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to be 77 kw-hr/kgal. The construction cost of a prototype
unit is estimated to be $280,000. The system is designed to
operate on virtuall y any type of feed water. Projected per-
formance data is given for the system operating with feed
salinities from .5% to 5% and feed temperatures from 40°F to
1000F. In addition to a system wi th a defrosted freezer,
studies were conducted of a scraped tube freezer which indi-
cated that both the capital and operating cost of that type
of freezer would be much more expensive.
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ABSTRACT
— 

A preliminary design of a 20 ,000 gpd containerized indirec t
contact freeze desalinator was comp leted . The system
consists of a freezer with a defrosting cycle ; wash column ;
indirect contact melter ; and pumps , compressors , heat
exchangers and controls necessary to make a complete
system . At a nominal design point of 3.570 feed and at 70°F.
power consumption is estimated to be 77 kw-hr/kgal. The
cons truction cost of a prototype unit is es timated to
be $280 ,000. The system is designed to operate on
virtually any type of feed water . Projected performance
data is given for the system operating with feed salinities
from .57~ to 5% and feed temperatures from 40°F to 100°F.
In addition to a system with a defrosted freezer ,
s tudies were conducted of a scraped tube fr eezer which
indicated that both the capital and operating cost of
that type of freezer would be much more expensive .
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1.0 INTRODUCTION AND SUMMARY

1.1 Objective
The objective of the contract was to prepare a —

preliminary design of an experimental indirect
contac t freeze desalination unit to process
seawa ter into potable water conforming to
Environmental Protection Administration (EPA)
drinking water standards to fit into an 8 ft. x
20 ft. ANSI container . The freezing system was
to have the following features : A freezer employing
a closed cycle refrigerant loop cooling through a
surface heat exchanger . An ice wash column which
limits the concentration of total dissolved solids
in the produc t to less than 500 ppm. An ice melter
which is an indirec t contac t heat exchanger . The
design should reflect the lates t knowledge and
improvements in processes , equipment componen ts
and controls .

1.2 Background.
The Civil Engineering Laboratory (CEL) under the
sponsorship of Naval Facilities Engineering Command
is developing an experimental freeze desalination
unit , containerized to fit into an 8 ft. x 8 ft. x
20 ft. ANSI container for application at advanced
military bases . The target capacity of the unit
is 20 ,000 gallons of potable water per day from a
seawater supp ly.

The work is to be completed in three phases :
preliminary design , final design and cons truc tion ,
and test and evaluation . This report covers Phase I ,
preliminary design of an experimental containerized
freeze desalination unit. Now that Phase I is
comp lete , CEL will determine if the proposed design
offers advantages over other methods of desalination
in capital cost , operating and maintenance costs ,
power consumption, logistic requirements , and/or
the level of specialization and sophistication
required to operate and maintain the unit. Depending
upon CEL ’s evaluation of the proposed design , a
Phase II contract may be awarded for final design
and construction of the unit , followed by a Phase I I I
contract for complete test and evaluation of the
experimental unit. Phase I included two elements as
follows :

An analytical study to size desalinator components
based upon proce ss flow , and heat and mass balances .
The selection and design of individual components
in the unit was based upon the least life cycle cost
of the complete unit. Consideration was given to the
fact that the end use of the developed containerized

1



r’ r 
_ _ _ _ _  _ _ _ _ _ _ _  ______

desalinator will be at advanced mili tary bases . The
designs of the components were carried out in
sufficient detail to permit estimates of their overall
dimensions , weights , costs , and effectivess (or
efficiency).

Integration of all the selected equipment components
into a preliminary design of the complete unit , and
arranging the layout to fit into an 8 ft. x 8 ft. x
20 ft. ANSI container .

1.3 Summary
The statement of work has been carried out without
exception and with one addition. It was found that
scraped surface freezers were excessively expen sive
and would cause both the capital and operating cost
of the unit to be greater than anticipated. Therefore ,
in addition to the design of a scraped surface freezer ,
a plain tube freezer with a defrost cycle was
designed and cos ted. Based on these two concepts
the following results and conclusions have been made :

o Plain tube freezers have been used for freezing
and are much more economical than scraped
surface units.

o Power consumption was calculated to be 76 kw/kgal.
for the plain tube unit vs. 175 kw/kgal . for the
scraped surface unit.

o Capital cos ts of the firs t unit was calculated
to be $278,000 for the plain tube unit and
$425 ,000 for the scraped surface unit.

o Life cycle costs were calculated to be $9.73Ik gal.
for the plain tube unit vs. $l4.86/kgal.
for the scraped surface unit.

o Sensitivity studies indicate that the unit can
operate on virtually any type of sea or
brackish water that can be anticipated .

