d r a w i n g of L C - 4 a n d L C - 5 . B y 
us ing several i n p u t s in to the recorder , a cont inuous record can be obta ined over a wide 
concentra t i on range. 

A i r B a t h . T e m p e r a t u r e regu lat ion necessary for m e a n i n g f u l conductance d a t a was 
achieved b y a n a i r b a t h . 

LC-4 

θ D 

A C 
LC-5 

Figure 6. Details of conductance cells (actual size) 

T h e a i r b a t h ( F i g u r e 2 ) , w h i c h holds b o t h the deminera l i za t i on cell a n d the c o n ­
ductance ce l l , is a 19 X 19 X 26 i n c h box constructed f r o m 3 / 8 - i n c h p l y w o o d w i t h a 
v e r t i c a l l y s l id ing f ront glass w i n d o w . A i r c i r c u l a t i o n is furn i shed b y a s m a l l s q u i r r e l -
cage b lower w i t h outside m o u n t e d m o t o r . T e m p e r a t u r e contro l is p r o v i d e d b y a 
50 -wat t l i g h t b u l b heater ac tuated b y a m e r c u r y thermoregu la tor a n d a n electronic r e ­
l a y . I f the ambient t empera ture is h igher t h a n the b a t h t e m p e r a t u r e , re f r igerated 
cool ing water can be c i r cu la ted t h r o u g h r a d i a t o r coils w i t h i n the box . 

Conductance Recorder. T h e i n s t r u m e n t used for m o n i t o r i n g salt concentrat ions 
is a s ix - record F o x b o r o D y n a l o g e lectronic c o n d u c t i v i t y recorder , range 0 to 1000 
mic romhos . 

Meters . T h e above power s u p p l y e l iminates the need of a v o l t m e t e r except to 
establ ish the desired operat ing vo l tage . C u r r e n t d a t a for a d e m i n e r a l i z a t i o n r u n are 
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BLAIR AND MURPHY—ELECTROCHEMICAL DEMINERALIZATION WITH POROUS ELECTRODES 215 

recorded o n a Sargent s t r i p c h a r t recorder , C a t a l o g N o . S-72150. T h e c u r r e n t curve for 
each ha l f cycle resembles a capac i t o r - charg ing current decay because of the electro­
chemica l reverse p o t e n t i a l of the ce l l , as w e l l as electrode l oad ing . B o t h of the conduc t ­
ance a n d the current changes i n a cycle m a y la ter be used as a basis for a u t o m a t i c 
s w i t c h i n g devices for a se l f -operat ing sys tem. 

Demineralization Studies 
C e l l D C - 1 . T h i s L u c i t e cell ( F i g u r e 7) h a d a center section w h i c h holds the elec­

trodes v e r t i c a l l y (electrode dimensions are 1.7 b y 1.1 inches) w i t h a separat i on gap of 
V 8 i n c h . S m a l l L u c i t e in le t a n d outlet tubes are p r o v i d e d at the t o p a n d b o t t o m of the 
center sect ion. P l a t i n u m wires m a k e i n t i m a t e contact a l ong the per imeter of each elec­
t rode , a n d t h e n pass t h r o u g h the side wal l s to externa l lugs. T h i s cel l is n o r m a l l y 
operated w i t h on ly the so lu t i on gap between the electrodes. 

Figure 7. Demineralization cell DC-1 (actual 
size) 

I n studies on electrodes p r e p a r e d f r o m the A q u a d a g a n d i o n exchange m i x t u r e s , one 
electrode conta ined the a n i o n exchanger a n d the other the cat ion exchanger. A f t e r the 
cell h a d been washed t h o r o u g h l y w i t h 0.003iV s o d i u m chlor ide so lut i on , the f low rate 
was ad justed to 6 m l . per h o u r a n d 0.8 v o l t was a p p l i e d i n such a d i r e c t i o n t h a t desorp -
t i o n of ions f r o m the exchange resins w o u l d be a ided . T h e a n t i c i p a t e d concentrat ion 
increase i n the effluent d i d not a p p e a r ; ins tead , there was a s l ight , p r o b a b l y not s ign i f i ­
cant , decrease. S i m i l a r results were obta ined w h e n the c u r r e n t was reversed. T h u s 
e lec tr i ca l ly i n d u c e d desorpt ion f r o m the resins was not f o u n d u n d e r these exper imenta l 
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216 ADVANCES IN CHEMISTRY SERIES 

condit ions . H i g h e r voltages, l ead ing to electrolysis of the w a t e r , have not been t r i e d . 
A n u m b e r of d e m i n e r a l i z a t i o n invest igat ions were made e m p l o y i n g a s i l v e r - s i l v e r 

chlor ide electrode, k n o w n to be revers ib le to the chlor ide i o n , vs. g r a p h i t e - i m p r e g n a t e d 
D a c r o n felt i n cel l D C - 1 . A s i lver electrode f a b r i c a t e d f r o m 20-mesh gauze was 
anod ized at 2 vo l t s i n concentrated s o d i u m chlor ide so lut i on u n t i l a t h i c k s i l ver ch lor ide 
coat ing was achieved . T h i s electrode was m o u n t e d i n cel l D C - 1 a long w i t h a D a c r o n -
b a c k e d carbon electrode p r e p a r e d as descr ibed above. A f t e r several cur rent reversals , 
c a r r i e d out to cond i t i on the electrodes p r o p e r l y , per formance of the c a r b o n electrode 
was eva luated . W h e n the A q u a d a g graph i te was cathode ( F i g u r e 8 ) , a g r a p h i c a l 
i n t e g r a t i o n i n d i c a t e d t h a t 8.51 Χ I O - 5 equ iva lent of s o d i u m chlor ide was r e m o v e d b y 
0.0267 equ iva lent of c a r b o n i n the ac t ive g r a p h i t e area . These exper iments were the 
first to p r o v e conc lus ive ly t h a t d e m i n e r a l i z a t i o n w i t h a p a i r of electrodes, one revers ib le 
to the cat ion a n d the other to the a n i o n , i s a feasible operat i on . 

S i m i l a r d a t a were obta ined w i t h a n electrode f abr i ca ted f r o m t a n n i c a c i d - d i s p e r s e d 
A i r - S p u n g r a p h i t e 200-10 vs. a s i l v e r - s i l v e r chlor ide electrode i n cel l D C - 1 ( F i g u r e 9 ) . 
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I t was es t imated b y a g r a p h i c a l i n t e g r a t i o n t h a t these electrodes r emoved 5.00 X 10 5 

equ iva lent of s o d i u m chlor ide . 
Severa l of the t a n n i c ac id -d ispersed c a r b o n electrodes l i s t ed i n T a b l e I I I , h a v i n g 

favorab le e lec tr i ca l conductances , were tested for c a t i o n responsiveness i n cel l D C - 1 . 
T h e anion-responsive electrode was the s i l v e r - s i l v e r ch lor ide electrode. T h i s e x p e r i ­
ment series was c a r r i e d out w i t h a feed so lut i on of 0.003iV s o d i u m chlor ide , d e m i n e r a l i z a ­
t i o n po tent ia l of 0.80 v o l t on each ha l f cycle , a n d flow rates s i m i l a r to the above. C a r b o n 
electrodes made f r o m A i r - S p u n g r a p h i t e 200 -39 , o l eum- t rea ted c o m m e r c i a l g raph i t e , 
U n i t e d C a r b o n C o . K o s m o s C , a n d N a t i o n a l S p e c t r o g r a p h s C a r b o n ( C a t a l o g N o . 
L 4 3 0 9 ) electrodes were f o u n d to give u p g r a p h i t e to the effluent a n d were not eva luated 
here. T h e results of the A q u a d a g , A i r - S p u n 200 -10 , a n d m i x e d a c i d - t r e a t e d A q u a d a g 
t a n n i c a c i d - d i s p e r s e d are presented as p a r t of T a b l e I V . 

Table IV. 

Code 
Designation 

1 A G 1 - 5 
1 A G 1 - 6 
1 A G 1 - 7 

Summary of Electrode Capacity Determinations from Selected 
Experiments 

E . M . F . 
A p p l . , V o l t 

F l o w 
Rate , 

M a x . 
D e m i n . 

Regen. D e m i n . M l . / H r . Factor 
0 .80 
0.80 
0.80 

0.80 
0.80 
0.80 

11.4 
5.4 
5.7 

7.9 
3 .3 

12.3 

E s t . D e m i n . 
Cap . , E q u i v . / 

Sq . Inch 
X 10,000 

0 .45 
0.27 
1.01 

Comments" 

A i r - S p u n 200-10, T A 
M A 6 A q u a d a g T A 
Anion-permeable 

membrane, D a c r o n -
backed electrodes 

Glass c loth separators, 
internal shorting 

Glass c loth separators, 
internal shorting 

Glass c loth separators, 
internal shorting 

F i l t e r paper separators, 
internal shorting 

D a c r o n felt separators 
Dacron felt separators 
Dacron felt separators 
D a c r o n felt separators 

α Unless otherwise noted, a l l electrodes are Aquadag deposited on Dacron felt vs. s i lver-s i lver 
chloride. 

b Mixed -ac id treatment prior to dispersion. 

2 G G 1 - 8 0 .80 0.80 33 .1 3.6 0.344 

3 A G 5 - 3 0 .40 0.40 13.2 4.1 0.113 

3 A G 9 - 4 0 .40 0.40 11.6 7.0 0.045 

3 A G 9 - 6 0.80 0.80 13.2 8 .0 0.138 

3 A G 9 - 1 2 0.40 0 .40 16.4 30 0.157 

3 A G 9 - 2 2 
3 A G 9 - 2 7 
3 A G 9 - 2 8 
3 A G 9 - 3 4 

0 .40 
0.80 
0 .80 
0.80 

0.40 
0 .25 
0.25 
0 .25 

18.7 
24 .4 
36 .7 

8 .1 

20. 
9 .0 

20. 
1.8 

0.267 
0.170 
0.363 
0.370 

T h e deminera l i za t i on results obta ined f r o m the m i x e d a c i d - t r e a t e d tannic a c i d -
dispersed A q u a d a g graph i te are shown i n F i g u r e 10. T h i s s t u d y e m p l o y e d a d e m i n e r a l ­
i z a t i o n p o t e n t i a l of 0.80 v o l t a n d afforded a notable increase i n the resu l tant cel l c a ­
p a c i t y of 1.88 Χ 10" 4 equ iva lent . A s i t was k n o w n f r o m prev ious experiences w i t h 
s i l v e r - s i l v e r chlor ide electrodes t h a t l ower potent ia ls are desirable , another s t u d y w i t h a 
s i m i l a r g raph i te electrode was car r i ed out at 0.30 v o l t . F o r these exper iments a f reshly 
p r e p a r e d graph i te electrode was used. A f t e r e lec tr i ca l c on d i t i on in g a d e m i n e r a l i z a t i o n 
capac i ty of 1.58 Χ I O - 4 equ iva lent was obta ined . T h i s c a p a c i t y was 8 4 % of the capac i ty 
obta ined at the higher 0.80-volt p o t e n t i a l . T h e new electrode poss ib ly conta ined less 
g raph i te a n d t a n n i c a c id t h a n the prev ious one. 

I n another series of exper iments electrodes fabr i ca ted f r o m several carbon mater ia l s 
were tann i c a c id -d i spersed a n d per formance- tested i n D C - 1 against s i l v e r - s i l v e r chlor ide . 
G e n e r a l l y i t was necessary to soak the electrode (after d r y i n g ) i n a concentrated s o d i u m 
chlor ide so lut ion to coagulate the c a r b o n m o r e complete ly before m o u n t i n g i n the cel l . 
I n th is series, a feed so lut ion of 0 . 0 3 V s o d i u m chlor ide , i d e n t i c a l a p p l i e d voltages (0.30 
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218 ADVANCES IN CHEMISTRY SERIES 

v o l t d u r i n g the d e m i n e r a l i z a t i o n ha l f cycle a n d 0.80 v o l t d u r i n g the regenerat ion ha l f 
cyc l e ) , a n d s i m i l a r f low rates were e m p l o y e d . T h e resu l t ing d e m i n e r a l i z a t i o n capacit ies 
were r o u g h l y es t imated ( T a b l e V ) . 

Table V. Performance Results of Several Electrodes in Which Carbon Prior to 
Deposition Was Dispersed with Tannic Acid 

Potentials . 0.30-volt demineralization and 0.80-volt regeneration 
Feed solution. 0.030iV sodium chloride 

T y p e of Carbon 
and Comments 

M A C - A q u a d a g 
V u l c a n X C - 7 2 R 
Statex 
Oleum-spectrographic carbon 
M A C - A i r - S p u n 200-10 
M A C - A i r - S p u n 200-10 and iron 
Aquadag and T A - l o a d e d Nor i t e 

S i lver -s i lver chloride was anion-responsive 

E s t . D e m i n . 

Code 
F l o w C a p . , a E q u i v . 6 / 

Code Rate , Sq . Inch 
Designation M l . / H r . X 10,000 

1 A G 1 - 1 4 5.28 0.91 
1 A G 1 - 1 7 4.13 0 .48 
1 A G 1 - 1 9 9.15 0 .80 
1 A G 1 - 2 6 5.30 S m a l l 
1 A G 1 - 2 7 5.43 0.32 
1 A G 1 - 2 8 5.80 0 .27 
1 A G 1 - 3 0 11.90 0 .91 

° Area of electrode for D C - 1 , 1 . 8 7 sq. inches. 
b A l l dispersions deposited on Dacron felt, 

electrode. 
c Mixed -ac id treatment prior to dispersion. 

3.0Γ 

Time (hrs.) 

Figure 10. Demineralization curve for run Ι Α Θ Ι - 7 

T h i s exper iment series, the results of w h i c h are s u m m a r i z e d i n T a b l e V , inc ludes the 
spec ia l cases of i r o n ( 1 A G 1 - 2 8 ) a n d N o r i t e ( 1 A G 1 - 3 0 ) l oaded A i r - S p u n . 

E x c e p t for the o leum-spectrographic c a r b o n 1 A G 1 - 2 6 , w h i c h m a y be suspect because 
of poor electrode coherence, the T A - d i s p e r s e d mater ia l s have capacit ies of the same order 
of m a g n i t u d e . A compar i son of 1 A G 1 - 2 7 a n d 1 A G 1 - 2 8 reveals l i t t l e i f a n y significance 
of added i r o n . T h e capacit ies of m i x e d ac id - t reated A q u a d a g , Statex , a n d N o r i t e -
loaded A q u a d a g are n e a r l y the same a n d cons iderab ly h igher t h a n the others . I t is no t 
c lear f r o m the results of th i s exper iment series w h a t effect the t a n n i c a c i d i tse l f has 
o n capac i ty . 

