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This publication has been prepared to provide a simplified explanation
. of how various.processes convert sea or brackish water to fresh for the
purpose of conserving apd increasing the water resources of the nation.
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. THE WATER PROBLEM

THE "UNITED STATES is currently withdrawing fresh
water at a rate of approximately 360 billion gallons a day—
almost three times the rate of 30 years ago. Population
growth and the increasing need for fresh water for munici-
pal, industrial, and agricultural uses indicate there will be

no letup in the increasing demand for water in the years to
come. .

These factors account for the concern over water short- '

ages that exist now in some areas of the country and over
the more seriops shortages that are projected for the near
future. Many localities are forced to impose restrictions on
the use of water when rainfall is only slightly below normal.
It has been apparent in.recent times that,, unless new
sources of fresh water are developed, more. and more com-
munities will have to face up to water shortages. The Fed-
eral Government is sgonsoring many programs to develop
and conserve this impottant resource in order to ensure an
adequate supply of fresh water for our present and ‘future
needs. Because three-fourths of the earth’s - surface is
covered by'salt water, it is opvious that someof the water
shortages could be eliminated by development of effective
means of obtaining- fresh water from oceans and other
bodies of saline watet. '

The Department of the Interior has been conducting a

-

research prog‘m for the development of processes for eco-

nomically converting saline water into fresh water since
1952. -

Thete are many ways to produce fresh water from saline
sources, but to do it at low cost is extremely difficult. The
commercial price of fresh water is generally very low. To
be economically feasible, fresh water obtained from sea

" water must be produced at a cost that is comparable to_the

cost of water from alternative sources of supply. @

In some of the more arid .areas of the world, natural
fresh water is not available in sufficient quantities to)meet
minimum demands, \qnd in some cases it is not available at

w jn use in arid locations range in

and to 40 million gallons per day.

These plants/ produce a\combined total of- more than 525

million gallgns offresh water daily. However, the cost of

water produced by these plants ranges upward from 85¢’

per thousand gallons, except where fue{ is available at very
low cost. - '

Several factors influénce the cost.of. water produced by
desalting plants. They include the size of the plant, the cost
of energy, and the concentration of salt in the water being
demineralized. :

.
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4 THE CONVERSION PROCESSES

Conversion Process_es

l_&embme:
Reverse Osmosis -
. Electrodialysis ) szodnalysns
. Distillation: '
' Multi tistage Flash D|§tlllat|on
Veryfcal Tube Distillation
Multigffect Multistage Distillation
* Vapot Compression Distillation
Solar Mumidification
Crystalhzaﬁon.
Vacuum Freezing-Vapor Compressfon
Secondary Refr&p:ant Freezing
Eutéctic Freezing
Hydrate Formation
Chemical;
Ton Exchange
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SALINE-WATER CONVERSION can be accomphshed
in many ways. Some methods have been known in concept
for centuries while others have been developed only in
recent years. The Office of Water Research and Tech-
nology has seriously studied the development of fourteen
different conversion processes, and it sponsors a cofitinuing
research and development program ‘to discbver and develop
new methods. Some processes are now being used com-
mercially, some have prog!;'éed to the pilot-plant stage of
development, and othe? are still under study in laboratories..

- f-

The effectiveness of the various processes varies widely®
insofar as cost and rate of conversion are concerned..The
major cost considerations. are the capital investment, the
cost of energy used in the conversion process, and the cost
of- operating and maintaining the conversion plant. There
are variations in the importance of each of the cost factors,
just as there are variations in the conversion-process re-
quirements.




M EM BRAN E PROCESSES®

THIS SECTION PRESENTS background information to
aid 10 understanding the four membrane conversion proc- .
esses discussed below There are a number of important
differences between the four processes; however, they
have in common the use of a thin. film-like sheet, or mem-
brane. In general, a membrane may be considered to be a.
selective separator—some sabstances pass through it rela-
tively freely under cettain conditions 'but for other sub-
stances the membrane acts as ah effective barrier.
The application of mebrane processes to brackish water
\presents a problem not usually. associated with sea-water_
conversion. The chemical composition of sea water is rela-
tively constant, whereas that of brackish water varies greatly.
Varations 1n the mineral content of the brackish water re-
quire that a membrane unit be designed for the partjcular
water to be deminerahized, or pretreatments be used. For
example, the amount and type of 4onstituents present influ-
ence the pretreatment needed, scale-forming tendencies,
limits 1n brine concentration, and number of stages required.

lons

. Ordinary salt is the prmcipal solid dissolved 1n sea water.
Itisa good»example of an ionic substance. Salt, or sodium
chloride,* is made up of charged atoms (ions) of sodium
and chlorine. The electric charge is positive for the sodium
atom and negative for the chlorine atom. Electrically
charged atoms Behave differently from uncharged atoms
_and are called ions. The sodium ion is given the symbol-
Na*, and the chloride (from chlorine) ion, the symbol Cl—,
In the crystal form, sodium dnd chloride ions arrange them-

-




selves al't'emately in a three-dimensional arrangement calded
a crystal lattice. - L
When salt 1s, placed in water, the jons disperse among

the water molecules.

* \

\
. lons and Conductivity

Three of the four membrane processes described here
depend on the electrical charge 'of ions. Figure 1 .shows a
'simple demonstration of the effect of an electrical current
“on an ionic solution. If two metal electrodes are placed in
*a vessel of very pure water water and connected to a bat-
‘tery, there will be only a very small flow of current. This
1s because water exists mainly as H.Q molecules which have
_no electrical charge. If an ionic substance, such as sodium
chloride, is added to the water, a much larger current flows.
The current is carried by the electrically charged ions which

¢

.

. ’ .
. migrate toward the electrode of opposite charge. The so-

dium ions, Na~are attracted at the negative electrode
(cathode) and.the chloride iens, Cl-, are atfracted to the
positive electrode (anode). This effect, called ion transport,

+ obviously offers promise for desalting if the equipment can

be designed to operate effigiently.

'REVERSE OSMOSIS

When pure water and a salt solution are on opposite sides.