Freeze desalination has several potential advantages
for portable , Naval desalting units :

o Low power consumption and thus low fuel
requiremen ts .

o Applicability to any water without extensive
pretreatmen t , or corrosion problems .

o No fouling of heat transfer surfaces.

2 
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Several freezing processes have been proposed for
des alination. However , most of them are quite
complicated and not suitable for small containerized
units . This study was conducted to investigate
the use of a relatively simple indirect freezing
process. Indirec t process means that the
refrigerant does not contact the water being
processed. All previous processes have used direct
contact of the refrigerant with the water . An
indirec t process eliminates all of the steps
involved with deaeration of the feed , stripping of
refr igerants from effluent s treams and removing
non-condensibles from the process that cause
direct contact freezing processes to become
complicated. Indirect processes have been used
to a limited extent in the food , Dharmaceutical ,
and chemical industries for the produc tion of
such items as coffee and paraxylene . A schematic
is shown in Figure 1. The basis of the freezing
process is that when an ice crystal is frozen from
a contaminated solution, the ice crystal formed
is pure water excluding all impurities . The process
consists of a feed heat exchanger where the feed is
cooled to near its freezing point , a freezer where
ice is produced , a wash column to purif y the ~cecrystals , a melter to melt the ice crystals and
recover the water and a refrigeration system to
accomplish the cooling . Except for the freezer
all of these components have been developed for
other freezing processe s and do not require
extensive development.

In order to complete the work on this contract ,
work was primarily directed to these activities :

o Developing a computer model of the process.

o Heat trans fer studies and design of the
freezer .

o Equipment selec tion and preliminary design of
a system .

o Sensitivity study of the resulting process.

The computer model has been used to select the
optimum size for the feed heat exchanger , freez ers,
melter and heat rejec tion condenser , geometry of
the freezers and flow rates through the freezers .

Three modes of heat transfer were investigated for
the refrigerant in the freezer ; nucleate pooi boiling,
forced convection boiling and sensible heat transfer .
Sensible heat transfer with high circulation rates
has been found to be the most efficient. Two types
of freezers were investigated:

3
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(1) Scraped surface heat exchangers

(2) Plain tube exchangers .

The scraped surface type would eliminate ice build-
up on the heat transfer surface by continuously
removing it mechanically. These exchangers are
commonly used in the chemical process industries
for heating and cooling viscous solutions and in
crystallizing applications . The costs of
commercially available units is prohibitively
expensive for desalting however , so a scraped unit
has been designed esp ecially for this application .
Cost of this unit was still significantly more
expensive than a plain tube unit. Three types of
plain tube freezers have been considered; shell
and tube heat exchangers with defrosting or
ultrasonic vibration to prevent ice accumulation
and fluidized beds with ceramic or metal beads to
prevent ice buildup . The ultrasonic and fluidized
bed systems have never been tested , but some test
work has been done on a defrosted cycle system .
This study was expanded to include evaluation of
the defrost system . This system uses six freezers
opera ting in parallel , allowing defrosting one of
them at a time . Tests have been conducted (by
others) demonstrating that the period between
defrost cycles can be quite long (hours) and that
the defrost cycle is short (a few minutes).

Pumps, compressors , controls , heat exchangers , and
other standard equipment have been specified and
priced. A design was completed on a wash column
that will fit in a container. Equipment arrangements
were made to show how a 20 ,000 gpd plant would fit
into a 8 ft. x 8 ft. x 20 ft. ANSI container . Plants
with either type of freezer would fit , however
space cons traints limi ted the scraper type to 18
freezer modules .

Sensitivity studies to determine opera ting capab ilities
were conduc ted over a feed salinity range of .57~ to 57~
and a temperature range of 40°F to 100°F . The
extremes of power and capacity over the entire
range was from 19 ,000 gpd to 22 ,600 gpd and from
59 kw-hr/kgal. to 94 kw-hr/kgal.