A c o m p a r i s o n of results w i t h different d ispersants ( T a b l e V I ) is more revea l ing . 
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BLAIR AND MURPHY—ELECTROCHEMICAL DEMINERALIZATION WITH POROUS ELECTRODES 219 

A T A - d i s p e r s e d ( 1 A G 1 - 6 ) D i x o n A i r - S p u n T y p e 200-10 electrode has four t imes the 
cat i on c a p a c i t y of one dispersed w i t h P V I ( 1 A G 1 - 2 2 ) . T h i s difference i n e lec trochemical 
propert ies i m p a r t e d b y T A a n d P V I to electrodes is even more s t r i k i n g l y demonstrated 
w h e n the A i r - S p u n receives a p r i o r t r e a t m e n t w i t h m i x e d a c i d ( I A G 1 - 2 7 a n d 1 A G 1 - 3 2 ) . 
I n th i s case, a ca t i on c a p a c i t y i n the P V I - d i s p e r s e d case was v i r t u a l l y undetectable . 
A c o m p a r i s o n of the T A ( 1 A G 1 - 2 7 ) a n d the p o o r l y coherent P S A ( 1 A G 1 - 2 9 ) dispersed 
electrodes revealed no signi f icant difference i n c a p a c i t y ; however , the results of e x p e r i ­
ments 1 A G 1 - 5 a n d 1 A G 1 - 3 1 o n A q u a d a g w i t h a n d w i t h o u t P S A ind i cate t h a t the l a t t e r 
adds n o t h i n g to the ca t i on c a p a c i t y . T h i s series of exper iments does no t demonstrate 
a specific cat ion-responsive c a p a c i t y of e i ther T A or P S A , b u t i t seems c lear t h a t P V I 
has the effect of reducing the c a t i o n c a p a c i t y of a n electrode. 

Table VI. Dispersant Effect on Resulting Cell Capacity 
Potentials . 0.30-volt demineralization, 0.80-volt regeneration 
Feed solution. 0.030iV sodium chloride 

Dispersant 6 

T A 
P V I 
T A 
P V I 
P S A 
None 
P S A added 
T A \ 

. . P V I / 
° A r e a of electrode for D C - 1 , 1 . 8 7 square inches. 
6 A l l dispersions deposited on Dacron felt. S i lver -s i lver chloride anion-responsive electrode 

used on a l l experiments except 1 G G 1 - 2 4 . 
c Feed solution 0 . 0 0 3 0 - N a C l ; demineralization and regeneration potentials 0.80 vol t . 
d Mixed -ac id treatment pr ior to dispersion. 

E s t . D e m i n . 
F l o w C a p . , a E q u i v . / 

Code Rate , Sq . Inch 
Designation M l . / H r . X 10,000 Carbon 

1 A G 1 - 6 C 5.40 0 .27 A i r - S p u n 200-10. 
1 A G - 2 2 4.08 0.064 A i r - S p u n 200-10. 
1 A G 1 - 2 7 5.43 0 .32 M A * - A i r - S p u n 200-10 
1 A G 1 - 3 2 5.73 S m a l l M A - A i r - S p u n 200-10 
1 A G 1 - 2 9 2.00 0 .30 M A - A i r - S p u n 200-10 
1 A G 1 - 5 * 11.40 0 .45 Aquadag 
1 A G 1 - 3 1 5.94 0 .37 Aquadag 
1 G G 1 - 2 4 7.60 0.21 / M A - A q u a d a g 

\ A i r - S p u n 200-10 

T h e anion-responsive propert ies of P V I - d i s p e r s e d D i x o n A i r - S p u n 200-10 were t h e n 
tested against m i x e d ac id - t rea ted A q u a d a g . T h e result was pos i t ive , the a n i o n c a p a c i t y 
be ing comparab le t o the ca t i on c a p a c i t y of s i m i l a r m a t e r i a l d ispersed w i t h T A . T h e 
oxid izable iodide i o n o r i g i n a l l y present i n the electrode, i f i n c o m p l e t e l y exchanged b y 
chlor ide i n the d e m i n e r a l i z a t i o n ce l l , w o u l d doubtless c ont r ibute something to a n i o n 
responsiveness. 

C e l l D C - 2 . E a r l i e r d e m i n e r a l i z a t i o n studies b y L y o n (9) e m p l o y e d cell D C - 2 . 
T h i s was a s a n d w i c h - t y p e cel l w i t h L u c i t e side plates bo l t ed together w i t h t w o e p o x y 
res in -gasketed graph i te electrodes separated b y a n anion-permeable m e m b r a n e . T h e 
m e m b r a n e was necessary because a suitable anion-respons ive electrode was no t t h e n 
k n o w n . T h e p r i n c i p l e of opera t i on is t h a t i n the cathode c o m p a r t m e n t , after several 
current reversa l c ond i t i on ing cycles, s o d i u m ions are r e m o v e d b y the cathode whi l e 
chlor ide ions m i g r a t e f r o m the cathode t h r o u g h the m e m b r a n e to the a n i o n chamber . 
I n the anode chamber , s o d i u m ions , f r o m the prev ious h a l f cycles, are re jected f r o m the 
anode. T h e net result was salt dep le t ion i n the cathode chamber a n d a s i m i l a r concen­
t r a t i o n increase i n the anode chamber . 

G lass c l o t h - b a c k e d A q u a d a g graph i te electrodes were f o u n d to have a capac i ty of 
2.9 X lQr6 equ iva lent per square i n c h of area w i t h a c u r r e n t efficiency of 6 2 . 5 % d u r i n g 
the first 90 m i n u t e s of a r u n . I n the present s t u d y these electrodes were rep laced w i t h 
A q u a d a g - i m p r e g n a t e d D a c r o n fe l t . S u c h electrodes c o n t a i n cons iderab ly m o r e g r a p h i t e 
a n d are not subject to the quest ionable role of the i on -exchanging glass fibers prev ious 
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220 ADVANCES IN CHEMISTRY SERIES 

studies. T h e D a c r o n felt electrodes h a d a c a p a c i t y of 3.4 X 10~ 5 equ iva lent per square 
i n c h . O n several runs the p H of samples f r o m each c o m p a r t m e n t were de termined us ing 
a M o d e l H - 2 B e c k m a n p H meter . N o signi f i cant p H changes were f o u n d . 

A f t e r the feas ib i l i ty of d e m i n e r a l i z a t i o n w i t h coupled c a t i o n - a n d anion-respons ive 
electrodes h a d been establ ished, i t became possible to dispense w i t h the m e m b r a n e ; n o 
f u r t h e r exper iments were p l a n n e d w i t h D C - 2 . 

C e l l D C - 3 . A f t e r the p r e l i m i n a r y invest igat ions e m p l o y i n g s i l v e r - s i l v e r chlor ide 
a n d A q u a d a g graph i te electrodes i n D C - 1 h a d been c a r r i e d out as descr ibed, a m u l t i p l e -
effect or cascade-type cel l , D C - 3 , c ou ld be s tud ied . T h e cell consists of a stack of a l t e r ­
n a t i n g g raph i te a n d s i l v e r - s i l v e r ch lor ide d isks w i t h lVg-inch c i r c u l a r ac t ive area 
separated b y spacers a n d compressed between L u c i t e ends b a c k e d b y r i g i d brass p lates . 
T h e t ie bol ts were four 3 / 1 6 - i n c h stove bol ts sheathed w i t h T y g o n t u b i n g to prevent 
so lu t i on contac t ing a n d e lec tr i ca l s h o r t i n g . T h e cel l a n d i ts components are shown i n 
F i g u r e 3. 

S o l u t i o n flows i n a d i re c t i on p e r p e n d i c u l a r to the disks . E a c h d isk m u s t have a n 
externa l r ing -gasketed area w h i c h w i l l conduct e l e c t r i c i ty b u t be i m p e r v i o u s to the 
so lut ion . These gasket ing c r i t e r i a were ach ieved i n the case of the g r a p h i t e d felt b y 
i m p r e g n a t i o n of the electrode's gasketed area w i t h epoxy res in , as w i t h prev ious elec­
trodes for cel l D C - 2 ; a n d i n the case of the s i l v e r - s i l v e r chlor ide electrodes b y fus ing 
u n d e r pressure a n d heat 0 .02- inch po lye thy lene sheets w i t h 20-mesh s i lver gauze between 

F r o m the prev ious studies w i t h A q u a d a g a n d s i l v e r - s i l v e r chlor ide electrodes the 
per formance of cel l D C - 3 w i t h s i m i l a r electrodes was read i l y pred i c ted . T h e m a x i m u m 
extent of d e m i n e r a l i z a t i o n a n d the c a p a c i t y of D C - 3 d i d not i m m e d i a t e l y p r o v i d e the 
a n t i c i p a t e d resu l t s ; the per formance was cons iderably poorer . H o w e v e r , after m a n y 
exper iments , causes of m a l f u n c t i o n i n g were f o u n d a n d remedied . 

T w o externa l contac t ing prob lems w i t h cel l D C - 3 were overcome. T h e first was 
due to adjacent electrode contac t ing a n d was easi ly remedied b y care ful reassembly o f 
the cel l w i t h adequate i n s u l a t i o n . T h e second was t h a t of ach iev ing l o w resistance c o n ­
tacts between the s i m i l a r a l ternate electrodes. H e r e brass contac t ing bol ts were 
supp lemented b y compressible g r a p h i t e d felt washers a n d la te r rep laced b y copper 
r ive ts i n the po lye thy lene spacer gasket ing r i n g , a ided b y the a p p l i c a t i o n of s i lver p r i n t 
to the electrode contact reg ion . 

Figure 11. Demineralization curve for run 3 Α Θ 9 - 2 8 

T w o i n t e r n a l s h o r t i n g prob lems t h a t resul ted i n poor d e m i n e r a l i z a t i o n c a p a c i t y 
were also remedied . T h e spacers used to separate adjacent electrodes were too t h i n to 
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BLAIR AND MURPHY—ELECTROCHEMICAL DEMINERALIZATION WITH POROUS ELECTRODES 221 

prevent i n t e r n a l shor t ing due to e lec t r i ca l ly i n d u c e d p r e c i p i t a t i o n of s i lver ch lor ide . 
T h i c k e r spacers p r o v i d e d a p a r t i a l r emedy for th i s pers istent p r o b l e m . F u r t h e r , i t was 
real ized t h a t the s i lver ch lor ide d i f f i cu l ty developed o n l y d u r i n g the d e m i n e r a l i z a t i o n 
hal f - cyc le a n d c o u l d be great ly reduced b y decreasing the d e m i n e r a l i z a t i o n p o t e n t i a l . 

Electrodes: Aquadag on Fiberglass-
cloth 

Separator: Anion-permeable membrane 
Feed: 0.003 Normal Sodium Chloride 
Flow Rate: Cathode, 34.8 mL/hr. 

Anode, 34.6 ml^hr. 
Potential: 0.80 v. 

.8 1.0 
Time (hrs.) 

Figure 12. Concentration of enriched (A) and depleted 
[B) streams in run 2 Θ Θ Ι - 4 

T h e spacers i n i t i a l l y used to separate the electrodes were epoxy res in -gasketed 
glass c l o t h a b o u t 2 m i l s t h i c k . T h e spacers were successively rep laced b y filter p a p e r 
d i sks fitted to po lye thy lene r ings 0.02 i n c h t h i c k a n d t h e n b y D a c r o n felt V i e i n c h 
t h i c k . W i t h the l a t t e r spacers, the gasket ing m a t e r i a l enclosing the p e r i p h e r y of the 
lVé- ir ich-diameter D a c r o n separator was po lye thy lene r ings 0.10 i n c h t h i c k . 

Electrodes: Aquadag on Dacron 
Separator : Anion-permeable 

Time (Hrs.) 

Figure 13. Concentrations of enriched (A) and depleted 
[B) streams in run 2GGI-8 

Results of Demineralization Experiments. I n T a b l e I V are presented the results 
of selected studies w i t h the three d e m i n e r a l i z a t i o n cells, showing the condi t ions , results , 
a n d comments o n each p a r t i c u l a r exper iment . T a b l e V gives c a p a c i t y d a t a of v a r i o u s 
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222 ADVANCES IN CHEMISTRY SERIES 

carbon t a n n i c a c id -d i spersed electrodes i n D C - 1 . I n T a b l e V I the dispersant capac i ty 
effects are t a b u l a t e d . 

T h e d a t a for signif icant runs were t r ea ted b y p l o t t i n g concentrat ion vs. c u m u l a t i v e 
v o l u m e of effluent (F igures 8 to 14) . D e m i n e r a l i z a t i o n capacit ies were obta ined b y 
g r a p h i c a l in tegra t i on . I n most cases the r u n was not c a r r i e d to the p o i n t where the 
concentrat i on of the effluent equaled t h a t of the inf luent . C o n s e q u e n t l y , the d e m i n e r a l ­
i z a t i o n capac i ty is somewhat u n c e r t a i n . E s t i m a t e s of the d e m i n e r a l i z a t i o n capac i ty 
represented b y the u n c o m p l e t e d p o r t i o n of the curve are a lways on the conservat ive side. 

>l 1 ι ι ι ι ι ι ι ι I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

F » Fraction of Maximum Capacity 

Figure 15. Demineralization rate curve for run I A G I-7 

R a t e C o n s i d e r a t i o n s . C o n s i d e r a t i o n of the decrease of d e m i n e r a l i z a t i o n rate w i t h 
t ime l e d to the conc lus ion t h a t the above studies were contro l l ed b y the rate of 
di f fusion of s o l u t i o n t h r o u g h the g r a p h i t e m a t e r i a l o n the electrode. T h i s t y p e of r a t e -
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c o n t r o l l i n g step is analogous to p a r t i c l e di f fusion (2) processes k n o w n i n i o n exchange 
c h r o m a t o g r a p h y . T h e conclus ion t h a t the above studies were par t i c l e d i f fus ion r a t e -
contro l l ed was d r a w n f r o m the d a t a c o n f o r m i t y to the par t i c l e di f fusion equat ions . 
F i g u r e 15 shows a p lo t of the f r a c t i o n a l a t t a i n m e n t of m a x i m u m c a p a c i t y , F, vs. the 
square root of t i m e . I t is a p p a r e n t f r o m th i s p l o t t h a t a reasonably l inear curve is 
ob ta ined over the range of 0.1 < F < 0.9. T h e i n d u c t i o n p e r i o d is a t t r i b u t e d t o h o l d u p 
v o l u m e of saline so lut i on p r i o r to the a p p l i c a t i o n of a p o t e n t i a l to the electrode, a n d the 
c u r v a t u r e above F = 0.9 is a t t r i b u t e d to the exhaust ion of ava i lab le reac t i on sites i n the 
electrode. F u t u r e cell a n d electrode design w i t h the above considerat ions shou ld f a c i l i ­
ta te greater perco la t i on rates a n d reduce the cost of a n eventua l d e m i n e r a l i z a t i o n p l a n t . 

Conclusions 
D e m i n e r a l i z a t i o n of saline water b y a p a i r of electrodes—one responsive to cat ions 

a n d one to an ions—has been f o u n d to be a feasible opera t i on . S e v e r a l facts revealed i n 
the course of these studies l e n d encouragement to cont inued w o r k a i m e d at a low-cost 
process for the d e m i n e r a l i z a t i o n of saline water . 