~

#of a semipermeable membrane, the .pure water diffuses

through the membrane and dilutes the salt solution. This
phenomenon is known as osmosis. Because of the differ-
ence in salt concentration, pure wter flows through the

. membrane as though a pressure were being applied to. it.

The effective driving force causing the flow is called os-
motic pressure, The magnitude of the osmotic pressure_de-

Figure 2 ' ] R
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perds on the concentrauon of the salt solution.and ‘the Process Désigns \ . -

temperature of the water. By ‘exerting pressure

on the salt
“$6lution, the osmosis process can be reversed. en the -
pressure on the salt solution is greater than the otic

pressure, water diffuses through the membrane in the
opposite direction to normal osmotic flow.

The principle of reverse osmosis is illustrated in figure
2. It can readlly be seen how this principle can be ap@
in the conversion of saline water.

A diagram of the reverse-osmosis process is shown in
figure 3. The salt water is first passed through a filter
where suspended solids~that would foul the membranes
are removed. The salt water is then raised to operatmg
pressure by a second pump and then introduced into the
desalination unit. A portion of the water permeates the
membranes and is collected as product water at the bottom

the unit. The bring is discharged at the top of the unit.

.(w
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Operating plants carry out the reverse-osmosis principle
in several different process designs such as the plate and

frame, tubular, spiral-wound membrane module, and hol-

low-fiber designs. All are based’ on the common principle-

that thé membrane, a flexible-plastic film usually no more
than 4 to 6 mils in thickness, must have a firm support to
withstand the very high pressure drop across'it. The pre~
ferred materials currently being used for membranes in these
procas designs are cellulose acetate and polyamldes which_
have‘een specially processed to make them reject salt and- .
at the same time pass water at a reasonable rate. Research ,
__is underway on the development of a number of new non-
cellulosic membranes with superior properties. It i is antici-
pated that these new membranes will eventually supplant'.
current materials for a number of desalting applications.

~
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" ON EACH SIDE -

Figure 5 ?

. Plate and Frame o

This design makes -use of a rigid plate-with the mem-
branes founted on opposite sides and sealed to the plate.
The pressure is applied to the salt watlr on the outer sides

’
*

of the plate. and the product water is)forced through the

menbranes inta the interior of the plde, which is at low

pressure. The igterior of the plate t therefore be either

porous or have hollow channels through which the product

water can flow to a eollecting point’ where it passes to the

outside. of the pressure vessel. Plate materials may consist

of solid plastic pfates with grooved channels, porous fiber-
glass materials, or reinforced, porous paper. Figure 4

illustrates the process with” cjrcular plates inside a cylin-

drical vessel. : )

‘ ‘
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Sp/ra/ Woued Membraae Modu/e i

This process des:gn 1s so named because thé, membrane
1s wound into a spiral unit before being placed into the
pressure vgssel. This has the advantage that the menfbrane
and the support between the high- and low-pressure sides
of the membrane can be formed into an ordinary commer-
cial pipe so that a special pressure vessel is not required.

This spiral 1s formed as shown in figure 5. One may think _

of the spiral as being a flas envclope made up of the mem-
brane with ‘three sides. sealed-and one end left open to
v ?
¢ +

' PRESSURE VESSEL

) . 4 IN. COMMERCIAL -
y . . STELPPE ;)‘

. < ‘ .
transfer the product water to a collector tube attached at
the open end. Within the envelope is placed a plastic or
glass fabric material which is capable of withstanding the
high pressures on.the outside of tt.e cnvelope but is suffi-
ciently porous to carry the product water to the collector
tube. To form the spiral, the envelope is wrapped into a
roll around the central product—collectmg tube. A coarsely’
woven fabric is rolled with the’'membrane envelope to form
a path for the salt wager to flow'through the modulé fromr,
end to end over the memMmbrane surface. A schematxc of
operating unit 1s shown in- figure 6 m\?

(1 70 3 FT. LONG)

’ ) - Figure 6
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'Figure 7°

Tubular . -
The tubiilar desxgn combines two functlons in ong in that

-it uses the surfice of the tube as a support for m-
brane and the tube wall as a pressure vessel. Normally, the

. membrane is placed on the inner wall of the tube, and the

salt water, under pressure, flows inside the tube. Product
water passes through the membrane fo the tube wall, wiere
arrangements are made to transfer the product water, now
at low ¥ pressure, to the. outside of the tube. This may be
done by using a* tube which is porous over its full length,
permitting direct flow of. the product water to the outside

" of, the tube. When a solid tube is employed, small holes

are placed at intervals along the tube, and a porous fabric
material is placed between the membrane and the pressure
thbe to provide a path for the product water to the outlet
parts. Porous fiber-glass tubes %4 inch in diameter-are a
. popular material for this purpose. Figure 7 illustrates the

.operation of the tubular process.

JHollow Fiber -

Newest of the process designt is the hollow fing ﬁber
Modern technology has made "possible the’ productxon of
hollow plastic fibers from membrane materials which may
measure from 25 to 250 microns in outside diameter
(approximdtelj 07001 to 0.01 inch). These fibers fabricated
from cellulose acetate or polyamide, have the unique fea-
ture that, in these very small diameters, they can withstand
enormous préssures and can, therefore, provide their own
pressute support. Closely packed fibers of this type can
-also provide a very large membrane surfacté area in a
small volume of pressure-vessel. Product flow for a square
foot of fiber surface is less than for the ‘'sajne area of flat
membrane, but the difference in area Within a given volyme

.
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compensates for this difference in flow .rate. In a hollow-
fiber process, the fibers are placed 1n a pressure vessel with
one end sealed and the other end extending to the out-
side of the vessel through a plastic seal in which the fibers
are embedded. The sdit water, under pressure, is on the
outside of the fibers, and the producyf water flows inside
the tiny fibers to the open end on the qutside of the vessel.
Figure 8 illustrates the operation of the process.

Advantages and Limitations e

Some of the important advantages of the reverse-osmo-
sis process are; .