Feed strainers are included in the system and the
only limit on suspended solids is the quanity that
the fil ter can handle. Solids below the size
removed by the filter will not effect the process.
The only pollutants that will not be removed by the

5

~~~~II.IL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  ~~~~~~~~~~ - -.- - —_-- - . .... .. ~ - — ~~~~~~~



r - . .  

~

- - --.-- ----- . - - - - -

process are those that are mixed or dispersed (as
opposed to dissolved) in the feed water and have an
affinity for ice such that they will not be washed
off of the ice . The exact quanity of oils that
can be tolerated in the feed is unknown , in that
no testing of this type has ever been conducted.
It is estimated that quanities of at least five
and probably ten ppm can effectively be removed .
Higher quantities than that which can be washed off
of the ice will not impare the operation , but will
be carried through the process and be contained
in the melt.

5;



2.0 INDIRECT FREEZING PROCESS

Freezing as a desalination process offers several
advantages over processes currently used.

o Absence of pretreatment.
o App licability to a wide variety of solutions

without modification .
o Reduced corrosion due to low l emperature

operation .
o Low power consumption compared to evaporative

processes .

Freezing processes that have been developed for
desalting ’ are relatively complicated and not
suited for use in a small containerized unit. The
complications arise out of the advantages of these
processes -- direct contact freezing. Direct contact
freez ing leads to very low power consumption and
absence of scaling ; however , it requires deaeration
(for vacuum processes) or stripping (for secondary
refrigerant processes), a non-condensibles system ,
and causes the compressor to be exposed to a very
corrosive environment.

Indirect freezing does not have these disadvantages
but it still maintains all the above advantages of
freezing processes . The penalty is the addition of
heat transfer surface and an increase in the power
consumption . The major advantage is a far simpler
process.

Even with these penalties , the process can be competitive
with other competing desalting processes . The heat
transfer surface is comparable to that of a vapor
compression or NSF evaporation process and the power
consumption is similar to that of a vapor compression
system .

The process , as are all freezing processes , is based
on the fact that when ice crystals form from a solution ,
the crystals are pure water , excluding all impurities.
However , they are coated with a concentrated brine
of the sea water from which they were formed. Thus ,
in addition to freezing, two other major steps are
required for a freezing process - - washing the brine
off of the crystals and melting the ice to form a
useful product. Other steps are required to grow
the crystals so they can be washed and to recover tF~eenergy required to freeze the crystals.

1 Barduhn , A .J., “The Status of Freeze Desalination ” ,
CEP , 71 (No. 11), 80-87 (Nov . 1975)
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Figure 2 shows the schematic of the indirect freezing
process used in this study .

Feed enters the system through a dual filter system
which removes particles that might clog the syster’i .
The feed passes through a plate heat exchanger where
it is cooled to within a few degrees of its freezing
point by the outgoing melt and brine . The feed sea
water is then mixed with recirculating brine and
ice crystals . Recirculation thru the freezer is
required for several reasons :

o To provide seed crystals which can grow and
reduce nucleation on the tube walls

o To maintain a high velocity which :
- provides good heat transfer coefficients
- reduces temperature difference between

the wall and brine and thus limits
nucleation and crystal growth on the wall.

- Provides turbulence which tends to limit
ice formation on the tube walls .

Although two types of freezers were considered ,
the scraped surface and the multiple section
defrosted freezer , both are functionally similar .
A refrigerated jacket surrounds the tube through
which the ice slurry flows . Evaporating refrigeran t
removes heat from the slurry forming more ice.
The ice slurry is transferred to the wash column
where the adhering brine is removed , while the
refrigerant vapor is compressed and condensed in
the melter , where it melts the washed ice.

Both types of freezers depend on high
velocities to scrub the surface , recirculation of
ice to provide nucleation sites and low temperature
differences to minimize or eliminate the build up of
ice on the freezer surface. In the scraped surface
unit the scraper is used to insure that ice build up
is minimized. In the defrost type the refrigeration
suction is always shut off to one of the several
sections while the relatively warm feed flows through
that same section causing any ice which has
accumulated to be melted.

9
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The wash column has been developed and used in seve ral
f reez ing  processes . It consists of a vertical
cy lindrical vessel with screens located about half
way up the column through which the brine is removed ,
a scraper at the top of the column which removes the
ice and a wash water distribution system at the top .
Ice enters the bottom of the column and consolidates
into a porous pis ton which is propelled upward by
the flow of br ine  through the piston (not by bouyançy).
The br ine  ex it s  at the screens , the piston continuing
upward with  the m a j o r i t y  of the brine drained of f  due
to grav i ty  f low . Wash wa te r  is appl ied to the top of
the column which di sp laces  the remaining brine .

The ice is scraped o f f  the top of the column and
f l u id i zed by a r e c i r c u l a t i n g  melt  flow . The ice is
c i rcula ted  through a shel l  and tube heat  exchanger
wi th  the ref r igeran t from the freezer , having been
compressed , condensing on the outside of the tubes
causing melting of the ice . The melted ice and
concentrate from the wash column are pumped out of
the system through the feed heat exchanger , thus
cooling the feed.