A p r o g r a m of chemica l charac te r i za t i on of factors has begun, a i m e d a t i m p r o v e ­
ment of the d e m i n e r a l i z a t i o n capac i ty . Ion-respons ive f u n c t i o n a l groups have been 
b u i l t i n t o carbon electrodes. F u r t h e r i m p r o v e m e n t of electrodes w i l l determine whether 
a n e v e n t u a l a p p l i c a t i o n of th i s m e t h o d w i l l be economica l ly i m p o r t a n t . 

E q u i p m e n t , techniques , a n d unders tand ings have evo lved to a p o i n t where s e m i ­
a u t o m a t i c d a t a o b t a i n i n g fac i l i t ies are ava i lab le , n u m e r o u s p r o m i s i n g c a r b o n m a t e r i a l s 
a n d mo lecu lar add i t ives can be t reated , a n d deeper ins ight in to w h a t is r e q u i r e d of a n 
electrode i n order to possess desired proper t i es is n o w k n o w n . F r o m here on , accelerated 
progress t o w a r d the u l t i m a t e goal s h o u l d be expected. 
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Interaction of Technical and Economic 
Demands in the Design of Large 
Scale Electrodialysis Demineralizers 

DONALD A. COWAN 

Physics Department, University of Dallas, Dallas, Tex., and 
Texas Electric Service Co., Fort Worth, Tex. 

In an electrodialysis demineralizing system, per­
formance is restricted by changes in the thin un­
stirred layer next to the membrane. When the 
layer is so thick that diffusion will not supply the 
current, polarization, charge concentration, and pH 
change result. Thickness of the layer and limiting 
current density are functions of fluid velocity 
through the cell. Fluid velocity controls current 
density, which in turn controls the ratio between 
membrane costs and electrical costs. This ratio 
sets the lowest cost under given circumstances. 
The lowest cost of demineralization may be ex­
pressed as a function of input and output concen­
tration, membrane cost and resistance, and stream 
thickness. Large scale experiments in municipal-
sized demineralizers show that optimum conditions 
can be very nearly achieved. 

I η the design of a n e lectrodia lys is p l a n t , economic a n d techn i ca l aspects are p o w e r f u l 
de terminants . I n general , economic factors c o n t r o l the q u a n t i t y of membranes r equ i red , 
a n d technica l considerat ions govern the i r arrangement . 

T h e f o l l owing cost equat i on shows the economic elements d i v i d e d in to three groups , 
each affected d i f ferent ly b y current dens i ty . 

dN/j +EF I (jr + V)dN + C 
Ν JN 

J* i V 0 Γ V» 

dN/j + 0.101 cent /ki logal lon Ε I (jr + V)dN + C 
Ν JN 

where M = c e n t s / s q . f o o t / y e a r Ε — c e n t s / k w . - h r . 
; = m a . / s q . c m . Ν = e q u i v a l e n t s / l i t e r 

r = o h m / s q . c m . / c e l l p a i r 
C = c e n t s / k i l o g a l l o n 
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COWAN—LARGE SCALE ELECTRODIALYSIS DEMINERALIZERS 225 

Because salt is c a r r i e d b y current , less m e m b r a n e area per v o l u m e of w a t e r p r o ­
duced is r e q u i r e d as c u r r e n t dens i ty increases ; consequent ly , i n the first g r o u p , a l l 
costs associated w i t h area v a r y inverse ly w i t h current dens i ty . T h e second g r o u p — 
PR e lectric cost—increases w i t h current dens i ty . T h e electrode a n d concentra t i on p o ­
tent ia ls , V, w h i c h also appear i n th i s g r o u p , m a y be h a n d l e d as a p e r t u r b a t i o n of r e ­
sistance a n d hence, i n the interest of s i m p l i c i t y , o m i t t e d f r o m f u r t h e r cons iderat ion . A 
t h i r d g r o u p is unaffected b y c u r r e n t dens i ty . 

I f the d e r i v a t i v e of the cost expression is set equa l to zero a n d so lved for c u r r e n t 
dens i ty , a va lue is obta ined w h i c h w i l l desalt the w a t e r at smallest cost. T h i s smallest 
cost, the r e q u i r e d " o p t i m u m " current , a n d the resu l t ing m e m b r a n e area are : 

Vr dN + C 
Ν 

Current condition j = 11.1 y/M/Er m a . / s q . cm. 

rNo 
Membrane area 2 X 0.408 Λ/Ε/Μ I VrdN sq. feet /ga l lon /day 

JN 

ΓΝ0 

Electr i c energy 1.12 WW/Ë I °-v/r diV kw. -hr . /k i l oga l l on 
JN 

N o l i m i t a t i o n s are p laced o n the arrangement b y th is smallest cost requ i rement . 
M a n y short p a r a l l e l s tacks or a few long stacks sat is fy the r e q u i r e m e n t ; o n l y the 
t o t a l area is specif ied. 

01 .03 .05 Q| .2 .3 .5 
INPUT NORMALITY 

Figure I. Effect of steam thickness and membrane 
resistance on cost with optimum current density 

For cost, multiply by 2.24 cents/kilogallon Λ/MÊ and add C. 
For membrane area, multiply by 2 X 0.408 VË/M sq. ft./gal./ 
day. For electric energy, multiply by 1.12 Λ / Μ / Ε kw.-hr./kilo-
gallon (M in cents/sq. ft./yr.; Ε in cents/kw.-hr.) 
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226 ADVANCES IN CHEMISTRY SERIES 

T h e va lue of the parameters can be de termined w i t h o n l y a cursory cons iderat ion 
of design. T h e area resistance, r, is composed of the m e m b r a n e resistance a n d the 
s t r e a m resistance, i t s square root a p p e a r i n g i n the smallest cost expression. T h e 
m e m b r a n e resistance quoted b y m a n u f a c t u r e r s is a stat i c v a l u e , measured whi l e the 
m e m b r a n e s t i l l has i t s m i n o r i t y carr iers a n d consequent ly is no t yet m a r k e d l y p e r m -
selective. I n o p e r a t i o n the m e m b r a n e has a resistance n e a r l y twice the va lues quoted . 
A v a l u e of 25 ohms per sq . c m . per p a i r , measured for some t h i n membranes , is used 
i n the fo l l owing ca lcu lat ions . Because the resistance of the concentrate s t r e a m can 
be m a d e a r b i t r a r i l y s m a l l b y a n increase of concentra t i on , a va lue 5 / 4 of d i lu te s t ream 
resistance has been used for the fluid resistance i n the p r e p a r a t i o n of F i g u r e 1. 

T h e effect of s t r e a m thickness is c l ear ly ev ident i n th i s figure. O n l y a m i n o r s a v ­
i n g c o u l d be effected w i t h t h i n n e r s p a c i n g — a b o u t 2-cent difference per k i l o g a l l o n for 
b r a c k i s h w a t e r between 100 a n d 50 m i l s i n th ickness . F u r t h e r m o r e , th i s sav ing is 
not ava i lab le unless one is opera t ing near o p t i m u m c u r r e n t . U n t i l 12- ins tead of 
30-cent w a t e r is be ing considered, th i s 2-cent m a r g i n does no t w a r r a n t interest . T h e 
p r o b l e m of ge t t ing w a t e r i n a n d out of the ce l l , a n d of k e e p i n g i t flowing, is m u c h more 
easi ly so lved i n wide passages t h a n i n t h i n ones. A d m i t t e d l y , i n order to accompl i sh 
the same d i l u t i o n , a cel l m u s t be twice as l ong i f i t is twice as t h i c k ; b u t twice as 
m u c h w a t e r is produced w h e n the size is doub led . T h e o n l y p e n a l t y is t h a t shown i n 
F i g u r e 1. F o r sea w a t e r , the p e n a l t y for 100 m i l s ins tead of 50 m i l s a m o u n t s to about 
7 cents ; b u t of f a r more i m p o r t a n c e is the m e m b r a n e resistance, where greater s a v i n g 
c o u l d be effected. U n t i l one considers 50-cent w a t e r f r o m the sea ins tead of t h a t cost­
i n g $1.00 or more , the t h i n passages are a n unnecessary c o m p l i c a t i o n . 

Table I. Cosh Proportional to Area 
Amort i zat ion , 
Interest, and 

D o l l a r s / S q . Foo t Insurance 
20-year life 

Press 0 .50 
Side strips 0 .40 
Instrumentation 0 .03 
Contingencies 0 .19 
Engineering 0.21 

1.33 0.122 

3-year life 
Membranes 1.10 
Spacers 0 .50 
Inlets and outlets 0.01 
Assembly 0 .42 

2.03 0.769 

1-year life 
Electrodes 0.030 
Labor , administration, and overhead 0.007 
Interest on working capital 0 001 

M = 0.929 
M = 92.9 cents/sq. foot /year 

Table II. Costs Proportional to Current 
D o l l a r s / K w . - H r . 

Demineral iz ing current 0.007 
A d d 10%, efficiency, and 10%, pumping 0.0014 
Instrumentation 0.0002 
Rectifiers 0.0001 
Labor , administration, and overhead 0.0007 

Ε = $0.0094 
Ε = 0.94 cent /kw. -hr . 
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COWAN—LARGE SCALE ELECTRODIALYSIS DEMINERALIZERS 227 

T h e parameter , M, represent ing the cost per square foot of m e m b r a n e area per 
year ( T a b l e I ) , covers most of the cost i tems l i s t ed i n the s t a n d a r d cost procedure (#). 
Some of the i tems are pro jec ted fu ture costs. F o r example , a m e m b r a n e cost -of 50 
cents per square foot is used . M e m b r a n e costs have been about $2.00 per square foot , 
b u t the present cost is l i k e l y to be about h a l f th is figure for a large order , a n d m a n u ­
facturers g ive assurance t h a t the 50-cent figure is i n s ight . T h e t o t a l cost per square 
foot -year is 92 cents, 77 cents of w h i c h is for 3-year- l i fe i t e m s — m e m b r a n e s , spacers, 
in lets a n d outlets , a n d assembly cost. S h o u l d the stack prove to have a 10-year l i f e , 
the t o t a l cost w o u l d d r o p to 41 cents per square foot -year , a n d one m i g h t accept th i s 
figure as the o p t i m i s t i c l i m i t . 

T h e electric cost ( T a b l e I I ) is the cost at the suggested 7 m i l s per k i l o w a t t - h o u r of 
the energy p r e v i o u s l y ca l cu lated , increased b y 1 0 % to account for p u m p s , l i g h t i n g , 
a n d rect i f ier efficiency a n d b y another 1 0 % for current efficiency. 

T h e cost g roup unaffected b y current dens i ty ( T a b l e I I I ) inc ludes opera t ing costs 
a n d ce r ta in por t ions of the a m o r t i z a t i o n . Wages have been d i s t r i b u t e d a m o n g the 
three categories. 

W i t h these figures, one can speci fy the cost of 500 -p .p .m. w a t e r p roduced b y a 
p l a n t of o p t i m u m design n o w — t h a t is , the 92 cents per square foot per year c o s t — a n d 
the cost a t the o p t i m i s t i c l i m i t ( F i g u r e 2 ) . 

T w o a d d i t i o n a l elements of cost a p p l y p r i m a r i l y to i n l a n d waters : the cost of c lear, 
r a w w a t e r a n d the cost of salt d isposal . Sur face w a t e r m u s t , i n a l l p r o b a b i l i t y , be 
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228 ADVANCES IN CHEMISTRY SERIES 

t rea ted before desa l in izat ion . T h i s cost m a y be about 4 cents per 1000 gal lons . 
S a l t d isposal p rob lems have not yet been s o l v e d ; i t seems l i k e l y t h a t th i s requ i rement 
w i l l a d d 20 to 5 0 % to the cost of w a t e r . 

Table III. Costs Proportional to Volume Only 
D o l l a r s / K i l o g a l l o n / D a y 

Capac i ty D o l l a r s / K i l o g a l l o n 
8.00 
6.00 

10.00 
2.00 
7.14 
3.14 
3.40 

$39.68 0 .010 
0.003 
0.003 
0.008 

$0,024 
C = 2.4 cents /ki logal lon 

S u m m i n g u p the economics, one can say t h a t b r a c k i s h w a t e r of 2100 p . p . m . can 
be m a d e in to good w a t e r of 500 p . p . m . at a cost of about 18 cents per 1000 gal lons, 
i n c l u d i n g salt d isposal , w i t h a poss ib i l i t y of p r o d u c i n g i t at about 14 cents. S i m i l a r l y , 
sea w a t e r can be m a d e usable at 72 cents per k i l o g a l l o n , w i t h a n o p t i m i s t i c l i m i t of 
48 cents. T h e p r o b l e m t h a t remains , t h e n , is h o w n e a r l y can these o p t i m u m condit ions 
be rea l i zed? 

Realization of Optimum Conditions 

A r r a n g e m e n t of membranes i n t o l ong or short cells has no bear ing u p o n cost. 
T h e economic requ i rement o n design is o n l y t h a t i t ensure the o p t i m u m current 
dens i ty at every po in t i n the ce l l . A techn i ca l requ i rement , however , imposes a 
f u r t h e r r e s t r i c t i on u p o n des ign : t h a t the c u r r e n t dens i ty be m a i n t a i n e d i n the n e i g h ­
b o r h o o d of the "d i f fus i on l i m i t i n g c u r r e n t . " 

T h e phenomenon of l i m i t i n g c u r r e n t is m a r k e d b y a n o n o h m i c increase of vo l tage 
as the current is increased. A r a t h e r s imple s t u d y of the ra t i o of current to vol tage 
w i l l r evea l th is increase. T h e vo l tage is the s u m of the electrode vo l tage , V e , w h a t e v e r 
p o l a r i z a t i o n voltages are present , Vp, a n d the IR d r o p : 

V = Ve + Vp + IR 

T h e d a t a can be sharpened b y a change i n the v a r i a b l e s : 

YII = R + (Ve + VP)/I 

N o w the p lo t of V/I vs. I-1 has R for the in tercept a n d Ve for the slope u n t i l p o l a r i z a ­
t i o n sets i n as a s h a r p change of slope. A p lo t of e x p e r i m e n t a l d a t a shows th i s slope 
change at a c r i t i c a l c u r r e n t dens i ty ( F i g u r e 3 ) . A t th i s same current v a l u e , the p H 
begins to change. T h i s di f fusion l i m i t i n g c u r r e n t p o i n t moves to higher current d e n ­
s i t y values as s t r e a m ve lo c i ty a n d concentra t i on increase. 