’

1 Low energy consumption. Because no change of phase
15 involved, the only energy consumed is -the electrical
energy needed to drive the pumps.

Figure 8-

2. The processing equipment is relatively simple, result-
ing in low equipment costs. .
3 The operation of the process at normal temperatures
minimizes scale and corrosion problems. .
At the present time this process is limited in that only -
. brackish water concentrations gan be handled efficiently.
~However, research and dgvelopment is being conducted to"
increase 1ts ef{ectiverl.ess for sea water.

Mem

/epment ’

T si®.applicatjon of the reverse-osmosis process
depends membrane development. In general, develop-
'ment of mémbranes i3 aimed at obtaining long life with
high ratesyof fresh-water diffusion through the membrane
at a reasonable cost. ’

°

~
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. ELECTRODIALY - N - '

From a standpoint of research and development. accom- . '
plished to date, electrodialysis is the most advanced of the ~ & '
membrane processes. An electrodialysis @nversion assem- »

bly is essentially a cell containia® two different types of
ion-selective membranes. One of the megmbrane types al- o -
lows passage of positive ions, or cations, and the other i3
allows passage of the ‘negative ions, or anions. The electric.

.current imposed on the electrodialysis cell provides the 5
duving, force for the ions. A basic electrodialysis cell is 5
shown 1n figure 9. The cation-permeable membrane al-

lows passage of the ppstive sodium ions, and the anion- &
‘permeable membrané allows passage of the negative - S < *
chloride lons, leaving fresh water between the membranes. - % o

'

The amount of electric -current required in a unit which
contains many sets of memprancs between the electrodes 4
depends on the amount of dissolved salt to be removed. . . 3
Therefore, the cost of the energy consumed in the process i g 2 W
depends on the concentration of dissolved minerals in the ’ ;
feed water. The relatlonshlp between electric current re- . -« 54
quiremments and,dlssolved salts is the main reason that elec- '
trodialysis is more economical for brackish water conver- , - .
ston. However, if the cost of membranes and processing L. .
equipment can be reduced sufficiently, electrodialysis ntay 4
become economxcally feasible for sea-water conversion. -
Research is currently being conducted to investigate the T - R e .
feasibility of operating the electrodiaﬁ;gﬁtess at ele- . : .
vated temperatures. High temperatures\iedude the electrical R
res:stencepgf the electrolyte and lower eleCtric power re- M SALT W
qutrements. High-temperature operation shows promise of B FRESH WATER
reducing power" requirements sufficiently to make electro- - )
dialysis attractive for sea-water conversion.

‘ 14 - Figure 9
1 - .
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Membrane Bevelopment

The membranes used in an electrodxalysns unit are pro—

~

-
- -

duced by chemlca]ly treating a polymeric matesial such as '

polystyrene or’ polyethylene. A number of fabrication tech- - ~ .

niques have beén investigated. Some of the techniques give A .

low cost membranes, while others’ give membranes of ) ' @ - @ »

longer life and high cost. The development program is ) ] ,, . ) -

directed toward obtammg membranes that give the best il -

compromisé between life, ion selectivity, and hydraulic and ° ANODE —+ | &= @ <} CATHODE

electncal characteristics.. (+) , b / (=)
TRANSPORT DEPLETION ‘ &

Transport depleti(;ri is a variation of the elecirodialysis

process. In this process, ﬁonselec'tive membranes are used ' I ? LJ LJ I

in place of the anion permeable membranes. The anion- - CATION-PERMEABLE ~
permeable membranes tend to deteriorate more rapidly ' ) c MEMBRANE
under operational condititons, and their elimination repre- )
sents a considerable saving in membrane costs, but power L -
costs are increased. ’ F'Q‘"‘ 10 N
A transport-depletion cell is shown .in figure 10, Salme ellmmatlon of anion-permeable membranes.
water enters at the top and passes into two compart B
arated by a non-selective membrane and -each boundcd : .y
:)eypa cation-permeable membrane. The passage of an elec- Process Character/st/cs
tric current causes cations to pass through the cation- |, The advantages and limitations of this process in general
permeable membranes and anions tq pass through the ¢ are those that apply to electrodialysis. As in the electro-
nonselective membrand¥The net result is that one compart- dialysis process, the success of transport depletlon fs °
ment becomes depleted of iQns and thee~other becomeés closely 'tied to the memBrane development pr £am "The
enriched. The ion-depleted ptoduct water an&r the ion- power consumed in the transport depletion process is $6me-
enriched brine are removed at the bottom. ‘ what greater than in electrodialysis; however,%since only
The process would be similar if anion-permeable mem- ome-half as many ion-selective membsanes are used, the
branes were used instead of the cation-permeable mem- membrane cost savings can possibly ‘compensate for the
branes.. However, the operationial difficulties favor the difference in power consumption. -

5
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. PIEROBIALYSIS

Piezodialysis 1s a new membrane desalting process in the
research’stage using pressure as a driving force. It has in-
trinsic theoretical advantages tompared to other desalting
processts and appears to offey great promise. In contrast
to reverse osmosis, which transmits potable water through

a membrane, in piezollialysis a concentrated brine is driven’

through the membrane léaving behind: the fresh product
water. This means less mat€rial must be permeated through
the membranes to pgoduce potable water (since salt water
is mostly watgr rather than salt), and one can achieve very
high productlon rates with only modest permeation (flux)
rates. Membrane imperfections or leaks only result in some

- *
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of the feed water being rejected with the brine, rather than
contaminating the product water.

The membrane used in piezodialysis is called a “charge-
mosaic” membrane This is a single membrane made up of
discrete cation-permeable and. anion-permeable segments
which arg analogous to the two types of ion-selective mem-

. branes used in electrodialysis. Since these segmerts are in

D

the same membrane, it is possible for both cations and
anions to move through the membrane, i.e., concentrated
salt is transported under pressure.