F Due to lack of closure on the feed heat exchanger
and heat input to the process due to pumps , compressors
and ambient losses , there is not sufficient cooling
capacity in the ice to caus e all the refrigerant
to condense at a temperature near the melt ing point
of ice. In order to efficiently condense this
refrigeran t a heat rej ection system is employed
uti l izing a compressor to increase the pressure of the
uncondensed (excess) refrigeran t to a su f f i c i en t ly
hi gh pressure that it will  condense on ambient sea
water .

A chlorination sys t em is provided to chlorinate the
product and feed lines . Chlorination of the product
is used to insure bacteriological pur i ty  of the
product. The feed lines to the system must be dosed
periodically to prevent any growth of organisms in
the feed system which would eventually grow and block
the feed lines to the system .

10
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3.0 EQUIPMENT DESCRIPTION

3. 1 Materials
Because of the intended applications for this unit ,
material selection is very stringent. A very
conservative selection of materials has been made ,
so that the desalting unit can operate with any type
of feed whether it contains large amounts of heavy
metals , various pol luted waters , including H 2 S , or
the high chloride content of sea water . This
precludes the use of aluminum , copper alloys or
stainless steels up to and including 316 for heat
transfer surfaces . A relaxation of this criteria
would have significant impact on the cost .  The feed
heat exchanger is constructed of t i tanium , the freezer
and condenser have 26-1 stainless tubing and the
melter , which is only in contact with melt and
refrigerant is 316 SS. For vessels that have thicker
sections the corrosion impact is not significant and less

- - costly materials can be used. Therefore , all vessels are
constructed of epoxy coated mild s teel .  26-I  is
a relatively new stainless that has been developed
to resist pitting and crevice corrosion in chloride
environments and is superior to 316 in this respect
while not as costly as alloy 20. Copper nickel
was not selected because of its poor performance
in polluted waters , while aluminum is subject to
attack by heavy metals . Aluminum has been demonstrated
to be a suitable material for desalting processes
operating at low temperatures , below 140°F , with
over a 100 plants in operation using 5052 aluminum
tubing for evaporators . The use of this material
in a freezing plant for a “normal” sea water
application would significantly reduce costs and should
be considered when comparing the costs of this plant
with other processes .

3 .2 Feed Strainer
— A duplex strainer with automatic backwashing is

provided in the feed prior to the heat exchanger to
prevent dirt and debris from entering the system.
Although the system is not especially susceptible
to suspended solids , it is good prac tice to prevent
them from entering the system where they can silt
out and eventually clog any orifices. Tube type
strainers , available from several manufacturers ,
have been used. They are specified with 40 mesh
screens of monel construction .

3.3 Freezers

3.3.1 Defrost Cycle Freezer. This freezer is the preferred
embodimen t of the process because of its lower power
consumption and capital cost. This freezer (Figure 3)
is a shell and tube heat exchanger divided into six
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longi tudinal  sections , f ive of which  would be
freezing at a given time while the other is being
defrosted . To accomplish the defrosting the
refrigerant line from the freezer to compressor
(suction line) would be shut off during the defrost
cycle so that no heat could be extracted from that
section . At the same time the feed to the freezer ,
which exits the feed heat exchanger at 33.4°F , (4.8°F
above its freezing point of 28.6°F), would be routed
to the section of the heat exchanger that is being
defrosted. Figure 4 shows the valving requirements .
The sensible heat in the feed would remove any ice
that had accumulated on the tube surface . The heat
exchanger contains 432-1 in. tubes , 9 ft. long; 72 in each
section . The tubes are 26-1 stainless while the
shell is carbon steel . Refrigerant is recirculated
through the tubes to obtain high heat transfer rates.
(See discussion of heat transfer in Section 5.)

3.3 .2 Scraped Surface Freezer. Scraped surface heat
exchangers were considered for freezers because
they are an existing piece of commercial equipment
and have been used to a limited extent for producing
ice. Extensive literature research and contact
with vendors revealed that this type of freezer is
very expensive and its design quite inexact. A
des ign was prepared which should be more suitable for
high volume production than commercially available
scraped surface units. A drawing is shown in
Figure 5. Chrome plated nickel tubing was found to
be used by others and to be cos t effective for
the design . The relatively high thermal conductivity
of nickel is sufficient to justify the use of a high
cost material. A rotor with teflon scrapers was
chosen for its simplicity and less likelyhood to
cause scoring of the chrome finish. The teflon
blades also act as bearings and a simple free end
bearing des ign could be used . Geometry of the rotor
and annulus were determined with the aid of the
computer program . The results indicated that as
small an annulus as poss ible should be used for
both the rotor clearance and the refrigerant annulus .

3.4 Storage Tank
In order to provide residence time for growth of the
ice crystals a storage tank has been included in the
slurry recirculation loop , such that the average
residence time for a crystal is 3 minutes. Retentirn
times of 3 minutes have been used with several freezing
processes to produce ice crystals of 200-300 micron s--
a size known to be washable in a wash column . Storage
consists of an annular section located around the
wash column plus 8 in. piping connecting the tank , pump
and freezer. The crystals are kept in suspension by

13

_ _ _ _ _ _ _  ---~~~- — — ~~~~~-~~~~~ - ---- -~~~~ 
- -- -



-—  — -—— ~~~~~~~~~~~~~~~~~~~~ 
.
~~~~ 