I n exper imenta l w o r k at the T e x a s E l e c t r i c l a b o r a t o r y th i s re la t i onsh ip has been 
establ ished (1). T h e w o r k repor ted a p p l i e d to fluids i n t u r b u l e n t flow a n d hence t o 
r e l a t i v e l y h i g h veloc i t ies . S ince t h a t t i m e the studies h a v e been extended t o lower 
veloc i t ies . T o s u p p o r t t h i n membranes , a p ierced , c o r rugated m a t e r i a l was p laced i n 
the streams w i t h the corrugat ions i n the d i r e c t i o n of flow, i n a m a n n e r t o cause the 
smal lest pressure d r o p ; th is o b s t r u c t i o n i n d u c e d s t rong m i x i n g a n d s i m u l a t e d t u r b u -

B u i l d i n g and site 
R a w water supply, 2 0 % blowdown 
Product water storage 
Pumps and pipes 
Construct ion 
Contingencies 
Engineering 

Taxes and insurance 
F u e l , chemicals, supplies 
Labor , administration, and overhead 
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COWAN—LARGE SCALE ELECTRODIALYSIS DEMINERALIZERS 229 

lence a t r a t h e r l o w R e y n o l d s n u m b e r s . O n the basis of these studies , a n e m p i r i c a l 
expression has been constructed for the l i m i t i n g current dens i ty over the entire range 
of ve loc i t i es : 

j = 0.04 N/w U112 (U + 1.9) 1 / 3 

where U is the flow rate of the d i l u t i n g s t r e a m i n gal lons per m i n u t e per i n c h of w i d t h , 
w is s t r e a m th ickness i n inches, a n d Ν is n o r m a l i t y i n equiva lents per l i t e r . T h e ex­
press ion is based on studies w i t h s o d i u m su l fa te ; o ther salts shou ld have o n l y s l i gh t ly 
different l i m i t i n g current densities. 

A n u m b e r of effects set i n a t c u r r e n t densities above th i s l i m i t i n g v a l u e . T h e v o l t ­
age increases above ohmic v a l u e s ; the p H changes, d r o p p i n g i n the d i lute s t ream a n d 
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230 ADVANCES IN CHEMISTRY SERIES 

increas ing i n the concentrate ; a n d the membranes themselves become po lar i zed , f o r m ­
i n g electrets w h i c h persist for hours . I t seems l i k e l y t h a t s ca l ing is associated w i t h one 
of these effects; hence scal ing prob lems c a n be avo ided i f the cel l is operated below 
l i m i t i n g c u r r e n t . T h e T e x a s E l e c t r i c exper iments thus f a r ind i ca te t h a t t r oub le is 
associated w i t h c u r r e n t densities i n excess of the l i m i t , a n d i t has been accepted as a 
dic tate of n a t u r e t h a t membranes no t be p o l a r i z e d a n d the p H of the w a t e r not be 
c h a n g e d — t h a t i s , t h a t l i m i t i n g current not be exceeded. O n the other h a n d , there is 
a reason to operate as near to the l i m i t i n g current as possible. C u r r e n t efficiency of 
d e m i n e r a l i z a t i o n is l o w w h e n the cel l is opera t ing at current densities m a r k e d l y below 
the l i m i t i n g c u r r e n t . 

H e r e , t h e n , is the te chn i ca l d e m a n d i n e lectrodia lys is p l a n t des ign : t h a t condi t ions 
be fixed so t h a t opera t i on is a lways near the l i m i t i n g c u r r e n t . T h i s d e m a n d was re ­
vea led i n e x p e r i m e n t a l s tud ies ; i t is not m e r e l y a theore t i ca l n i ce ty , b u t a p r a c t i c a l 
r equ i rement . F o r t u n a t e l y , o n each side of the c r i t i c a l condit ions there is some leeway 
w h i c h a l lows p r a c t i c a l designs at s m a l l penalt ies , b u t i t is necessary to change the flow 
rate f r o m stage to stage d o w n s t r e a m i n order to m a i n t a i n l i m i t i n g cur rent . 

T h e design p r o b l e m resolves i tse l f , t h u s , to the sat i s fy ing of t w o condi t ions , o p t i ­
m u m current a n d l i m i t i n g c u r r e n t . T h e current dens i ty can be set at the o p t i m u m 
va lue b y ad jus t ing the vo l tage f r o m stage to stage. T h i s o p t i m u m current can be 
m a d e the l i m i t i n g current b y a n ad jus tment of the flow rate t h r o u g h p a r a l l e l i n g of 
s t r e a m f r o m stage to stage. T h u s the two condit ions can be satisf ied. F i g u r e 4 shows 

40 80 
Ί Γ 
120 160 200 240 

5 
FEET 

.005 

Figure 4. Voltage and flow rate per cell which 
establish optimum current and limiting current 

simultaneously, as functions of position 
along path length 

0.1-Inch stream thickness and 25 ohm/sq. em. per pair 
resistance assumed 
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these r e q u i r e d condi t ions . Because the s t r e a m v e l o c i t y is h i g h at the o u t p u t end , i t 
m a y prove expedient to accept a s m a l l p e n a l t y a n d d r o p be low the o p t i m u m v e l o c i t y i n 
the last stage or t w o . T h e resu l t ing design w i l l i n e v i t a b l y ca l l for a large p l a n t ; the 
single u n i t shou ld a p p r o a c h 2,000,000 gal lons per d a y as n o w envis ioned , a size qui te 
acceptable for c o m m u n i t y suppl ies . A stage l e n g t h of 40 feet appears t o be p r a c t i c a l 
for cells w i t h s t r e a m thicknesses of 0.1 i n c h . T h e T e x a s E l e c t r i c Serv ice C o . is now 
operat ing a 40-foot stage a t F o r t h W o r t h as p a r t of a deve lopmenta l s t u d y . A b r a c k ­
i s h water p l a n t m i g h t use three such stages, whereas a sea w a t e r p l a n t w o u l d require 
n ine i n series, w i t h m a n y p a r a l l e l s tacks at the i n p u t so t h a t the enter ing w a t e r w o u l d 
flow s l owly . 

Conclusions 
T o produce low-cost w a t e r , a p l a n t m u s t meet t w o m a i n cond i t i ons : a moderate 

cost per square foot of ac t ive area a n d a re la t ive f reedom f r o m expensive superv i s i on 
a n d frequent o v e r h a u l . These condi t ions can be m e t b y large cells. I n fact , large scale, 
c o m m u n i t y - s i z e d e lectrodialys is p lants can a l l ow the f reedom of design needed to m a k e 
desa l in izat ion economica l ly feasible. 
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Some Practical 1959 Advances in 
Electric Membrane Demineralization 

WILLIAM Ε. KATZ 

Ionics, Inc., Cambridge 42, Mass. 

During 1959 several important advances have in­
creased the efficiency and lowered the costs of 
electric membrane demineralization: develop­
ment of an improved permselective membrane which 
has a lower electrical resistance than those formerly 
used but retains the structural, mechanical, and 
chemical stability characteristics for successful 
demineralization under the high rate of flow neces­
sary for economic operation; a practical membrane 
stack with available membrane area over three 
times that of stacks formerly used; and a contin­
uous-flow, two-stage, single-stack brackish water 
demineralizer to provide 65 to over 90% deminer­
alization on flows of 1 to 20 gallons per minute. 
Formerly batch recirculating-type units were 
standard for this range of operation. The new units 
are simpler in construction and more efficient in 
the use of membrane area. 

The e lectric m e m b r a n e or " e l e c t r o d i a l y s i s " process for r e m o v i n g excess d isso lved salts 
a n d minera l s f r o m w a t e r is r a p i d l y increas ing i n use, b o t h i n the U n i t e d States a n d 
a b r o a d . I n the U n i t e d States for example , as of J a n u a r y 1, 1958, there were on ly t w o 
produc t i on—i . e . , nonexper imenta l—e lec t r i c m e m b r a n e p lants i n operat i on . B y A p r i l 
1, 1960, on ly 2 1 / 4 years la ter , 11 p lants w i t h a combined c a p a c i t y of 350,000 gal lons per 
d a y were serv ing a lmost 10,000 people i n M o n t a n a , T e x a s , A l a s k a , N e w Y o r k Sta te , 
C a l i f o r n i a , U t a h , S o u t h D a k o t a , A r i z o n a , a n d I l l i n o i s . 

I n the P e r s i a n G u l f a n d N o r t h A f r i c a n areas (where o i l a c t i v i t y is c ombined w i t h 
a notab le l a c k of fresh w a t e r ) , the first s igni f icant electric m e m b r a n e ins ta l la t i ons were 
erected about five years ago, a n d as of A p r i l 1, 1960, more t h a n 25 p lants w i t h a n 
aggregate c a p a c i t y of some 200,000 gallons per d a y were i n opera t i on or u n d e r c ons t ruc ­
t i o n to serve over 250,000 people w i t h fresh d r i n k i n g a n d c u l i n a r y w a t e r i n S a u d i 
A r a b i a , B a h r a i n , K u w a i t , Q a t a r , E g y p t , L i b y a , T u n i s i a , a n d A l g e r i a . 

T h i s c o m p i l a t i o n does not inc lude a n u m b e r of e x p e r i m e n t a l u n i t s i n operat i on or 
u n d e r cons t ruc t i on i n th i s c o u n t r y a n d a b r o a d , i n c l u d i n g a large e x p e r i m e n t a l p l a n t 
w h i c h has been u n d e r cons t ruc t i on a n d a l t e r a t i o n i n S o u t h A f r i c a for several years 
a n d w h i c h was designed to produce about 3,000,000 gal lons per d a y . 
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KATZ—ELECTRIC MEMBRANE DEMINERALIZATION 233 

W o r l d c a p a c i t y of c o m m e r c i a l e lectr ic m e m b r a n e equ ipment , as deta i led above , 
c u r r e n t l y stands at a l i t t l e u n d e r 600,000 gal lons per d a y . N e w orders received or i n 
prospect l ead to the p r e d i c t i o n t h a t w o r l d c a p a c i t y of c o m m e r c i a l e lectric m e m b r a n e 
p lants w i l l be at least doub led b y ear ly 1961, reaching 1,000,000 to 1,500,000 gal lons 
per d a y or more . 

Electric Membrane Process 
T h e electric m e m b r a n e process has been described i n de ta i l (4, δ, 7). B r i e f l y , the 

process operates b y the a c t i o n of a d irect cur rent e lec tr i ca l field o n charged ions i n 
so lut ion ( F i g u r e 1 ) . T y p i c a l n a t u r a l saline waters c o n t a i n v a r y i n g amounts of s o d i u m , 
c a l c i u m , a n d m a g n e s i u m as cat ions (pos i t i ve ly charged) a n d ch lor ide , sul fate , b i c a r b o n ­
ate, or n i t r a t e as anions (negat ive ly charged ) . W h e n a saline w a t e r is exposed to a 
direct cur rent , a l l the cat ions move i n one d i re c t i on a n d a l l the anions i n the opposite 
d i re c t i on . A d v a n t a g e can be t a k e n of th is i o n m o v e m e n t to deionize or demineral ize the 
water , i f su i table means are ava i lab le to c o n t r o l the i o n m o v e m e n t a n d prevent the 
removed ions f r o m re -enter ing pur i f i ed w a t e r . 
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HASTELLOY C 
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STEEL CATHODE 
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j 
r τ ­

f 
A ; c * ! c 
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A j C f ·* ι c 1 

® © © © ® © 
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• \ 

OR ot ; 
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\ POLE OF 
ANODE I RECTIFIER 
FEED · ( ·- + 

® 

TIRRELLOr 
ANODE 
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COATED) 

ANODE 
WASTE 

C CATION MEMBRANE 
A ANION MEMBRANE 

0 COMPARTMENT NUM3ER(SEE TEXT) 

@ ANY CATION (POSITIVE ION) LIKE SODIUM 

@ ANY ANION (NEGATIVE ION) LIKE CHLORIDE 

Figure I. Basic ion and water flow in electric membrane stack 

T h e i o n m o v e m e n t can be contro l l ed b y i o n exchange or i o n t rans fer membranes , 
t h i n sheets of c ross - l inked organic po lymers w i t h i o n exchange p r o p e r t i e s — f o r example , 
su l fonated p o l y sty rene -d iv iny lbenzene p o l y m e r s . B o t h cat ion-permeable a n d a n i o n -
permeable membranes are ava i lab le a n d have been descr ibed {3, 9). T o achieve 
deminera l i za t i on , these membranes are spaced a l t e r n a t e l y between a cathode a n d a n 
anode w h i c h in t roduce d irect current . T h e c o m p a r t m e n t between each p a i r of 
membranes is filled w i t h a saline water . T h e resu l t ing i o n m o t i o n is contro l l ed b y 
the membranes , so t h a t one set of c o m p a r t m e n t s — f o r example , the even -numbered 
c o m p a r t m e n t s — l o s e ions a n d the o d d - n u m b e r e d c o m p a r t m e n t s ga in ions . T h e p r o d u c t 
f r o m the ion- los ing cells is col lected a n d comprises e lec tr i ca l ly deminera l i zed w a t e r . 

F o r e lectr i ca l d e m i n e r a l i z a t i o n , the a m o u n t of electr ic c u r r e n t , the m e m b r a n e 
area requ i red , a n d the costs of the process depend o n the a m o u n t of salt r e m o v e d . 
T h e electric m e m b r a n e process is c u r r e n t l y most a t t r a c t i v e for t r e a t m e n t of so -cal led 
b r a c k i s h waters conta in ing f r o m 1000 to 10,000 p . p . m . of t o t a l d isso lved sol ids. 
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234 ADVANCES IN CHEMISTRY SERIES 

B r a c k i s h waters i n th i s concentra t i on range are w i d e l y ava i lab le f r o m wells or streams 
i n m a n y a r i d a n d s e m i a r i d p a r t s of the w o r l d , i n c l u d i n g the southwestern a n d n o r t h 
c e n t r a l U n i t e d States , most coastal areas, the M i d d l e E a s t , N o r t h a n d W e s t A f r i c a , 
A u s t r a l i a , S o u t h A f r i c a , par t s of S o u t h a n d C e n t r a l A m e r i c a , a n d most i s lands . 

T h e r e are a n u m b e r of c r i t i c a l var iab les i n the design of successful e lectric m e m ­
brane e q u i p m e n t . A m o n g these are the propert ies a n d cost of the membranes , the 
design a n d cost of the spacers, the size, cost, a n d cons t ruc t i on of the a l t e r n a t i n g m e m ­
brane - spacer -assembly—ca l l ed the m e m b r a n e s t a c k — a n d the current dens i ty at w h i c h 
the u n i t is operated . 

T h i s paper describes three i m p o r t a n t p r a c t i c a l advances made i n e lectr ic m e m b r a n e 
d e m i n e r a l i z a t i o n d u r i n g 1959. These advances , w h i c h affect one or more of the 
c r i t i c a l areas m e n t i o n e d above, have m a r k e d l y increased the efficiency a n d decreased the 
cost of electric m e m b r a n e d e m i n e r a l i z a t i o n of b r a c k i s h waters . 

D e v e l o p m e n t of a p a i r of i m p r o v e d , c o m m e r c i a l l y ava i lab le c a t i o n a n d a n i o n 
m e m b r a n e s h a v i n g a lower e lec tr i ca l resistance t h a n those f o r m e r l y used b u t r e t a i n i n g 
the s t r u c t u r a l , m e c h a n i c a l , a n d chemica l s t a b i l i t y character is t i cs necessary for success­
f u l d e m i n e r a l i z a t i o n at h i g h current densities a n d rates of t h r o u g h p u t . 