At the present time the process has been demonstrated
on a bench scale unit which has operated very successfully.
Further. development is required, however, before the
process can realize the full potential inherent in the intginsic
theoretical advantages which it possesess.
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DISTILLAFION IS ONE_of the oldest ways known of
. separating /fresh water from a salt-water solution. When
salt water/is boiled, thé f issolved salt’reqains behind as the
fresh-wa]er vépor is bdiled away. In a distillation process,

is coofed., This coolif g condenses the steam into water
agaif. See. figure 11. Thus, distillation involves. adding heat
energy 4o salt water i order to vaporize the water and then
ry(ovmg the heat e ergy from tie steam to condense it
ifto fresh water. ~>—

Heal of Vaporization

- When water is heated, its temperature increases until the
bojling point.is reached. While water is boiling, the steam
and the boiling water are at the same temperature. How-
ever, raising water to its boiling point is nat enough to
cause jt to bail. More heat™must bé_added to change the
water into steam. The amount of heat-required to change
liquid water into steam at the same temperature is called
heat of - vaponzatmn of wdter. The heat of vaporization is of
major lmportance in, djgtillation. The amount of heat re-
quired to vaporize )yht into steam is approximately five
times greater than the heat needed’to raise water from its
freezing point to Ats boiling point. .
. /‘ v .

the :/;?ér tis first boiled/and then the steam, or water vapor, .

- DISTILLATION

(3

[}

e Id

' Figure 1) '
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éo;/ing Point ,

At ordinary sea-level pressure (14.7 psi), water boils at
212° F. At low pressufes, such as those that exist at high
‘altitudes or that can be created in closed vacuum vessels,
water boils at lower temperatures. The opposite is also
true. At higher pressures, such as are developed in or-
dinary pressure cookers, the temperature must be raised
above 212° F. before beiling will occur. See- figure 12.

Heat' Recovery and Scale. Control .

Because distillation is a two-step process involving both
evaporation and condensation, heat must be 4dded in one
step and removed in the other. If these two steps were ac-
complished independently, the process would be inefficient
and costly. In all the distillation processes discussed in the
following pages, the steam is condensed by transferring

WATER BOKS @ 104* F w

.2
P
L +

S

- . heat from the stearn to salf’water as part of the heat source

* water due to the pr

WATER BOLS @ 212 F !

required to convert‘mote water into steam. In this way
some of the heat energy used in one step is recovered and
used in the other step. )

. A common method of transferripg heat from steam to
the salt water.is having the steam come in contact with
metal tubes through which the cool incoming salt water is
flowing. One of the major’techhological batriers faced by
all distillation processes 1s preventing scale from forming
on the heat-transfer surfaces Sea water is' a very “hard”
ce of calcium salts such as calcium
sulfate. Unlike' most other salts in sea water, which become
more soluable at higher temperatures, calcium sulfate be-
comes less goluable as the.temperature increases. When
the solubility limit of a #alcium salt is exceeded (at about
160° F.), a calcium scale-begins to precipitate on the walls
of the vessel or pipe in which the sea water is heated. This

AR A

3
.

"~ " WATER BOHS @ 248 F

Figure 12
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PRODUCT WATER o

PR L Figure13

tenacious layer of scale acts as an unwanted insulator and
decreases the flow of heat across the wall. Other substances
In sea water may also contribute to the formation of scale.

By removing either calcium or carbon dioxide from sea
water, it is presently possible to prevent calcium scale from
forming at temperatures up to 250° F. Research has been
undertaken to develop scale-conttol methods that will be
effective at even higher temperatures. When these methods
are fully developed the temperature of the salt water may
be mcreased resulting 1n higher plant efficiency.

MULTISTAGE FLASH DISTILLATION v—

. be removed from the steam in order to condénsate it into

This protess makes use of the fact g’ﬁai wager boils at pro-
gressively lower temperatures as it is subjécted to progres-

sively lower pressure%. The. process which has received wide-
spread commercial acceptance is illustrated in figure 13,
The sea water-is heated and then introduced into a chamber
where the pressure is sufficiently low to cause some of the
water to boil igstantly, or “flash™, into steam. Vaporization
of some of the water results in lowering the temperature of
the remaining brine. The brine then flows into thq next
chamber where the pressure is lower than in the prewous
chamber, more of the-water flashes into steam, and the
temperature is again reduced Condensation occurs when.
the stemrh comes into contact with the heat exchanger
through which tHe incoming salt water flows before passing
through the brine heater. In this way the heat that must

fresh wgter is transferred to the sea water, supplying it
with some of the heat energy required to cause it to boil.

~
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““Figure 14 indicates how this process received its name. The
sglt-water falls through a bundle of vertical tubes located
inside a latge chamber. As tht salt water falls through the
tubes, 1t.1s heated by steam that surrounds the tubes. This
hedt’cxch‘mge operation converts some of the water from
the saline_solutron inside the tubes into steam and ‘at the
samé ume condenses some of the steam that surrounds the
tubes into fresh water. ~
To obtain high efficiency in the recovery of heat energy,
the process 1s repeated n several chambers which are ar-
ranged in series, The steam for the first chamber is supplied
by a steam-generator plant, and the condefsed water from
» the first chamtget 1s returned to the steam-genergtor plant
to be reconverfl mto steam Steam generated inside the
tubes of the first chamber flows to thé second chamber
where 1t surrounds the second bundle of tubes. The brine

that"did not vaporize in the first chamber is pumped to the

VERTICAL TUBI% DISTILLATION  ~

top of "the second chamber and flows downward through
the second tube bundle The steam that surrounds the tubes
heats the brine as 1t falls, converting some of the water in-
side of the tubes into steam, and condensing some of the
steam outside the tubes into fresh water.

This process 1s repeated through several chambers until
most of the heat energy supplied in the first chamber is re-
covered. The temperature of the saline water drops as it
progresses through the series of chambers. In an experi-
mental plant at Freeport, Tex., the salt water entered the
first chamber at 250° F and entered the twelfth, arrd lasty
chamber at approximately 90° F. The pressure in each
chamber was also progress;vely reduced to pe¢rmit vapor-
ization to occur at lower temperatures, The brine that .
collected.at the bottom of the last chamber was returned
to the sea.