PL A I N  TUBE - D E F R O S T I N G - FREEZER FLOW SCHEMATIC

FIGURE 4

~~~~~~~~~ 

FREEZER f —

— 
FREEZER 

F 
— _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

- - - REFRIG ANT

— 
~~~~~~~~~~~~~~~~~~~~~~ 

VA~ 9R 17
~~~~~~~ NSER

SEAWATER — _______  ______________

FEED 
_____

~~~~~~~~~ REE ~E R } 4

___________  — J EFRIGERANT
____ 

LIQUID

- 

— 

~~~~~ 
FREEZER 

-

— 

FREEZER 
F

RE CJ~~C U LATI

RECIRCULATION PUMP

14

~

- :-

~

-

~ 

~~~ -~~~~~- -~~~~~~~~~~ - -~~~ —.-—~~~~~~ -~~~~~~~~~~~
- - - - ~~.- - - - - -- --~~~~ .~~~~. . —-~~--- -



r 0
3L~JiQR YJive-Er

1~~~~~~~~

= i

~~~~~~~~~~~~~~~

— 

~ii~~~
_ _ _  

_

~~
_ 

rt _ _ _

P ~IL~~~~~—  - -- ----)T-- -- -

~ ~~~~~~~~ 
-

~~~~~~~~~

- - -

~~~~~~~~ H- ~~~ 
PEFRJ6ER~ NT

— _ _ _ _  

INLET

- ~~~ CIIARRETTE PRO-FORM ~3OP , PRINTED ON 920H CHARPR INT VELLUM 

.----- ~-- - .- -- .— - -



- - 
- 

--.__ _ -— _ ——---  
- T . 

~

- -

15

,-OUTUQ ro~& r REFRIGERANT LI#9CkET

/ /

/ I c- FREEZER ‘9NAIL/LLIS
I r / N NE R  TV8E / 

I

/ / REF~~/GE~~~~~T 

-
I

-
. 