D e v e l o p m e n t of a cont inuous- f low, two-stage , s ingle -stack b r a c k i s h w a t e r de -
m i n e r a l i z e r . T h i s equ ipment , operat ing a t h igher current densities t h a n f o r m e r l y , 
prov ides greater s i m p l i c i t y of c ons t ruc t i on a n d bet ter use of m e m b r a n e area t h a n the 
b a t c h - t y p e equ ipment w h i c h has been s t a n d a r d for s i m i l a r service . I t prov ides u p 
to 9 3 % d e m i n e r a l i z a t i o n of a b r a c k i s h w a t e r w i t h o u t r e c i r c u l a t i o n . 

D e v e l o p m e n t of a new larger m e m b r a n e stack w i t h over three t imes the ava i lab le 
area of a n y p r e v i o u s l y ava i lab le c o m m e r c i a l l y p r o v e d s tack . 

Ion Exchange Membrane Advance 

I o n exchange or i o n t rans fer m e m b r a n e s have t w o i m p o r t a n t types of f u n c t i o n i n 
p r a c t i c a l opera t ing electr ic m e m b r a n e sys tems : a n e lectrochemical f u n c t i o n , a n d a 
s t r u c t u r a l f u n c t i o n . 

T h e e lec trochemica l f u n c t i o n of a n i o n t rans fer m e m b r a n e is to a l l o w the passage 
of ions of one k i n d w i t h the least possible e lec tr i ca l resistance whi l e b a r r i n g as c o m ­
p le te ly as possible the passage of ions of the opposite s ign a n d the electro-endosmotic 
flow of water . E l e c t r o c h e m i c a l propert ies of i o n exchange membranes are r e a d i l y 
measured on s m a l l samples i n the l a b o r a t o r y a n d are r o u t i n e l y r epor ted b y i n v e s t i g a ­
to rs i n the field (2, 6, 9). T h e most f r equent ly r epor ted propert ies inc lude e lec tr i ca l 
resistance or r e s i s t i v i t y , p e r m s e l e c t i v i t y , i o n exchange capac i ty , water content , a n d 
electro-endosmotic w a t e r t rans fer . T h e specific e lectr i ca l r e s i s t i v i t y or c o n d u c t i v i t y 
of a m e m b r a n e a n d the other propert ies l i s t ed above are determined b y the chemica l 
c ompos i t i on a n d the m e t h o d of p r e p a r a t i o n of the membranes . H o w e v e r , the e lec tr i ca l 
" t h r o u g h " resistance of 1 sq . c m . — a p r a c t i c a l operat ing v a r i a b l e — i s d e t e rm in ed b y 
the specific r e s i s t i v i t y a n d the th ickness . F r o m a n e lectrochemical p o i n t of v i e w , 
the idea l m e m b r a n e w o u l d be o n l y a few molecules t h i c k , i n order t o m i n i m i z e the 
e lectr i ca l t h r o u g h resistance. H o w e v e r , f r o m a s t r u c t u r a l p o i n t of v i e w , such a m e m ­
brane w o u l d be dif f icult i f not imposs ib le to u t i l i z e i n a p r a c t i c a l operat ing sys tem. 

T h u s i n at least one i m p o r t a n t respect the o p t i m u m electrochemical propert ies of 
a m e m b r a n e do not coincide w i t h i t s o p t i m u m s t r u c t u r a l propert ies . T h e designer 
m u s t m a k e compromises between the i d e a l i n theore t i ca l efficiency a n d the p r a c t i c a l 
requirements of s t r u c t u r a l s t rength . 

T h e s t r u c t u r a l propert ies of i o n exchange membranes a n d t h e i r i m p o r t a n c e i n 
p r a c t i c a l e lectric m e m b r a n e e q u i p m e n t design h a v e been to a large extent i gnored i n 
the p u b l i s h e d l i t e r a t u r e to date . T h e thickness of i o n exchange membranes is u s u a l l y 
r e p o r t e d a n d t h i s is the one s t r u c t u r a l p r o p e r t y w h i c h is genera l ly recognized as be ing 
s igni f icant . I n some instances the M u l l e n b u r s t s t r en g t h i n pounds per square i n c h 
has also been repor ted . A n u m b e r of other s t r u c t u r a l propert ies of i o n exchange m e m ­
branes are also i m p o r t a n t a n d rout ine tests shou ld be devised for d e t e r m i n i n g a n d 
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KATZ—ELECTRIC MEMBRANE DEMINERALIZATION 235 

r e p o r t i n g t h e m . A m o n g the a d d i t i o n a l s t r u c t u r a l propert ies n o t l i s t e d above w h i c h 
c o u l d be of i m p o r t a n c e a r e : the tendency to p last i c f low u n d e r pressure, the deflection 
u n d e r pressures a p p l i e d n o r m a l to the face of the m e m b r a n e over a g i v e n u n s u p p o r t e d 
s p a n , the br i t t leness o r a b i l i t y to w i t h s t a n d shock, fat igue u n d e r repeated shocks or 
v i b r a t i o n s , a n d the a b i l i t y to w i t h s t a n d bend ing a n d creasing. 

A m o n g the m a n y compl i ca t i ons of s t r u c t u r a l t es t ing of membranes is the v a r i e t y of 
approaches t o m e m b r a n e s tack design proposed b y different groups w o r k i n g i n the 
field (1,8). T h e necessary service condi t ions of a m e m b r a n e are de te rmined not o n l y b y 
the m e m b r a n e i tse l f b u t also b y the t y p e of spacer e m p l o y e d w i t h i t , the flow rate a n d 
pressure d r o p across the face of the m e m b r a n e , pressure differences w h i c h can exist 
e i ther p e r m a n e n t l y or t e m p o r a r i l y f r o m one side of a m e m b r a n e to the other , the ease 
a n d f requency of d isassembly a n d assembly of the stack , a n d the w a y i n w h i c h i t is 
s u p p o r t e d . 

T h e N e p t o n membranes descr ibed i n th i s paper are operated u n d e r the most 
severe m e c h a n i c a l condi t ions a n d w i t h the severest m e c h a n i c a l requirements k n o w n t o 
exist i n the field. T h e y are capable of opera t i on i n u n i t s where in f luent pressure can 
equal 60 or more pounds per square i n c h a n d where flow veloc i t ies c a n go u p to 2 feet 
per second. A t such h i g h rates of d e m i n e r a l i z a t i o n re la t i ve t o the p o l a r i z a t i o n p o i n t , 
v e r y s l ight changes i n flow p a t h dimensions due to b o w i n g c o u l d resul t i n a sufficient 
change i n the p o l a r i z a t i o n po in t to cause p o l a r i z a t i o n a n d the consequent effects of 
p r e c i p i t a t i o n of inso luble sal ts . 

I n the absence of f u r t h e r w o r k o n spec i fy ing the a d d i t i o n a l i m p o r t a n t m e c h a n i c a l 
propert ies of membranes re ferred to above, we have fo l lowed the u s u a l prac t i ce i n 
r e p o r t i n g the th ickness , the M u l l e n b u r s t s t rength , a n d the presence of a " b a c k i n g " o r 
re in for c ing m a t e r i a l of g i v e n weight . H o w e v e r , the m e c h a n i c a l propert ies of these 
membranes are sufficient so t h a t opera t i on u p to t w o years o n n a t u r a l b r a c k i s h waters 
c o n t a i n i n g p o t e n t i a l l y inso lub le substances s u c h as m a g n e s i u m h y d r o x i d e , c a l c i u m 
carbonate , a n d c a l c i u m sul fate (see T a b l e I I ) a t pressures u p to 60 p .s . i . a n d flow 
veloc it ies u p to 2 feet per second is s m o o t h a n d trouble - f ree w i t h o u t the f o r m a t i o n of 
scale. T h i s field o p e r a t i o n is a n e m p i r i c a l test w h i c h indicates t h a t w h e n m o r e deta i l ed 
m e c h a n i c a l a n d s t r u c t u r a l tests are done o n these membranes , the va lues r e p o r t e d can 
be re la ted to successful opera t i on u n d e r the condit ions no ted above . 

U n t i l e a r l y 1959, the t w o s t a n d a r d c o m m e r c i a l m e m b r a n e s p r o v e d i n field o p e r a ­
t i o n of electric m e m b r a n e e q u i p m e n t were N e p t o n C R - 6 1 o n 9-ounce glass c l o t h b a c k i n g 
w i t h a thickness of 30 m i l s a n d N e p t o n A R - 1 1 1 A o n 9-ounce d y n e l , also w i t h a t h i c k ­
ness of 30 m i l s . T h e M u l l e n b u r s t s t rengths of these t w o m e m b r a n e s were w e l l over 
200 p.s . i . These membranes were general ly opera t ing i n Ionics M a r k I electr ic m e m ­
brane stacks h a v i n g m a x i m u m inf luent pressures i n the ne ighborhood of 30 p .s . i . U n d e r 
these condi t ions of opera t i on , these membranes , separated b y M a r k I t o r tuous p a t h 
spacers (8) (general ly 0.040 i n c h t h i c k ) , gave sufficient m e c h a n i c a l s t rength to h o l d 
u p for several years u n d e r f requent s tack d isassembly , w i p i n g , s c r u b b i n g , or even steel 
woo l ing of the surface . T h e i r s t r u c t u r a l r i g i d i t y u n d e r pressures n o r m a l t o the face 
was sufficient so t h a t the dimensions of the flow p a t h were essential ly constant u n d e r 
f u l l l o a d operat i on . N o p o l a r i z a t i o n - i n d u c e d p r e c i p i t a t i o n o r sca l ing was n o t e d even 
a f ter opera t i on i n h a r d waters w i t h s u b s t a n t i a l b i carbonate a n d sul fate anions as w e l l 
as chlor ide , assuming t h a t L a n g e l i e r indices of —1.0 to —2.0 were m a i n t a i n e d i n the 
concentrated s t r e a m . 

T h e evidence as t o the s t r u c t u r a l s u i t a b i l i t y of these membranes col lected over a 
per i od of five years suggested t h a t some r e d u c t i o n i n th ickness a n d M u l l e n b u r s t s t rength 
cou ld be to l e ra ted for opera t i on i n M a r k I e q u i p m e n t a n d even f o r pro jec ted o p e r a t i o n 
i n M a r k I I equ ipment w i t h pressures u p to 60 p.s . i . ins tead of 30 p.s . i . A c c o r d i n g l y , 
two new membranes were synthes ized a n d , after field tes t ing , p u t in to p r o d u c t i o n . 
These membranes differ f r o m the prev ious s t a n d a r d m a t e r i a l s o n l y i n t h e i r th ickness 
a n d the weight of the b a c k i n g m a t e r i a l . S i m u l t a n e o u s l y , i t was decided t o change f r o m 
glass c l o t h b a c k i n g for the c a t i o n membranes to d y n e l c l o t h b a c k i n g . T h e glass b a c k ­
i n g of the c a t i o n m e m b r a n e s h a d been shown i n field tests i n A r i z o n a , S o u t h D a k o t a 
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236 ADVANCES IN CHEMISTRY SERIES 

(5) y a n d elsewhere to undergo a h igher fa i lure rate t h a n the d y n e l - b a c k a n i o n m e m ­
branes , due a p p a r e n t l y to m e c h a n i c a l or chemica l -mechan i ca l causes. T h e t w o new 
membranes are N e p t o n C R - 6 1 res in o n 4-ounce d y n e l for the ca t i on a n d N e p t o n 
A R - 1 1 1 A res in on 4-ounce d y n e l for the a n i o n . 

Table I. Typical Physical Characteristics of Standard Nepton 
Ion Exchange Membranes 

Designation 
B a c k i n g 

T y p e 

Thickness, mils 
M u l l e n burst strength, p.s. i . 
B a c k i n g (dry basis), w t . % 
Water content (resin only) , % 
Ion exchange capacity, m e q . / d r y gram 
Current efficiency (0.6iV N a C l ) , % 
Water transfer (0.6N N a C l ) , m l . 

water /meq . electrical 

Cat i on A n i o n 
C R - 6 1 C R - 6 1 C R - 6 1 A R - 1 1 1 A A R - 1 1 1 A 
9-oz. 9-oz. 4-oz. 9-oz. 4-oz. 

dynel glass dynel dyne l dynel 
30 30 23 30 23 

275 225 140 275 140 
50 50 50 50 50 
45-50 45-50 45-50 40-45 40-45 

2.8 2 .8 2 .8 2 .0 2 .0 
90-95 90-95 90-95 90-95 90-95 

0.16 0.16 0.16 0.12 0.12 

T a b l e I l ists the t y p i c a l p h y s i c a l character is t i cs of the new a n d o l d membranes , 
i n c l u d i n g a N e p t o n C R - 6 1 o n 9-ounce d y n e l w h i c h was subs t i tu ted for the 9-ounce 
glass i n p r o d u c t i o n a year or two ear l ier . F i g u r e 2 shows the e lectr i ca l resistance of 
the 4-ounce a n d 9-ounce membranes . F r o m T a b l e I , i t can be seen t h a t the reduc t i on 
i n th ickness f r o m 30 m i l s to 23 m i l s i n b o t h the cat i on a n d a n i o n membranes l ed 
to r e d u c t i o n i n M u l l e n b u r s t s t rength to 140 p.s . i . T h e e lectr ica l t h r o u g h resistance 
( F i g u r e 2) was decreased to a p p r o x i m a t e l y two t h i r d s for the ca t i on membranes a n d 
about one ha l f for the an ion m e m b r a n e . T h e N e p t o n C R - 6 1 9-ounce glass m e m b r a n e 
h a d a m u c h l ower resistance t h a n the 9-ounce d y n e l , because of a difference i n the 
weave p a t t e r n i n the c l o th , so t h a t there was a c t u a l l y l i t t l e i f a n y difference between 
the 4-ounce d y n e l ca t i on a n d the 9-ounce glass ca t i on i n e lec tr i ca l t h r o u g h resistance. 
H o w e v e r , the super ior resistance of the d y n e l b a c k i n g to mechanica l fa i lures leads 
to i t s select ion. 

o.oi o.i i.o 
CONCENTRATION OF NaCl IN EQUILIBRIUM (EQUIVALENTS/LITER) 

Figure 2. Electrical resistance of standard dynel-backed 
Nepton membranes in two thicknesses 
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KATZ—ELECTRIC MEMBRANE DEMINERALIZATION 237 

I o n exchange membranes of v e r y g rea t ly reduced th ickness have been p r e p a r e d i n 
a n u m b e r of laborator ies , i n c l u d i n g our o w n . A s a n extreme, G r e g o r (2) has repor ted 
on the e lec tr i ca l propert ies of membranes as t h i n as 10 microns produced b y f i l m -
cast ing techniques . W h i l e some of these membranes h a d v e r y l o w " t h r o u g h res istances" 
(ohms for a 1-sq. c m . section) as m i g h t have been expected f r o m t h e i r thicknesses, no 
m e t h o d has been proposed for u t i l i z i n g such t h i n membranes i n p r a c t i c a l e lectric m e m ­
brane equ ipment , as far as we are n o w aware . O n the other h a n d , L a c e y (6) has 
repor ted on membranes ava i lab le f r o m e x p e r i m e n t a l p r o d u c t i o n i n th i s c o u n t r y w h i c h 
have thicknesses on the order of 6 or 8 m i l s . A t t e m p t s have been made to u t i l i z e these 
membranes i n electric m e m b r a n e stacks h a v i n g l o w pressure drops (1), a l t h o u g h c o m ­
m e r c i a l l y p r o v e d equ ipment has no t yet been ach ieved us ing such membranes , i n p a r t 
because of t h e i r s t r u c t u r a l l i m i t a t i o n s . L a c e y reports e lectr i ca l t h r o u g h resistances of 
22 ohms per sq . c m . for c a t i o n membranes a n d 27 to 38 ohms per sq . c m . for an ion 
membranes of th i s t y p e i n O.OliV salt so lut i on . I f these t h r o u g h resistances are m u l t i ­
p l i ed b y a factor of 3 or 4, t h e y can be c o m p a r e d o n a n equa l th i ckness basis w i t h the 
N e p t o n membranes o n 4-ounce d y n e l . T h e 6- to 8 - m i l membranes ex t rapo la ted to 
23 m i l s have t h r o u g h resistances of 66 to 88 ohms per sq . c m . for the ca t i on m e m b r a n e 
a n d f r o m 80 to 150 ohms per sq . c m . for the a n i o n m e m b r a n e , c o m p a r e d w i t h 14 ohms 
per sq . c m . for the N e p t o n 4-ounce membranes . 