. Each separate chamber in which distillation occurs js
calted an “effect”. Thus, this process 1s sometimes called
the “vertical tube, /mu{tiple-effect distillation process®. )
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The multistage flash oéess discuséed prevnously is also
designated<‘SEMS”. fo smgle-effect multistage”. The mul-
tieffect multistage (MEMS) process is an advancement over
the SEMS process. Up to a point; the ‘flash process becomes

more efficient as the number of .stages used for vzponzmg‘

and preheating increases. The avajlable pressure difference
needed to move the brine from chiimber to chamber at the

low-temperature, loy-pressure end of the cycle is the limit- s

ing factor in the quantity of water circulated and the num-
ber of stages that can be employed in a SEMS plant. The
temperature changes are usually limited to about 4° F. per
stage because of the low pressure differential available at
the high vacuum conditions that exist in the final few stages.
The MEMS process makes it possible to add more stages
for each temperature interval as pressure differences in-

crease by breaking up the conventional single circulating ? .

s
Y
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Figure 15 - :

path into a number of circulatiﬁg\loops. The increasing

- circulation rates in the higher temperature effects, combined

with more stages in a given temperature interval, provide
greater economy.

Separating the process into a number of effects, each
operating at a different temperature, permits better control
of scale. A multiple-effect unit separateg the recirculation
of brine and produces low brine concen%on in the hlgh-
fempeyature effgcts.

A diagram ‘of the MEMS process is shown in ﬁgure 18.
The salt water is preheated in two stages and is then treated
with acid to prevent the precipitation of scale from the feed .
salt water. Preheatmg continues tHrough a number of stages
until the first effect is reached. From the first fect, some
of the brine Is recirculated through the brine “aeater, and
some is passed to ‘the second effect. The®partial recircula-
tion and partial progression to succeeding stages continues
until the final effect, where the highly’ concentrated brine
is either discharged or passed to a byproduct-recovery unit.

. .11
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VAPOR COMPRESSION DISTILLATION

When a vaghr is compressed, its temperature and pressure
increase and its volume decreases.

In each éffect, brine is pumped upward through a tube
bundle into a large spherical chamber. As the brine travels
upwged, 1t is heated by the steam that*surrounds the tubes.
Thisstransfer of heat causes some of the water to vaporize
after it leaves the tubés A mixture of vapor and brine enters
the spherical chamber. Some of the brine is returned to the
bottom of the tube bundle and recirculated, some of the
brine is discharged The vapor from the second effect, which
is on the right in figure 16,'is drawn off by the compressor
and the higher temperature vapor that leaves the compreg-
sor is transferred to the first effect. The vapor didcharged
from the compressor surrounds the tube biindle in the firstr
effect, and supplies heat to the brine that®is traveling up-

ward 1n the tubes. The vapor that forms in the spherical
chamber 1n the first effect is transferred to the second ef-
fect where it supples heat to the brine that 1s being pumped
through the second-effect tube bundle. As the vapor in both
effects loses heat to the brine. some of the vapor condenses.
The condensate falls to the bottom of the eﬁects and is
pumped off as product water. .

«

The primary difference between 'this process,and other .
disullation processes 1s in the method by which heat is
added to the system In other processes, saline water is
heagd with steam in order to cause some of it to boil. In
this process, however, heat is added to the. vapor by con-
verting mechanical work 1nto heat of compggssion.

Most of the energy 1s consumed by the motor that drives
the compressor. Steam heat is added directly only during

Jstartup
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Preconditionirig

equipment .is used to treat incoming salt water before it
enters the evaporators. In the auxiliary processing steps,
‘chemicals are mixed with the salt water to prevent forma-
tion of scale on the heat-transfer surfaces. The salt water R

also passes th::)\gh heat exchanger before it enters the .

tubes. The brine that is being discharged and the product . SUN RAYS .
water are used -to preheat the incoming salt water. By pre-'
heating in this manner, the salt water is raised almost to .
the boiling temperature before it reaches the evaporator, . ‘ ) .
and the product water leaves the system at a temperature '
that is only about 15° F. above the temperature of the in-
coming salt water. ~ ’

In addition to the main processing equipment, auxiliary ' \ \ .

SOLAR HUMIDIFICATION

The solar-humidification process makes use of the fact that
-water will evaporate from a free surface, even though the
water is at a temperature below its boiling point. The rate
of evaporation of the water depends largely on two factor{
the temperature of thé water and the relative humidity i
the space above the free surface of the water. The convbr--
sion process takes place in an.apparatus callgd a solar still.
The operation, of a solar still is illustrated in figure 17. A
solar still utilizes the same principles that kegp a green-
house warm on winter days. The sun’s rays pass through
the glass top without7 giving up any significant amount of
energy. The sun’s energy is absorbed by the black surface
on thy bottom of the still. The temperature of the water in
contat with' the heated black surface increases, and the - .
water evaporates. BLACK SURFACE

Because the glass top of the solar still is not heated py - IR -
’ ‘ ' : . ' ’ . Figure 17’
. ’ . Fad ’Xt' ” g
i vl ’ . . | 19
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the sun’s rays as milph as the black surface, the temperature
of the top remains lower than that of the vapor. Because of
* this temperature difference, the water vapor that comes in
contact with ‘the fop condenses and runs down into the
collecting trough. As some of ghe vapor is removed from
the space above the water surface by condensation, the rela-
tive humidity decreases. tending.to increase the* rate of
evaporation

,

E \ t
Conversion'rate .

The obvious advantage of this process is that the energy
required for’ conversien is free. Furthermore, labor and
maintenance are minimal However, the "disadvantages are
equally obvious. The conversion rate depends on the inten- -
sity of the sun's rays, which varies according to geograph
sical location. time of year. and the extent of cloudiness.’
fog, or haze Even under ideal solar-transmission eonditions,
only about | pint of fresh water can be obtained each day
for each square foot of surface that absorbs the solar
energy E

The evaporation rate depends on the depth of the water
being heated by the absorbing surface. Because the rate of

-
>
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evaporation depends also on relative humidity, tl'iconver-
sion rate 1s highest when the temperature of the glass top
1s lowest. because at low temperature condensation occurs
more rapidly

Even though the conversion energy is free, efficiency is
an important factor in solar humidification because of" the
relationship between surface area and conversion quantity.