/ I 
/ 

Ou TLET
I 

— 
/ 

_ _ _ _ _  ~~~~~~~~~~~~~~~ -----1
—~~~ _ _  - 

_ _ _ _ _ _ _ _ _  

z~~- ~~~~~~~~~~ •
___________________ ________ - ..L ‘

~

W+(E .~~ ~_ --

~~~~ 
\ - - -  —- 

~~~~~~~~~ _ _  ~I 
_ _ _ _ _

?~~~~

--  -. - _________ - 

_ _ _  

--

_11

~~~~~~~~~ _ _ _ _ _  

_ 
_ _  

_

H
~ERAN7
‘7 I

-_ _  1 __

SLUdQIQY

CONCEAl TRI? T/OAJ 5P(C/ ~9L / STS, TA/ C.
ANDOVER , M’9 SS. 

_ _ _ _ _ _ _ _ _ _

SCALE: ‘ ‘ J APPROVED BY LIhAWN BY A. 0. P
DAT E:

FREEZCR L,~? YOL/ T
DRAWING NUMBER

FIGURE 5 j SK-/0 27 

- --- - -- --. ~~~-- - - ---- - ------- --- -- - - -- ~~~~~~~-- -  -



- —-- —-~~~~~ - - - -~~—- ----- -—- - - - - 
- ::.~~~~~~~~i~~~ 

- -

maintaining a velocity of at least one ft. per second
throughout the recirculation ioop . Tests made with
other freezing systems have shown that this velocity
is sufficient to keep the ice crystals in suspension
rather than floating to the top of the pipe.

3.5 Wash Column
A 5~ ft. ID, 7 ft. high, epoxy coated vessel
is provided for the wash column as shown in Figure 6.
Ice slurry enters the bottom of the column through 4
tangential nozzles located at the mean diameter of
the column . Brine is removed through 7 brine
drainage tubes , one in the center and the other 6
located on a 50 in. circle. The drainage screen consists
of a series of 1/8 holes drill ed in PVC pipe about
midway up the colur!n . A scraper at the top of the
column cuts th~ ice and moves it to a tangentialoutlet on one side of the column where it is
mixed with a recirculating flow of melt and pumped
to the melter . Wash water is distributed from a
rotating header located behind each cutter blade .
The slurry retention tank referred to in Section 3.4
can be seen around the lower portion of the wash
column .

3 .6  Melter
The melter is a conventional shell- and- tube condenser .
One inch 316 stainless finned tube is used to condense
the refrigerant. An overall heat transfer coefficient
of 82 BTU/hr-ft.2-°F was calculated. This gives a
condenser containing 232 tubes , 10 ft. long with a
finned area of 1,339 f t . 2

3.7 Compressors
An extensive evaluation of compressors was made and
it was found that reciprocating compressors were
the most efficient in this size range . Screw
compressors were considered , but in this size range
they are not as efficient or compact as either
centrifugals or reciprocating types . Al though
reciprocating compressors are more efficient , they
are larger than centrifugals and therefore because
of packaging considerations a centrifugal has been
used for the main compressor with a reciprocating
heat removal compressor . This is a significan t
cost penalty since the centrifugal costs about three
times as much as a reciprocating type. Specifications
for the compressors are given in Figures 7 and 8.

During start up, the main compressor is by-passed and
the entire refrigeration load taken by the heat
rejection compressor . For this reason and to have
better control of the process the heat rejection
compressor is sized at about twice its required6
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MAIN COM PRES SO R

DESIGN CONDITIONS

Type of Gas R—22 Flow ACF’M 255

Relative Humidity % 
___________ 

Mol e wt. 86.5

Spec ific Heat Ratio 1.283 Compressibility Factor 
____

Inlet Pressure PSIA 47.5 Inlet Temperature °F 10

Discharge Pressure PSIA 83.2 Discharge Temperature °F

Coolan t 
__________ 

Coolant Flow 
____

Coolan t Press ure PSIG 
____________ 

Coolant Temperature °F 
_________ -~

Req uired Horsepower 
___________ 

Speed RPM, Pinion

Driver Horsepower - Speed RPM, Mo tor

Ref: Letter of June 21, 1977 FIGURE 7
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HEAT R E J E C T I O N  COMP RESSOR

DESIGN CONDITIONS

Type of Gas R—22 Flow ACFM 92

Relative Humidi ty % 
__________ 

Mole wt .  86.c

Specific Heat Ratio 1.35 Compressibility Fac tor 
__________ -

Inlet Pressure PSIA 81.8 Inlet Temperature °F 
___________

Discharge Pressure PSIA 177.9 Discharge Temperature °F __________
Coo lant 

____________ 
Coolan t Flow 

____________

Coolant Pressure PSIG 
___________ 

Coolant Temperature °F

Required Hor sepower 
___________ 

Speed RPM, Pin ion 
___________

Driver Horsepower 
____________ 

Speed RPM, Moto r

The compressor must be able to operate (at reduced capacity) at the following
condition when the condensing temperature is higher than average .

Inlet Pressure — 81.8 psla
Discharge Pressure— 225.5 psia

The compressor must be equipped with some sor t of capac ity con trol to permit
varying the capacity to between 25 and 40% of the nominal design capacity.
Depending on the type of compressor this could be accomplished by means such as
inlet guide vanes, bypass, cy linder cut outs , or speed control.

Re f Le tter of June 21, 1977