" T h i n " membranes f r o m 5 to 10 m i l s t h i c k are c u r r e n t l y be ing produced b y 
several groups i n th is c o u n t r y a n d a b r o a d o n a n exper imenta l p r o d u c t i o n basis a n d 
for s a m p l i n g purposes . Cons iderab le effort is be ing expended t o w a r d deve lop ing cells 
suitable for the use of such membranes (1). T h e i r thinness genera l ly leads t o M u l l e n 
burs t strengths cons iderably lower t h a n the 140 p .s . i . r epor ted f or the re in forced N e p t o n 
membranes . H o w e v e r , the systems be ing proposed f or t h e i r use w o u l d operate a t 
r e l a t i v e l y l ow pressures, perhaps 10 to 15 p.s . i . a t the extreme. I t m i g h t appear a t 
first thought t h a t i f the opera t ing pressure d i d no t exceed the M u l l e n b u r s t s t rength 
there w o u l d be no p r o b l e m . H o w e v e r , the thinness of these membranes leads also to 
a considerable degree of flexibility. M o r e prec ise ly , there is a s u b s t a n t i a l deflection 
across a n u n s u p p o r t e d s p a n w h e n one of these membranes is exposed to even s l ight 
pressure v a r i a t i o n s of 1 p o u n d or less. Because such v a r i a t i o n s are dif f icult to a v o i d i n 
p r a c t i c a l ce l l design a n d operat i on , t h i n membranes are subject t o " b o w i n g " i n o p e r a ­
t i o n . S t r u c t u r e s made of such membranes thus have v a r y i n g dimensions u n d e r the 
condit ions of operat i on of the equ ipment . B o w i n g leads to i m p o r t a n t l o ca l changes i n 
v e l o c i t y of flow, degree of turbu lence , a n d consequent p o l a r i z a t i o n p o i n t . A n y p r e ­
c i p i t a t i o n w h i c h f o rms is i n j u r i o u s to the membranes a n d can b lock the flow p a t h i n 
the spacer . 

W h i l e use of t h i n membranes , subject to b o w i n g , has so far no t been successful for 
use i n b r a c k i s h water demineral izers opera t ing near p o l a r i z a t i o n , such membranes 
offer more promise i n t r e a t i n g so lut ions of h i g h concentrat i on such as sea w a t e r where 
p o l a r i z a t i o n is less l i k e l y t o be encountered . 

M o s t n a t u r a l waters c o n t a i n substances w h i c h w i l l p rec ip i ta te at po ints where 
p o l a r i z a t i o n occurs i n e lectr ic membranes u n i t s . T h e most c o m m o n such substances are 
c a l c i u m carbonate , m a g n e s i u m h y d r o x i d e , a n d c a l c i u m sul fate . N a t u r a l waters v a r y 
w i d e l y i n the a m o u n t s a n d p r o p o r t i o n s of these substances present a n d a c c o r d i n g l y i n 
the ease i n w h i c h t h e y prec ip i ta te salts u n d e r p o l a r i z i n g condi t ions . A c c o r d i n g l y , i t is 
v e r y dif f icult to pred i c t the per formance of spacer -membrane combinat ions w i t h o u t 
a c t u a l tests o n the n a t u r a l waters of interest . 

U n f o r t u n a t e l y , i t is dif f icult i n the l a b o r a t o r y or even u n d e r p i l o t p l a n t c o n d i ­
t ions to o b t a i n large suppl ies of n a t u r a l waters . H a u l i n g of w a t e r is expensive a t best, 
a n d the h a n d l i n g , detent ion , a n d storage of w a t e r i n t a n k s a n d associated e q u i p m e n t can 
i n t r o d u c e i r o n a n d other metals w h i c h are even m o r e troublesome t h a n some of the 
scal ing const i tuents n o r m a l l y present . M o s t l a b o r a t o r y a n d tes t ing w o r k o n electric 
m e m b r a n e stacks i n p i l o t p lants is done w i t h so lut ions of s o d i u m chlor ide . T e s t i n g 
w i t h p u r e solut ions of s o d i u m chlor ide y ie lds o n l y a n a p p r o x i m a t e idea of the t r u e 
per formance of m e m b r a n e systems. Somet imes a t t e m p t s are made to synthesize 
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238 ADVANCES IN CHEMISTRY SERIES 

n a t u r a l waters i n more de ta i l , a d d i n g c a l c i u m a n d m a g n e s i u m sul fate a n d even 
b i carbonate to the synthet i c so lut ions . U n f o r t u n a t e l y , the e q u i l i b r i a i n v o l v i n g b i ­
carbonate i n n a t u r a l waters are v e r y dif f icult to m a i n t a i n u n d e r l a b o r a t o r y or p i l o t 
p l a n t condi t ions . C a r b o n dioxide can be absorbed f r o m the atmosphere . A c i d used 
a t the electrode o r for correc t i on of the p H of the concentrate s t r e a m w i l l s l owly 
diffuse in to the feed so lut i on a n d m a r k e d l y a l ter the b i carbonate e q u i l i b r i u m . Some­
t imes a t t e m p t s are m a d e to i m p o r t a r e l a t i v e l y large sample of n a t u r a l w a t e r a n d t h e n 
to re-use i t b y m i x i n g the p r o d u c t a n d concentrate streams f r o m the deminera l i z ing 
u n i t . H o w e v e r , th i s procedure i n e v i t a b l y results i n wide swings of p H a n d b i carbonate 
concentrat ions due to the factors no ted above. Because of the p r a c t i c a l diff iculties 
deta i led above, m u c h l a b o r a t o r y a n d s m a l l scale tes t ing of electr ic m e m b r a n e e q u i p ­
m e n t produces inaccurate a n d i n fact mis l ead ing results . I f pure s o d i u m chlor ide is 
used, p r e c i p i t a t i o n w i l l not occur at " w e a k " po ints of the spacer -membrane c o m b i n a ­
t i o n , a n d systems w h i c h appear to be opera t ing w e l l i n the l a b o r a t o r y can f a i l as soon 
as a n a t u r a l w a t e r is encountered. I f synthet i c or rec i r cu la ted n a t u r a l waters are used, 
a n a d d i t i o n a l c o m p l i c a t i o n is i n t r o d u c e d , i n t h a t some prec ip i ta t i ons a n d m a l f u n c t i o n s 
m a y be noted due to extraneous meta ls such as i r o n a n d other m e t a l oxides i n t r o d u c e d 
f r o m the tankage or w a t e r h a n d l i n g equ ipment . 

T h e short h i s t o r y of e lectrodialys is to date prov ides several notable examples of 
field opera t i on where s u b s t a n t i a l p o l a r i z a t i o n - i n d u c e d p r e c i p i t a t i o n was encountered 
a f ter a p p a r e n t l y successful l a b o r a t o r y tests. F o r these reasons i t is our firm conc lus ion 
t h a t the o n l y conclusive test of the m e c h a n i c a l a n d e lec tromechanica l adequacy of 
membrane - spacer combinat ions is opera t i on o n n a t u r a l saline waters u n d e r field c o n ­
d i t i ons over periods of several m o n t h s a n d w i t h o u t recourse to " r e c i r c u l a t i o n . " B y 
such field tests the s u i t a b i l i t y of N e p t o n C R - 6 1 a n d N e p t o n A R - 1 1 1 A o n 4-ounce 
d y n e l has n o w been demonstra ted . 

Two-Stage Single-Stack Continuous Unit 
T h e R o l e o f C u r r e n t D e n s i t y . Because current is c a r r i e d t h r o u g h so lut ions b y a 

s t ream of ions , the c u r r e n t - c a r r y i n g capac i ty—i .e . , c o n d u c t i v i t y of the s o l u t i o n — d e ­
pends u p o n the n u m b e r of ions present , or the n o r m a l i t y . T h u s the r a t i o of c u r r e n t 
dens i ty t o n o r m a l i t y ( C D / N ) is a n i m p o r t a n t v a r i a b l e i n m e m b r a n e sys tem design. 
T h i s r a t i o tends to r e m a i n r e l a t i v e l y constant over a wide range of c u r r e n t dens i ty as 
a measure of the degree to w h i c h the impressed current u t i l i zes the c u r r e n t - c a r r y i n g 
c a p a c i t y of the so lu t i on . I f C D / N becomes excessive, there w i l l no t be enough ions 
to c a r r y the desired cur rent . T h i s phenomenon occurs first at m e m b r a n e so lu t i on i n t e r ­
faces, where i t is ca l led film dep le t ion or p o l a r i z a t i o n (10). P o l a r i z a t i o n causes p H 
disturbances at the inter face , loss of current efficiency, a n d h i g h e lectr i ca l resistance. 
I f p H - s e n s i t i v e substances are present i n the so lut i on , t h e y m a y be p r e c i p i t a t e d b y 
the p H disturbances , caus ing damage to the m e m b r a n e or blockage of the cells. A s 
p r e v i o u s l y i n d i c a t e d i n n a t u r a l waters , the m o s t c o m m o n substance to be p r e c i p i t a t e d 
b y p o l a r i z a t i o n is c a l c i u m carbonate . 

P o l a r i z a t i o n can be m i n i m i z e d a n d a l l owable C D / N of a sys tem m a x i m i z e d b y 
creat ing r a p i d s t i r r i n g o r turbu lence at the m e m b r a n e so lut i on inter face ( b y h igh 
v e l o c i t y flow or o therwise ) . L o c a l spot p o l a r i z a t i o n can be avo ided b y e l i m i n a t i n g 
s tagnant areas exposed to current . W i t h a g i v e n spacer design, the al lowable C D / N 
at w h i c h a sys tem m a y be operated is also de termined b y the in le t pressure or ve l o c i ty 
of flow. Some of the wors t effects of p o l a r i z a t i o n can be avo ided b y use of s l i g h t l y 
a c i d p H env i ronments . P o l a r i z a t i o n is no t general ly encountered i n solut ions of 
h i g h concentra t i on (greater t h a n O. l iV) because the current dens i ty necessary to reach 
p o l a r i z a t i o n w o u l d be uneconomica l . 

I n d i lu te so lut ions , the avo idance of l o c a l or general p o l a r i z a t i o n is the most 
c r u c i a l task of the cel l designer. T h e so-cal led " t o r t u o u s p a t h " spacer is u t i l i z e d i n 
Ionics e lectr ic m e m b r a n e systems (8). A to r tuous p a t h spacer consists of one or more 
flow p a t h s — f o r example , a p p r o x i m a t e l y 1 c m . i n w i d t h — t r a v e r s i n g the face of a m e m -
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KATZ—ELECTRIC MEMBRANE DEMINERALIZATION 239 

brane a n d fo lded on each other i n order to a l l ow a l ong l e n g t h of p a t h — f o r example , 
10 to 15 f e e t — o n a n 18 X 20 i n c h or 18 X 40 i n c h m e m b r a n e . T h e flow p a t h is 
t raversed b y straps h a v i n g a p p r o x i m a t e l y one h a l f the thickness of the space between 
the membranes . These s t raps h o l d the spacer together a n d promote turbu lence i n the 
s t r e a m . 

L a t e i n 1958, Ionics began field tests of a new tor tuous p a t h spacer ca l led the M a r k 
11 spacer. T h i s spacer p r o v i d e d more turbu lence , more evenly d i s t r i b u t e d turbu lence , 
a n d a n increase i n area u t i l i z a t i o n , a n d was designed for opera t i on at a p p r o x i m a t e l y 
double the pressure of the M a r k I spacer—60 ra ther t h a n 30 p.s . i . T a b l e I V c o m ­
pares the M a r k I I w i t h the M a r k I stack . A s a consequence of th i s change i n the 
spacer design, i t was possible to increase the m a x i m u m h y d r a u l i c flow rate of a 300-
m e m b r a n e 18 X 20 i n c h s tack f r o m 28,000 to 65,000 gallons per d a y . F o r a 3000-
p . p . m . t y p i c a l b r a c k i s h water , the ra ted current requ i rement of the stack was increased 
f r o m 18 to 50 amperes a n d the vo l tage f r o m 175 to 500 vo l t s i n order to accompl i sh the 
m u c h greater rate or d e m i n e r a l i z a t i o n . A l s o , the degree of d e m i n e r a l i z a t i o n associated 
w i t h a single pass t h r o u g h th i s s tack was increased f r o m 40 to 4 8 % . 

A s the flow t h r o u g h a M a r k I I s tack is s lowed, even greater deminera l i zat ions can 
r e s u l t — u p to a m a x i m u m of a p p r o x i m a t e l y 6 0 % . T o extend f u r t h e r the degree of de ­
m i n e r a l i z a t i o n possible on a single pass t h r o u g h a stack , a second vers i on of the M a r k 
I I s tack was made w i t h fewer flow paths i n p a r a l l e l a n d a longer l e n g t h of p a t h . W i t h 
th i s spacer i t is possible to get a d e m i n e r a l i z a t i o n of greater t h a n 7 0 % o n a single pass. 