When' solar energy contacts any surface, the energy
divides in three ways. Some of the energy is absorbed by
the surface, some is reflected away, and some is transmitted
through the surface. Black surfaces absorbr the most energy,
white or polished metal surfaces reflect the most energy,
and transparent surfaces transmit the most energy. Thus,
selection of materials is important not only from a cost of
materials standpoint but also from a sjandpoint of utiliza-
tion of solar energy, which determines the efficiency of sur-
face utilization. Insulation 1s often used to reduce heat
losses_into fhe ground. For shallow basin stills, which op-
erate at relatively high temperatures, insulation is an im-
portant consideration in obtaining economic advantages.
All joints must be carefully sealed to prevent escape of the
heated vapor.

a




CRYSTALLIZATION .

f
IT IS WELL KNOWN THAT a salt solution cooled to its

freezing temperature will deposit ice crystals of pure water.
This principle forms the basis for desalting water by the
freezing process.l ’

Heat of Fusion

When a pound of ice melts, 1t absorbs 144 Btu of energy,-
called the latent heat of fusion. without any change in tem-
perature. This heat of fusian equals exactly the quantity of
heat that was removed in producing the ice originally. In .
other words, the latent heat of fusion equals the latent heat

R of crystallization. In the first instance, a certain quantity
of heat is absorbed by the ice- in converting the ice into
water; 1n the latter instance, an equal quantity of heat is
removed from the water in converting the water into ice.

Advantages of the Freezing Process

The application of freezing.to the desalting of sea water
involves three major steps: viz, partial freezing of the feed
stream to an ice-brine slurry, separatior_l of the ice crystals
from the brine, and melting of the ice. The freezing process

R has the following theoretical advantages: First of all, it has

the smallest energy requirement of any process which

involves a phase-change. See figure 18. In addition, thete

is a minimum -of corrosion and scaling because of the
~— low temperatures involved. This latter advantage also
makes possible the use of lower-cost construction:mate-
rials and equipment as a means of reducing capital invest- ’

N . v
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ment. .- . ) Figure 18
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#0f sea water at a low pressure (3 mm

L.

. To preserve the inherent econgmic advantages of freez-
mg, dlrect contact methods-of refrigeration are employed;
the heed for expenswe heat-tragsfer surffces for heat re-
moval. or recovery is therefore avoided.

Variations of the Freezing Process

Freezing may be accomplished!by, the flash evaporation
y):g) of by vaporizing
a refrigerant such as butane in direciJcontact with the sea
, water. The process variations are, described in the follow-
mg sections.

«  VACUUM rgt(zme-VAPon

\ _ COMPRESSION

«In the vacuum freezmg-vapor compff:ssnon process? the
latent heat of fusion is given up when precooled sea water
is introduced into a chamber at a very low pressure. An

advantage of the process is that no cooling medium or
heat-transfer surfaees are used to accomplish freezing. The

- process is illustrated in figure 19 ‘The sea water is passed

Li o

through a dearator to remove*air and noncondensable
gases. The deaerated water is then cooled by heat exchange
with the product-water and waste-brine streams. This cold,
deaerated sea water is then introduced into the lower sec-
ion .of the chamber, known as the hydroconverter, which
1s maintained at a low pressure (3 mm Hg). This low pres-
sure causes a portion of the water to vaporize, thus re-
moving heat fronr the sea water. Approximately one- half
of the sea water is frozen into ice crystals.

The mixture of ice crystals and brine, called a slurry,
is pumped to the bottom of a separation column, or coun-
terwasher. The slun;y rises within the column and the ice

%

-
v
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crystals are compa%ted to form a porous bed of ice. The
bed is moved upward by a slight positive pressure caused
by the brine flowing through the bed and outward through
screens positioned appfoximately at the mjddle of the col-

»umn. The rising ice Bedt is washed,countercurrently with

less than 5 percent of the total fresh\water product of the
plant. The ice is then remoyed by means of a mechanical
scraper at the top of the £dfumn, agd the scrapings are
dumped into the melter, or upper section of the hydrocon-
verter.

When sea water enters. the lower section of the hydro-
converter, some of the water*flashes to a vapor. This
vapor is then compressed by a specially designed com-
pressor located at the top of the hydroconverter. The
compressed vopor is then condensed on the washed ice
entering the melter, or upper sectiog of the hydrocon-
verter, Because the compressed vapor contains the heat
ongmally removed from the gea water in the freezem

" SECONDARY REFRIGERANT FREEZING

|
The secondary-refrigerant freezing process differs*from the
vacuum-freezing process principally in the methgd by which
freezing is accomplished. In the former method a refrig-
erant, such as butane, is evaporated in direct contact with
the sea water to remove the latent heat of crystallization
(144 Btu/Ib) in order to parhally freeze the sea water.
The process is illustrated in figure 20, Sea water is pre-
cooled by heat exchange with the product-water and waste-
brine streams. The sea water enters the freezer where liquid -

- C 23




butane 1s bubbled through the sea water. The butane va-
porizes and lowers the water temperature. This results in

the formation of salt-free ice crystals in a more concen-.

trated sea water or brine. Approximately one-half of the
sea water is frozen into ice crystals. The ice-brine slurry
is then pumped to a washer-melter. The slurry rises within
the washer and the ice crystals are compacted into a porous
bed of ice. The bed of ice is moved upward By a slight posi-
tive pressure caused by the brine flowing through the bed
|_aiad outward through screens posmoned near the middle of
the column. The rising ice bed is washed with less than 5
" percent of the total product water. The ice is then removed

by means of a mechanical scraper into the outer annulus;
>

that is, the melter. The butane vapor, which contains the
heat removed to form the ice, is compressed in the primary
compressor and then introduced into the melter where it

condenses on the ice. Heat is given up and the ice is melted.

The condensed butane and the product water flow together
to a decanting unit where the two liquids are separated.