FIGURE 8

_ _ _  .
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capacity during steady state operation . Reciprocating
compressors are good for this type of application
since with cylinder unloading they operate nearly
as efficiently at part load as they do at full load .

3.8 Heat Rejection Condenser
This condenser is a plain tube condenser , because
26-1 stainless steel is not available in a finned
tube design . The condenser has 373 3/4 in. tubes 10 ft.
long for an overall area of 732 f t . 2 This condenser
is oversized relative to its norma l leading bec ause of
a higher loading during start up.

3.9 Pumps
Standard close coupled pumps are used in the system .
The feed pump will be of alloy 20 construction , while
the other pumps in the system have cast iron casings
with 316SS trim. Experience has shown that for
pumps and other equipmen t with heavy w a l l s,  cast iron
is an acceptable material as long as the temperature
is low . All pumps will have mechanical seals .
Specifications for the pumps are given on Figure 9 .

3.10 Chlorination System
The chlorination system consis ts of two chemical
feed pumps mounted on a 30 gallon drum feeding a
concentrated hypochlorite solution . One pump t rea ts
the melt and the other is used for the feed system .

3.11 Controls and Instrumentation
Controls have been simplified to the greates t exten t
so that operation of the system is as simp le as
possible. Self contained regulators have been used
wherever possible to simplify the system and reduce
maintenance prob lems . Levels are controlled by floa’
operated control valves. Conventional electronic
controllers are used to control the wash uater and
slurry flow . The capacity of the heat removal
compressor is controlled by sensing the temperature
of the melt and unloading compressor cylinders at
various temperatures . A list of controls is given
in Table I.

p The system will automatically shut down ir~ case of
equipment or system failure. Sensors are included
to determine when any malfunction occurs and an
annunciator to indicate where the malfunction is
located. A list of alarm points is also given ir.
Table I.

Start up and shut down of the system is controlled
by a single start/stop button . A rrogrammable iog ic
controller (PLC) is used to sequence events so that
no operator intervention is required during start up.
A manual mode is also provided for trouble shooting
so ~ -at individua l components can be c~perated.

21
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PUMP S P E C I F I C A T I O N S

t pump Identification FEED—lOb RECIR.—1020 4 REFRIG. —1030 CONC..4040
No. of Pumps 

— _______________ ______________ _______________ ____ -—

Manufacturer 
____________ ________________ ________________ _____

~ yp~ of Pump _______________ ______________ —

Li~ uid Pumped 3.5% Sea H 20 7.5% Sea H 2 0 Freon 22 T3% Sea H2dH

_~es~~~ption (Slurry, etc.) Clear 20% Ice Fracti~n Clear
Ten~~~~ature — °F 45—85 24.4 8.3 24.4
Suction_Pressure 

________________ ________________ ________________ _________

S.C./Viscosity 1.030/1.397 1.034/ 1.344/ 1.054/

Performance — GPM 
- 113 518 1696 81.2

‘ TDH—Req ’d—Ft. 80 23 7.6 
-— 

68
NPSH—Avail—Ft . 

_______________ ______________ _______________ _________-

BHP—Op . Cond . 
_______________ ______________ _______________ ____ -—

Curve Number 
_____________ ________________ _________________

Impeller_Dia./Max. 
______________  _____________ ______________  _________

Size—Suct. x Disch. 
________________ ________________ ________________ — —_____

Ma ter ia is _________________ ________________ -________________ _______

- 
Casing —_____________ 2Ocb—3 - C.I. — C.I. — C.I.
Rear Cover 2Ocb—3 C.I. C.I. C.I. 

_____

InipelleL_ 
______________ 2Ocb—3 316 5.8. C.I. 316 S.S. _..__

Shaft/Shaft Sleave 
______ 

2Ocb—3 316 S.S. 316 S.S. 316 S.S.
Seal Hardware 2Ocb—3 316 S.S. 316 S.S. 316 S.S.
Seal Seat Ceramic Ceramic Ceramic 

—

Seal Ring Carbon Carbon Carbon Carbon
Seal Elastomer 

_____ _________ ______________ _____________— — -i
Notor p

~~ H~ rsepower/ RPM 
______________ ______________ ______________ ______

Frar~e_________________________ __________________ __________________ __________________ _______________

Ph/Cycle/Vol ts 3/60/208 
— 

3/60/208 
- 

3/60/208 3/60/208

~~ Type 
— _ _ _ _ _  — _____________  _____________  _____________  _____________

L±~ 4~~ion F F F F

Cou2 l in g — M f g. —Type 
________________ ________________ ________________ ________________

T o t a l _ L n i t  ~~t .

(
~~

r
~~

ents: 
—

___________________________________________________________________ —______________

FIGURE 9
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PUMP SPEC IF ICAT IONS C o n t ’ d

Pump Identification 
- 

MELT—l050 W—C—b060 
______ ____

No. of Pumps 1 1 4 -