T h e a d v e n t of h igher c a p a c i t y spacer designs operat ing w i t h r e l a t i v e l y s t rong 
a n d t h i c k membranes capable of w i t h s t a n d i n g the pressures a n d flows i n v o l v e d , m a d e 
i t possible to consider the design of u n i t s where deminera l i zat ions of 9 0 % or bet ter 
c o u l d be achieved on t w o passes t h r o u g h a single s tack . Systems such as these w o u l d 
be app l i cab le to s i tuat ions where the t o t a l desired flow f r o m a n i n s t a l l a t i o n was c o n ­
s iderab ly less t h a n the f u l l l o a d flow t h r o u g h a single s tack . 

T h e B a t c h U n i t . P r e v i o u s l y , i f h i g h degrees of d e m i n e r a l i z a t i o n a n d l o w flows 
f r o m a single s tack i n s t a l l a t i o n were desired, a b a t c h r e c i r c u l a t i n g t y p e of sys tem was 
u t i l i z e d (4). T h e s t a n d a r d b a t c h u n i t u t i l i z e d a single M a r k I 300 -membrane 18 X 
20 i n c h s tack . A schematic flow sheet of a r e c i r c u l a t i n g b a t c h u n i t is shown i n F i g u r e 3. 

FEED 

PRODUCT 

PRESET 
CONTROL 

CONDUCTIVITY 
CONTROLLER 

Figure 3. Schematic flow sheet of batch unit 

I n a b a t c h u n i t , the w a t e r to be deminera l i zed is fed i n t o a b a t c h t a n k u n d e r pres ­
sure u n t i l the b a t c h t a n k is f u l l . T h e filling of the t a n k is contro l l ed b y a l eve l c o n ­
t r o l l e r a n d a n a u t o m a t i c v a l v e , AV1. T h e f u l l b a t c h t a n k of water to be deminera l i zed 
is p u m p e d t h r o u g h the m e m b r a n e stack b y a " d i l u t e " p u m p , D, a n d rec i r cu la ted back 
t h r o u g h the t a n k u n t i l the desired effluent c o n d u c t i v i t y of the w a t e r is achieved . T h e 
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240 ADVANCES IN CHEMISTRY SERIES 

effluent c o n d u c t i v i t y is m o n i t o r e d b y c o n d u c t i v i t y cel l C C , c o n t r o l l i n g a u t o m a t i c va lves 
AY2 a n d AVS. W h e n the desired po in t has been reached, AVS closes, p r e v e n t i n g r e ­
t u r n of the deminera l i zed w a t e r to the b a t c h t a n k , a n d AV2 opens, a l l o w i n g the de-
m i n e r a l i z e d w a t e r to flow to service . 

T h e p u m p i n g out of the b a t c h t a n k at the end of the cycle lowers the l eve l i n the 
b a t c h t a n k w h i c h signals v a l v e AV1 to open aga in a n d a new b a t c h of undeminera l i zed 
w a t e r comes i n t o the sys tem. T h e cycle is repeated a u t o m a t i c a l l y for a n indef inite 
p e r i o d . T h e salts r emoved i n the s tack f r o m the d i lu te s t r e a m are absorbed i n a c o n ­
centra ted s t ream loop be ing p u m p e d b y concentrat ing p u m p C . E n o u g h w a t e r is con ­
t i n u o u s l y added u n d e r c ont ro l of v a l v e CV a n d ro tameter R to m a k e u p for the a m o u n t 
of w a t e r b l o w n d o w n as b r i n e . T h e p r o p o r t i o n of w a t e r w h i c h m u s t be wasted as b r i n e 
is de termined b y the chemica l c ompos i t i on of the water to be t reated . T h e b l o w d o w n is 
ad justed so t h a t the least soluble salt component i n the feed water w i l l r e m a i n i n s o l u ­
t i o n . 

D u r i n g the progress of a b a t c h cycle the vol tage is m a i n t a i n e d constant for the 
first p a r t of the cycle a n d the current decreases as the water becomes deminera l i zed . 
I n order to a v o i d exceeding p o l a r i z a t i o n l i m i t s of C D / N t o w a r d the end of the cycle , 
however , i n m a n y cases the vo l tage is stepped d o w n a u t o m a t i c a l l y m i d w a y t h r o u g h the 
cycle to a lower vo l tage , 7 2 , after w h i c h the amperage continues to f a l l g r a d u a l l y 
u n t i l the end of the cycle . A s a consequence, one of the d r a w b a c k s of a b a t c h sys tem is 
t h a t the recti f ier is used at less t h a n f u l l l o a d d u r i n g p r a c t i c a l l y a l l of the cycle . 

I n spite of the re lat ive c o m p l e x i t y of the b a t c h cycle , f u l l y a u t o m a t i c b a t c h -
r e c i r c u l a t i n g un i t s have g iven a m a z i n g service over m a n y years . One u n i t ins ta l l ed i n 
1956 has now gone t h r o u g h 50 cycles a d a y , 365 days a year , for over 4 years to 
achieve a t o t a l n u m b e r of cycles a p p r o a c h i n g 75,000. 

T h e T w o - S t a g e C o n t i n u o u s U n i t . T h e new two-stage cont inuous u n i t has a 
m u c h s impler flowsheet a n d m e t h o d of opera t i on t h a n the r e c i r c u l a t i n g b a t c h u n i t . 
F i g u r e 4 shows the schematic flow sheet of such a u n i t . I f pressur ized feed water is 
ava i lab le a n d the b l o w d o w n is not rec i r cu la ted , no p u m p s are essential to the operat i on 
of th is u n i t . I n a d d i t i o n , there are no a u t o m a t i c va lves w h i c h operate on a regular 
basis. A u t o m a t i c va lves are furn ished for a u t o m a t i c s h u t d o w n on ly . T h e recti f ier 
u t i l i z e d w i t h the two-stage cont inuous un i t s operates at constant vo l tage a n d amperage , 
unless there are changes i n the compos i t i on or t emperature of the water . T h u s i ts f u l l 
c apac i ty is a lways u t i l i z e d . T h e water to be deminera l i zed is filtered a n d fed first 
t h r o u g h the b o t t o m a n d t h e n t h r o u g h the t o p of a single m e m b r a n e stack h a v i n g a p a i r 
of electrodes i n the b o t t o m ha l f a n d a p a i r of electrodes i n the t o p hal f . E q u a l or 
a p p r o x i m a t e l y equal n u m b e r s of membranes are spaced between the t o p a n d b o t t o m 
p a i r of electrodes. T h e water emerging is the p r o d u c t . T h e salts r emoved i n the s tack 
are t rans fe r red to a b l o w d o w n s t r e a m w h i c h is separate ly fed t h r o u g h a ro tameter , R, 
a n d t h e n wasted . T h e a d d i t i o n of a single p u m p makes i t possible to rec i rcu late p a r t 
of the waste w a t e r a n d reduce w a t e r wasted . 

A.C. 
220ν-3Φ -60 

FEED-

Figure 4. Schematic flow sheet of one-stack two-stage 
continuous unit 

T h e voltages i n the t o p ha l f of the s tack are less t h a n i n the b o t t o m h a l f because 
of the lower n o r m a l i t y of the w a t e r a f ter i t has been p a r t l y deminera l i zed . T h e current 
i n the t o p ha l f is less t h a n i n the b o t t o m , not o n l y because of the lower vo l tage b u t 
also because the w a t e r has been p a r t i a l l y deminera l i zed i n the b o t t o m hal f . T h e 
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KATZ—ELECTRIC MEMBRANE DEMINERALIZATION 241 

flexibility achievable f r o m a one-stack, two-stage cont inuous u n i t is not as great as 
f r o m a r e c i r c u l a t i n g b a t c h u n i t , since d e m i n e r a l i z a t i o n is l i m i t e d to a m a x i m u m of about 
9 3 % for the lowest flow case u s i n g the longest p a t h c u r r e n t l y ava i lab le i n th i s t y p e of 
spacer. H o w e v e r , b y the s imple a d d i t i o n of a l ine to recycle p a r t of the p r o d u c t to 
the feed, i t is possible to u t i l i z e these cont inuous un i t s to demineral ize water of a n y 
desired s a l i n i t y , i n c l u d i n g sea water . 

F i g u r e 5 compares the d a i l y capac i ty of the 300-membrane 18 X 20 i n c h stacks 
u t i l i z i n g different spacers a n d c o m p a r i n g the r e c i r c u l a t i n g b a t c h t y p e u n i t w i t h the 
two-stage cont inuous u n i t . T h e two-stage cont inuous u n i t is fitted w i t h different 
spacers, depending on the expected range of feed w a t e r concentrat i on . Spacer A is a 
0.050- inch f o u r - p a t h spacer . Spacer Β i n a 0.040- inch f o u r - p a t h spacer. Spacer C is 
a 0 .050- inch t w o - p a t h spacer w i t h longer p a t h l e n g t h t h a n A or B . Spacer D is a 
0.040- inch t w o - p a t h spacer. A s one progresses f r o m spacer A to D , the a l lowable flow 
decreases a n d the degree of d e m i n e r a l i z a t i o n increases as s h o w n o n the g r a p h . T h e 
new two-stage cont inuous u n i t s u t i l i z i n g M a r k I I t y p e spacers have f r o m 250 to 1 6 7 % 
as m u c h c a p a c i t y per u n i t of m e m b r a n e area i n the range of 2000 to 7500 p . p . m . 

1,000 
500 lOOO 2000 4000 7500 

FEED WATER CONCENTRATION 
PARTS PER MILLION AS NaCl 

Figure 5. Daily capacity of 300-membrane 18 X 20 
inch membrane démineralizers 

I n the f a l l of 1958, the first M a r k I I two-stage cont inuous u n i t was tested near 
Sa l t L a k e C i t y , U t a h . T a b l e I I gives the analyses of t w o wells o n w h i c h tests were 
r u n . W e l l 1 h a d t o t a l d isso lved solids of 3300 p . p . m . as N a C l a n d w e l l 2 h a d t o t a l 
d isso lved sol ids of 1950 p . p . m . as N a C l . W h i l e the p r e d o m i n a n t a n i o n i n each of these 
waters was chlor ide , each h a d a signif icant b i carbonate concentrat i on a n d f r o m one 
t h i r d to a lmost one ha l f of the cations were c a l c i u m a n d m a g n e s i u m . A field test on 
a water of th is c ompos i t i on over a per i od of several m o n t h s w o u l d ind i ca te whether or 
not p o l a r i z a t i o n - i n d u c e d p r e c i p i t a t i o n of c a l c i u m carbonate w o u l d occur . I t w o u l d thus 
show u p a n y weak po ints i n the spacer -membrane c o m b i n a t i o n w h i c h m i g h t be over ­
l ooked i n tes t ing w i t h s o d i u m chlor ide , " s y n t h e t i c " waters , or rec i r cu la ted n a t u r a l waters 
i n the l a b o r a t o r y . T a b l e I I I shows the per formance character ist i cs of the one-stack, 
two-stage u n i t o n the t w o b r a c k i s h wel ls analyses of w h i c h are g i v e n i n T a b l e I I . 
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242 ADVANCES IN CHEMISTRY SERIES 

Table II. Chemical Analysis of Two Brackish Wells near Salt Lake City, Utah 
(Wells used for field tests of Ionics M o d e l C-302 demineralizer) 

W e l l 1 W e l l 2 
P . p . m . E . p . m . a P . p . m . E . p . m . a 

Sodium as N a 685 29 .8 542 23 .6 
C a l c i u m as C a 266 13.3 102 5.1 
Magnes ium as M g 139 11.6 54 4 .5 
Chloride as CI 1940 54.7 1090 30 .7 
Sulfate as S 0 4 33 0 .7 38 0 .8 
Bicarbonate as H C 0 3 67 1.1 110 1.8 
T o t a l dissolved solids 3130 56 .5 1936 33 .2 
T o t a l dissolved solids as N a C l 3310 1950 
p H " " " 7.8 7.8 

° Equiva lents per mi l l i on = p.p .m. /equivalent weight. 

Table III. Performance Characteristics of One-Stack, Two-Stage Electric 
Membrane Demineralizer on Two Brackish Wells 

Designation. Ionics M o d e l C-302 
Membranes. 300 18 X 20 inch N e p t o n ( C R - 6 1 9-ounce glass and A R - 1 1 1 A 

9-ounce dynel) 
Performance W e l l 1 W e l l 2 

Feed water concn., t o ta l dissolved solids as p .p .m. 
N a C l 3,300 1,950 

Product water concn., t o ta l dissolved solids as 
p.p.m. N a - 1 515 283 

Product ion per 24-hour day, gallons 12,250 12,250 
Water wasted as brine, gallons per day 9,700° 9 ,700 a 

Pressure drop through two stages of membrane 
stack, p.s.i.g. 

Feed water temp., ° F . 
Current , amperes 

Stage 1 
Stage 2 

Voltage 
Stage 1 
Stage 2 

Over-a l l % demineralized 
Demineral izat ion, % 

Stage 1 
Stage 2 

Current efficiency, % 
Energy consumption, kw. -hr . /1000 gal . product 

D . c. 
Tota l* 

a C o u l d be cut to about 3000 b y addit ion of recirculating pump. 
6 Includes 3-kw. pumping power. 

P r o d u c t i o n rate i n each test was 12,250 gal lons per d a y a n d the w a t e r wasted as 
b r i n e was 9700 gal lons per day . T h e flow rate achieved for the test on the 3300-p .p .m. 
w e l l , N o . 1, to y i e l d a p r o d u c t w a t e r concentra t i on of a p p r o x i m a t e l y 500 p . p . m . agrees 
closely w i t h the general ized curve for spacer C ( F i g u r e 5 ) . O n w e l l 2, the p r o d u c t i o n 
rate was k e p t constant , so t h a t the p r o d u c t w a t e r f r o m a 1950-p .p .m. r a w w a t e r was 
o n l y 283 p . p . m . A c c o r d i n g l y , the d a t a for th i s po in t cannot be read d i r e c t l y f r o m 
F i g u r e 5, w h i c h was constructed for a p r o d u c t w a t e r of 500 p . p . m . 

T h e c o m m e r c i a l a v a i l a b i l i t y of two-stage cont inuous u n i t s w i t h h i g h rates of de ­
m i n e r a l i z a t i o n per square foot of m e m b r a n e s u b s t a n t i a l l y decreases the cost of de­
m i n e r a l i z a t i o n for suppl ies i n the ne ighborhood of a few t h o u s a n d to a few tens of 
thousands of gal lons per d a y . I t is expected t h a t the increased s i m p l i c i t y , economy, 
a n d r e l i a b i l i t y of t h i s e q u i p m e n t w i l l cons iderab ly b r o a d e n the use of electr ic m e m b r a n e 
equ ipment i n a n u m b e r of fields a n d cont r ibute to cont inued te chn i ca l advancement i n 
the field. 