From the decanter, the‘product water leaves the process
and the liquid butane is recycled back to the freezer.

Butane vapor not required for ice melting is further com- -

pressed by the secondary compressor and then condensed
in the butane condenser, which is cooled by sea water. The
liquid butane is recycled to the freezer.

Figure 20

Q

Aruitoxt provided by Eic:
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EUTECTIC FREEZING

When the freezing process is operated ta \ncrease the btine

. concentrau'ond'n the freezer, a point is eventually reached.

where both iC® crystals and salt crystals .are formed
taneously At that point the concentration of d'séé'ﬂled
solids and therefore the freezing point of the sblution re-
main constant. Operation of a freeze desalting process
under these conditions' has been termed “eutectic freezing”.
Using sodium chloride as an example, the eutectic freezing
point would be —6° F. at a constant co\ncentranon of 23.3
" percent dissolved solids.

It has been found to be technically feasible to continu-
ously separate ice and salt crystals individually from the
brine thereby reducing the effluent stredfns from the desalt-
ing plant to fresh water and wet salt. The secondary refrig-
erant type process would normally be used for .eutectic
freezing with at least two stages of frgezing to reduce power
consumption. The low temperature eutectic stage freezer
would require a more powerful refrigerant compressor be-
cause of the large temperature difference between the
“Sfreezer (—6° F.) and the melter (32° F.). The bulk of the
fresh water product.would. therefore be produced from a
first stage freezer operating at a lower brine concentration
and correspondingly higher freezing temperature. *

HYDRATE FORMATION

The hydrate process is based on the formation of a crystal- .

line substance by the combination of low-molecular-weight
hydrocarbons or their derivatives with water. The resulting
crystallipe compounds are known generally as solid cla-
thrate substances. Specifically, a clathrate is an inclusion

4

”~

-

.  Figure 21

L Y

complex in which the molecules of substance are con-
tained or enclosed within the/Trystal lattice of another
component. lee ice crystals¢/clathrate hydrates reject salt

ions and water molecules enclose a guest,. hydrocarbon,
within their lattice (Fig. 21).
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" In the hydrate process, sea water and a hydrating agent
such’ as propane are brought into intimate contact in.a-
crystalli When_ the, temperature and- pressure are ad-
justed t?’p(opcr Iévels, hydrate crystals form. The crystals
are separated from the brine and then washed with 3 small
portion of fresh water. This step is accomplxshed in.a_ ves-
" sebknown as a wash-separator. Thé crystals in slurry form
are pumped to the melter-condenser where they are de-
composed by melting. The latter step 13 accomplished by
condensing compressed propane vapor on the crystals, thus
providing the necesﬂf}h_eat to melt the crystals. Because
propane ig, insoluable 'in water, two #mmiscible liquids
(water and propane) result when the hydrate crystals are
melted. The two liqui® have different densities and there-
fore may be separate® in much the same way that Wwater
and o1l are separated. viz, by decantation. The two liquids

-
¢

-

are collected in the «decanting vessel, the propane separat-
ing out and floating on top of the water layer. The water
is drawn off into a suitable storage container, and the liquid
propane is pumped back to the crystallizer to continue the *
process of hydrate formation. As is evident, the operational
steps involved in the hydrate process are basically the same
as_those use(Lin_the_secondary-re[}igerant freezing process.
Therefore, an individual flow didgram has not been in-
cluded for the hydrate process..

An ideal hydrating agent would be nontoxic, nonflam-
mable, available in large quantities at low cost, and would
not impart an objectionable taste to the product water.
Fundamentally, it is also desirable that the crystals have a
low heat of fusion so that decomposition may be accom-
plished with relatively little energy exchange.

/
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SALINE WATER MAY BE SEP TED into pure
water and salt or concentrated brine ¥y chemical methods.
Either the salts or the water may be made’to undergo a
chemical, reaction to f'orm a substance that"cadlly sepa-
rated.

In the ion- exchange process the salts react with specnally
fermulated resins that are reactive but insoluble. One ki
of resin fakes up sodium ions and other cations and rel

¢ hydrogen ions. A second type of resin takes up chloride
ions "and other amnions. and releases hydroxyl ions. The
hydrogen ions and hydroxyl ions combine to form small
‘mounts of water. The original saline water is delomzed
that is. it js freed of dissolved salts.

7 - ION EXCHANGE

n ion exchanger is’a porous bed of certain resin materials
that have the ability to exchange ions held in the resin with
those in a solution that contacts the bed. Minerals and
qesms are available which exchange ions with either cations
or. anions. In-the former case, the process is called cation..
exchange,' and in the latter case, anion exchange. When a
solution containing cations is passed through a cation ex-

" changer, the cations fram the solution are exchanged with
cations from the bed material’ The catlons from the in-
coming solutions remain bound to the cxchanger and those
from the bed material leave with the outgoing solution. A *

exchanger. -
Numerous substances of both natural and synthetlc or-

» i .
.o |

similar exchange of anions occurs in ﬂow through an anion -

A

igin possess ion-exchanging properties. The materials of in -

-

- CHEMICAL PROCESSES‘ .

.

e
. Figure 22
terest in saline water conversion are synthetic resins. The.
synthetic resins are plastics chemically prepared for specific
don-exchange properties.
In the ion-exchange conversion process, both catlon and
anion exchangers are used. The ion-exchange beds are us-
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ually placed in series, although mixed feeds may be used,
and the sahne solution passes first through the cation ex-
changer and then through the anion exchanger. An example
of the ion-exchange process is illustrated in figure 22. The
catron excharfger is an acidic resin that exchamges its hy-
drogen ions for the sodium ions in the incoming solution.
The, anion exchanger is a basic resin that exchanges its OH-
10hs for the chloride ions in the solution. The OH- ion is
alleq the hydroxide ion. In the arrangement shown in fig-
ure 16, a saline solution coafaining. sodium and chloride
. ons enter#at the top of the conversion unit. -
When the solution contacts the cation exchanper, the
sodium ions dre exchanged for the hydrogen ion, and the
chloride ions pass through unaffected. Thus, the sodium
chloride solution is converted into a solution of hydrogen
and chloride ions, which is actually a dilute solution of
hydrochloric acid. As the acid solution flows through the

Aruitoxt provided by Eic:

amon exchanger the chloride 10ns are exchanged for hy-
droxide tons When the hydroxide ions are released, they
combine with the hydrogen ions. forming molecules of
pure water.