44 44 
68 70 

25 .5 14.1 
10.7 6 .1 

192 150 
115 100 
83 85 

60 59 
62 63 
91 .2 96 .2 

13.6 6 .0 
19.5 11.8 
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KATZ—ELECTRIC MEMBRANE DEMINERALIZATION 243 

Development of Mark III Stack with Basic 
Hydraulic Capacity of 250,000 Gallons Per Day 

W h i l e progress i n the design of r e l a t i v e l y s m a l l u n i t s a d v a n c e d i n 1959, m u c h of 
the n a t i o n a l a n d i n t e r n a t i o n a l interest i n electric m e m b r a n e d e m i n e r a l i z a t i o n a n d i n 
other forms of saline w a t e r convers ion derives f r o m the expectat ion t h a t r e l a t i v e l y 
large scale m u n i c i p a l , i n d u s t r i a l , a n d even a g r i c u l t u r a l w a t e r suppl ies w i l l have to be 
conver ted f r o m saline sources i n the fu ture . A n i m p o r t a n t step f o r w a r d t o w a r d large 
scale use of electr ic m e m b r a n e d e m i n e r a l i z a t i o n was t a k e n i n 1959 w i t h the design a n d 
fa c t o ry test ing of a v e r y m u c h larger s tack t h a n has p r e v i o u s l y been descr ibed. T a b l e 
I V compares th i s M a r k I I I s tack w i t h the M a r k I a n d M a r k I I s tacks w h i c h preceded 
i t . T h e outs tand ing character i s t i c is i ts m a x i m u m h y d r a u l i c flow rate of 250,000 U . S . 
gallons per d a y or 175 gallons per m i n u t e , achieved at a pressure d r o p of 60 p.s . i . 
U n l i k e the M a r k I a n d M a r k I I stacks w h i c h c o n t a i n 300 membranes per s tack , the 
new u n i t contains 550. T h e membranes for the new u n i t are 18 X 40 r a t h e r t h a n 
18 X 20 inches . I t s t o t a l area of m e m b r a n e surface is 2750 sq . feet a n d the area 
u t i l i z a t i o n is about 7 0 % . F i g u r e 6 shows a n Ionics M a r k I I I s tack as i t was p r e p a r e d 
for s h i p m e n t to i ts f irst field test at O x n a r d , C a l i f . T h i s test got u n d e r w a y i n the 
late s p r i n g of 1960. A M a r k I I I s tack puts out a p p r o x i m a t e l y 1000 t imes i ts o w n we ight 
of water every d a y a n d the average residence t ime of w a t e r w i t h i n the u n i t is a p p r o x i ­
m a t e l y 8 seconds. 

Figure 6. Ionics Mark III membrane stack for 
electrodialytic membrane processing 
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244 ADVANCES IN CHEMISTRY SERIES 

Table IV. Design Characteristics of Standard Ionics Membrane Stacks 

M a x . hydraul ic flow rate 
U . S. gal . /24-hour day 
U . S. ga l . /minute 

Pressure drop at max. flow, p.s.i . 
N o . of membranes 
Size of membranes, inches 
T o t a l area of membrane, sq. feet 
% of tota l area available for transfer 
Approx . weight, pounds 
Approx . over-al l height, inc. legs, feet 
Demineral izat ion per pass (70° F . , CI water, 

fu l l flow), % 
Current required for 3000-p.p.m. feed, amperes 
Voltage required for 3000-p.p.m. feed (70° F . , 

C I water, fu l l flow) 
D . c. k w . per stack for 3000-p.p.m. feed 
D . c. kw. -hr . /1000 gal . for 3000-p.p.m. feed 
a Power and current values for 3000-p.p.m. demineralization cover only 40, 48, and 4 6 % 

demineralization (single stage) for M a r k I, I I , and I I I stacks, respectively. 

M a r k I M a r k I I M a r k I I I 

28,800 65,000 250,000 
20 45 175 
30 60 60 

300 300 550 
18 X 20 18 X 20 18 X 40 

750 750 2,750 
50 65 70 

700 700 2,000 
372 372 6 

40 48 46 
18 50 100 

175 500 1,000 
3.2° 25° 100 e 

2 . 7 e 9.3° 9 .5 ' 

T h e spacer for the M a r k I I I u n i t is a lmost i d e n t i c a l to t h a t of the M a r k I I u n i t , 
w i t h t w o ident i ca l lobes proceeding o u t w a r d f r o m c e n t r a l m a n i f o l d holes. E a c h lobe 
is a lmost i d e n t i c a l to a M a r k I I stack . T h e use of a M a r k I I I u n i t makes possible 
d e m i n e r a l i z a t i o n of water suppl ies i n the range of 250,000 to several m i l l i o n gal lons 
per d a y at v e r y m u c h lower costs a n d i n v e r y m u c h m o r e compact ins ta l la t i ons t h a n 
w o u l d have prev i ous ly been possible. T a b l e V l ists es t imated costs for p r o d u c t i o n of 
2,000,000 gal lons per d a y of fresh w a t e r c onta in ing 500 p . p . m . t o t a l solids f r o m b r a c k ­
i sh w a t e r c o n t a i n i n g 1000, 2000, a n d 4000 p . p . m . T o t a l w a t e r costs, i n c l u d i n g opera t ing 
costs, maintenance costs, a n d a m o r t i z a t i o n , are 19.5 cents for the 1000-p .p .m. case, 

Table V. Estimated Costs for Production of 2,000,000 Gallons per Day of Fresh 
Water (500 P.P.M. as NaCl) from Three Brackish Waters by 

Ionics Marie III Equipment 
(Cents per 1000 gallons) 

Basis 
Feed water temperature. 85° F . 
Anions . Predominant ly chloride 
Elec tr i ca l energy cost. 1.0 cent /kw. -hr . 
Membrane replacement rate. Average 1/5 per year 
Amort i zat ion basis. 25-year, 5 % ( 7 . 1 % per year) 
Maintenance costs other than membranes. 1.5% per year of capital 
L a b o r allowance. 2 hours per day plus 100 man-hours per stack-year at $4 /hour inc luding 

overhead 
Case 1 Case 2 Case 3 

Feed water tota l dissolved solids, p .p .m. 1000 2000 4000 
N o . of stacks 8 16 24 
T o t a l capital costs $450,000 $850,000 $1,300,000 
Operating costs, cents 

E lec t r i ca l energy 4 .9 13.4 26 .0 
Chemicals 2 .5 2 .5 2 .5 
Pref i l trat ion 3 .0 3 .0 3 .0 

T o t a l 10.4 18.9 31 .5 
Maintenance costs, cents 

Membranes 3 .0 6 .0 9 .0 
Other 0 .9 1.8 2 .7 
L a b o r 0 .8 1.3 1.7 

T o t a l 4 .7 9 .1 13.4 
Amort i zat ion , cents 4 .4 8 .3 12.6 
T o t a l water costs, cents/1000 gallons 19.5 36 3 57 .5 
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KATZ—ELECTRIC MEMBRANE DEMINERALIZATION 245 

36.6 cents for the 2000-p .p .m. case, a n d 57.5 cents for the 4000-p .p .m. case. T h e bases 
for the economic ca lculat ions are l i s ted at the t o p of the tab le , so t h a t they can be 
adjusted for other condi t ions . A m o n g the most i m p o r t a n t cost assumpt ions are a 
m e m b r a n e rep lacement rate averag ing one fifth of the membranes present per year , 
a m o r t i z a t i o n of p r i n c i p a l o n a 25-year basis w i t h 5 % interest , maintenance costs o ther 
t h a n membranes at 1.5% per year of c a p i t a l , a n d l a b o r charges c o m p u t e d at $4 per 
h o u r i n c l u d i n g overhead . 

T h e es t imated c a p i t a l costs for the complete i n s t a l l a t i o n are $450,000 for the 
1000-p .p .m. case, $850,000 for the 2000-p .p .m. case, a n d $1,300,000 for the 4000-p .p .m. 
case. 

I t cannot be emphas ized too s t rong ly t h a t these cost est imates are achievable i n 
p lants w h i c h cou ld be contrac ted for at the present t i m e a n d b u i l t i n a y e a r o r less. 
M o s t of the m a j o r assumpt ions , i n c l u d i n g the m e m b r a n e replacement ra te , w o u l d be 
subject to guarantee b y the m a n u f a c t u r e r a n d the costs of the i n s t a l l a t i o n c o u l d be 
guaranteed b y firm b ids . T h u s , e a r l y i n 1960 we have a l r e a d y ava i lab le a process i n 
w h i c h the inves tment costs for a wide range of waters are f r o m 22 to 65 cents p e r 
ga l lon per d a y a n d the t o t a l w a t e r convers ion costs are f r o m a p p r o x i m a t e l y 20 to 60 
cents per t h o u s a n d gal lons . I f power is ava i lab l e a t less t h a n one cent per k i l o w a t t 
hour , subs tant ia l savings can be made even on these es t imated figures. 

U t i l i z i n g M a r k I I I e q u i p m e n t i t is also possible to b u i l d p lants i n the range of 
10,000,000 to 20,000,000 gal lons per d a y . Because of economies inherent i n large scale 
p r o d u c t i o n , these p lants w o u l d have c a p i t a l costs of one ha l f to t w o t h i r d s those c i t ed 
for the case of 2,000,000 gal lons per d a y . T o t a l costs w o u l d be lowered i n p r o p o r t i o n , 
w i t h some savings i n m e m b r a n e replacement costs as w e l l . 

Summary and Conclusions 
A new c o m m e r c i a l l y ava i lab le c a t i o n m e m b r a n e , N e p t o n C R - 6 1 o n 4-ounce d y n e l 

b a c k i n g , is 23 m i l s t h i c k a n d has a n e lec tr i ca l t h r o u g h resistance i n O.OliV N a C l o f 14 
ohms per sq . cm. , about two t h i r d s t h a t of a s i m i l a r m e m b r a n e 30 m i l s t h i c k on 9-ounce 
d y n e l b a c k i n g . I t has the same e lec tr i ca l resistance as a 9-ounce g lass -backed C R - 6 1 
m e m b r a n e , also 30 m i l s t h i c k , b u t m u c h bet ter chemica l s t a b i l i t y to acids a n d a lkal ies 
a n d bet ter mechan i ca l s t a b i l i t y to v i b r a t i o n s . T h e M u l l e n b u r s t s t rength of the 
4-ounce membranes is 140 p.s . i . , about ha l f t h a t for the 9-ounce d y n e l , b u t s t i l l suf f i ­
c ient to be useful for field opera t i on . I t s stiffness a n d resistance to b o w i n g , for w h i c h 
no s t a n d a r d measurements are ye t ava i lab le , are sufficient to a l l ow i ts use i n m e m b r a n e 
stacks w i t h t o r tuous p a t h spacers opera t ing at pressures of 60 p.s . i . a n d flow velocit ies 
of 60 c m . per second. 

A new c o m m e r c i a l l y ava i lab le a n i o n m e m b r a n e , N e p t o n A R - 1 1 1 A on 4-ounce d y n e l 
b a c k i n g , is 23 m i l s t h i c k a n d has a n e lec tr i ca l t h r o u g h resistance i n O.OliV N a C l of 14 
ohms per sq . c m . , about one h a l f t h a t of a s i m i l a r m e m b r a n e 30 m i l s t h i c k on 9-ounce 
d y n e l . I t s M u l l e n b u r s t s t r eng th of 140 p.s . i . , stiffness, a n d resistance to b o w i n g m a k e i t 
sui table for use i n m e m b r a n e stacks opera t ing at pressures of 60 p.s . i . a n d flow veloc i t ies 
of 60 c m . per second. 

T h e a l lowable current d e n s i t y - n o r m a l i t y ra t i o for electric m e m b r a n e opera t i on 
has been a p p r o x i m a t e l y doub led b y a n i m p r o v e d t o r tuous p a t h spacer w i t h s t r a p 
turbulence promoters a n d b y operat i on at higher pressures u p to 60 p.s . i . A s a resul t , 
twice as m u c h water can n o w be deminera l i zed per square foot of m e m b r a n e u t i l i z e d 
a n d / o r greater d e m i n e r a l i z a t i o n achieved per pass i n electric m e m b r a n e u n i t s . O n e 
p r a c t i c a l result of th is deve lopment is a new cont inuous- f low, two-stage s ingle-stack 
deminera l i zer w h i c h w i l l p r o v i d e 9 3 % d e m i n e r a l i z a t i o n at a c a p a c i t y of 5000 gal lons 
p e r d a y a n d 7 2 % d e m i n e r a l i z a t i o n a t a c a p a c i t y of 30,000 gal lons per d a y . These 
u n i t s produce f r o m 67 to 150% m o r e w a t e r per u n i t m e m b r a n e area t h a n p r e v i o u s l y 
used a u t o m a t i c b a t c h - r e c i r c u l a t i n g u n i t s a n d are f a r s imp ler i n cons t ruc t i on a n d 
operat i on . 

T h e new Ionics M a r k I I I m e m b r a n e s tack weighs about a t o n , a n d contains 550 
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18 X 40 i n c h N e p t o n 4-ounce membranes for a t o t a l of 2750 sq . feet of m e m b r a n e area . 
I t has a h y d r a u l i c c a p a c i t y of 175 gal lons per m i n u t e or 250,000 gal lons per d a y a n d w i l l 
deminera l ize a p r e d o m i n a n t l y ch lor ide w a t e r at 70° F . b y 4 6 % . 

C o s t pro ject ions have been made for 2,000,000-gal lon-per-day b r a c k i s h w a t e r 
d e m i n e r a l i z a t i o n p lants based o n the M a r k I I I s tack . T h e p lan t s , t o produce w a t e r of 
500 p . p . m . t o t a l d isso lved sol ids, w o u l d require eight M a r k I I I stacks for a p l a n t to 
t rea t 1000 p . p . m . feed water , 16 stacks f o r 2000 p .p .m. , a n d 24 for 4000 p . p . m . T o t a l 
e s t imated c a p i t a l costs are $450,000, $850,000, a n d $1,300,000, respect ive ly . T o t a l 
w a t e r costs ( i n c l u d i n g 25-year X 5 % a m o r t i z a t i o n , 1 / 5 per year m e m b r a n e rep lacement 
at present m a r k e t prices , 1 cent per k i l o w a t t - h o u r e lec tr i ca l energy, a n d adequate 
l a b o r , overhead , filtration, chemica l , a n d maintenance costs) are 19.5 cents per t h o u s a n d 
gal lons f or the 1000-p .p .m. w a t e r , 36.3 cents for the 2000-p .p .m. water , a n d 57.5 cents 
for the 4000-p .p .m. water . These cost figures are based o n design pr inc ip l es w h i c h , 
except f or the scale -up i n size, have been developed a n d p r o v e d i n field operat i on . 
P l a n t s ach iev ing such w a t e r costs cou ld be i n s t a l l e d late th i s y e a r or ear ly i n 1961. 
S i m i l a r p lants w i t h capacit ies of 10,000,000 r a t h e r t h a n 2,000,000 gal lons per d a y 
c a n also be b u i l t i m m e d i a t e l y a n d w o u l d have costs about t w o t h i r d s those c i ted 
above . F u r t h e r cost reduct ions of a factor between 2 a n d 4 are envisaged i n the next 
five years o r less for electric m e m b r a n e p lants of tens or hundreds of m i l l i o n s of 
gallons per d a y , based on a n even larger basic s tack . 
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