As the canversion process continues, the resins are pro-
gressively saturated until finally they lose their ability to
remove sodlum or chloride -ions. When\this point is
reached, the conversion process must be hdlted while the
resins are regenerated. Regeneration is accomplished by
washing the resin beds with acids or bases that restore the
original ion-exchange properties to the exchangers.

Regeneration costs have limited ion exchange to applica-
tions where salts are in low concentrations, less than 2-3000
mg 1. The process can be used to obtain small amounts of
fresh water from sea water in cases where energy sources
are not available. Emergency kits for liferafts are one ex-
ample of this application., '

v
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SALINE WATER CONVERSION PLANTS

TEST PROGRAMS have been conducted for each of the
saline-water conversion processes discussed above. Some
of the processes have been tested on a laboratory scale, and
,some have adyanced to the test-bed-plant stage.'The ob-
“jective of the testing has been to obtain information on the
chemical and physical feasibility of various processes. The
objective of the test-bed-plant operatlons has been td obtain
and confirm information on equipment design and operat-
ing procedures for application to large-scale conversion
plants.

Experience to date indicates that-there is a need for a
number of conversion processes. Factors such as type and

s
.

quantity of available energy, production capacity required, -

and concentration of feed water ail kombine to determine

which process is thé most suitable and economical for a

given geographical location. - N

DJa/-Purpose Plants

Combining saline water conversion' with electric-power
generation shows promise as wa econo?ncal method of
producing large quantities of fresh water. In a dual-purpose
plant the heat energy that remains in the steam after it
passes through a steam turbine is used as the heat source
" fpr a distillation conveTsion process. High-temperature,

= .

.
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hlgh—pressure steafn is used to power a turbine that drives
an electric generator. The turbine exhaust steam is fed to
A saline-water conversion plant where it condenses as it
gives up more of its heat gnergy, and the condensate is
then returned to the steam generator.

‘Tripurpose Plants

When the capacity of the saline water conversion unit

“is relatively high, a third function, byproduct recovery, may

be jncorporated in the plant with improved overall econ-
omy. In a tripurpose plant, the brine is routed to a by-
product-recovery unit where minerals of significant
concentrations with commercial value are egtracted. The
three minerals of greatest, econofnic poteiitiajein sea water
(excluding fresh water) are salt, magnula, and potash. ‘One
sea water desalination -plant producing 50 million gallons

pef. day of fresh water and operating at a brine tra-
tion factor of 3:1 could also produce about 20 pereént of
the U.S. annual salt requirements, 25 percent mag-

nesia, and 1 percent of the potash. More salt and magnesia
could be produced than utilized at a given location; how-
Lever, this is not true for potash. The' plant could produce
150 tons per day of potash (K;O) which would have a
value of $6, 10,000 depending on whether it was
recovered as the chloride or sulfate. '
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DESALTING ° |
APPLICATIONS < - |

DESALTING PLANTS INVENTORY REPORT NO.
5*, prepared for the Office of Watér Research and Tech-
nology by the National Water Supply Improvement Asso-
tiation. provides the following data for land based desalting -
plants in operation or und®r construction of 25,000 gallons
per day or larger as of January 1, 1975. '

. 1 PLANT -
, CAPACITY
. MILLION
~ NUMBER | GALLONS
REGION OF PLANTS| PER DAY .
United States and territories 372, 88 # )
North America (except U.S. 41° 12 ; PR —
South America & Caribbean | \ . 63 38 : ) , ~
Europe 218 84 43
Africa ) 104 s7 ) . . a .
Arabian -Peninsula 153 146
Asia & Indonesi r 68 68 .
Australia and Pacific - 10 2 Y
- Union of Sovi iali .
Republics 7 7 30 . ,
CoLT 1036 525

* This publication may be

chased through NTI1S, Springfeld,

Virginia Order number PB Qg3556

)
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GLOSSARY

Anlon—a negatively charged ion.
Brackish water—water ranging from 1,000 to 35,000 parts
per million of tota) dissolved solids::

BRrime—any concentrated water solution contammg dis-
solved salts.

Catlon—a positively charged ion.

Corrosion—a chemical attack on a metallic surface, often
. causing a structural weakening of the metal.
Effect—A process such as distiHation may be performed at
. one temperature and pressure or it may be.performed
in a series of steps at graduated temperatures. Each com-
plete step in such a process is called an effect.

Fresh water—water containing less than 500 parts of dis-

~ solved salts per million parts of water. Water containing
more than 1000 parts of dissolved salts per million parts
of water should pot be used for human consumption.

Hest ot fusion—tie amount of heat which must be added
to unit mass of a solid substance as its melting point to
convert- the substance intp liquid at the same tempera-
“ture and pressure. .

o

Heat of vaporization—the’ amount of heat which must be
added to a liquid at its boiling point in order to convert
the subptance into vapor at the-same temperature and
pressufe.

Hydrate—a crystallized substance formed by the
tion of water molecules with certain chemical compoyds.

Ton—an electrically charged atom or group of atoms.

Membrane—a thin sheet of plastic ,or other material. If
has the ability to permit certain substances to pass
through it and exclude others, it is called a semnpermeab)c
membrane.

Osmosis—the diffusion through a semipermeable mem-
brane separating two solutions which tends to equalize
the concentration of the solutions. =

Saline water—brackish water, sea water, or brine, contain-
ing more than 1,000 ppm of total dissolyed solids.

Scale—a ‘hard incrustation that, forms inside a vessel in
which water is heated. Scale lS objecuonable because it
reduces heat transfer.

Stage—a part of a process which is being undertaken in
progrcsswc similar steps. .

~
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