~~~~~~~~Manufacturer 
________________ ________________ ________ _____

Type of Pump 
______________ ______________ ______

_ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _

Liquid Pumped 
— 

Fresh H20 Fresh H20
Description (Slurry, etc.) Clear 5% Ice Fractioi 

______ _____ ____

Temperature — ° F 34 32 
______ __________

Suction Pressure 
________________ ________________ ____________—

~~~~~

S.C./Viscosity 1.0017/1.34 .997/ 
— 

I 

—

Performance — GPM 14.2 265 
_______ -

TDH—Req ’d—Ft. 33 19 
_______

NPSH—Avail—Ft. 
________________ ________________ ________

BHP—Op . Cond . 
______________  _____________ ______ 

—r
Curve Number 

_________________ ________________ ____________

Impeller Dia./Max. 
______________  _____________ __________ -—

Size—Suct . x Disch .  
_________________ ________________ ___________

Materials 
_________________ ________________ ____________ -

Casing 
______ 

C.I. C.I.

~~~, Rear Cover C . I .  C . I .
Impeller 

-~~~~~~~ 316 S.S. 316 S.S. __________ —— _______

S h a f t / S h a f t  Sleave 316 S.S.  316 S .S .  _______________ —

Seal Hardware 316 S.S. 316 S.S. 
__________ ______

Seal Seat Ceramic Ceramic 
________________________

Seal Ri ng 
— 

Carbon Carbon 
________________ ___________

— 
Seal Elas tomer 

_________________ ________________ _________________

_____________— -_______ _ _ _ _ _ _ _ _  
________

Horsçp~~~ r /  RPM 
______________  _____________ ______________

Frame 
_________________ ________________ _________________

Ph/cycle/Volts 3/60/208 3/60/208 
____________ ~~~~~~~~~~~~~~~~ -

Type 
_______________ _______________ ____________ _________ _____

Insu la t ion F F 
____________ __________________ _________________

Coup ling—Mfg .—Type _______________ _______________ _______________ _______ _______

Tota l  U n i t  Wt .  
-

‘Comments:

23 
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The PLC is also used to contro l the def ros t ing  cycle ,
the feed f i l t e r  backwashing , and feed sys tem
chlorination .

Instrumentation is provided to monitor the conductivity
of the melt , significant process pressures ,
temperatures , and flows as indicated on Tab le I .

TABLE I

CONTROL SYSTEM

Control Loops
FRi - Feed Flow - Flow regulator
PR 1 - Condenser cooling water flow - Pressure actuated flow

regulator
PR2 - Recirculation pressure - Pressure regulator

• LC1 - Brine level in wash column - Float operated valve
LC2 - Melt level in f luidizing chamber - Float operated valve
FIC1 - Wash water - Electronic process control loop
FIC2 - Slurry flow - Electronic process control loop
TIC1 - Heat Removal Capacity - Temperature actuated cy l inder

unloading .

Alarms
Pump pressure (5)
Compressor ~P (2)
Compressor ~T (2)
Compressor oil pressure (2)
Compressor cooling water temperature (2)
Melt conductivity
Melter level
Filter t~P (2)
Scraper rotation

Instrumentation
Pump pressure (6) Feed temperature
Fi l ters  pressures (2)  Heat exchanger cold temp . (3)
Feed heat  exchanger (3) Freezer temperature
Wash column pressure Cooling water exit
Melter  pressure ( ref r igerant)
Freezer Pressure ( “ ) Feed flow
Condenser Pressure ( “ ) Melt flow

Brine flow
Melt conductivity

24
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3.12 Packaging
Figures 10 and 11 show the arrangement of the equi pment
in a container . Both arrangements are quite similar .
The wash column dominates one end with the control
center along side . The freezer is located on the
side on the other end (with access doors). The
mechanical equipment is located along side the freezer
with the melter and condenser above the freezer.
Doors are provided for access to the motor control
center . On the scraped surface unit another door
is provided for access to the scraper drive .

The total weight of the defrosted freezer is
estimated to be 42,150. Weights of the individual
compon ents are given in Table II .

TABLE II

WE IGHT OF SYSTEM
POUNDS

Feed Heat Exchanger 2 ,800
Freezer 8 , 700
Wash Column 6 , 200
Melter 5 ,000
Condenser 3 , 100
Feed Filter 260
Flash Chamber 300
Heat Rejection Compressor 1,770
Main Compressor 2 ,480
Pumps 2 ,360
Chlorination System 70
Motor Control Center 2,650
Process Controls & Instruments 600
Insulation 660
Piping , Control Valves 1,200
Container 4 ,000

42 ,150

The scraped surface f reezer  assemb ly would wei gh
about 11 ,500 lbs. thus adding 2,800 lbs. to the
above weight for a total of 44,950. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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4.0 COSTS OF INDIRECT FREEZING SYSTEMS 
-

The cos ting of the indirect freezing systems was
based primarily on vendor quotes or vendor estimates
for spec i f ic  equipment for most components . Other
costs are based on quotes for s imilar  equi pmen t or
engineering estimates for similai~~app 1ications . A
cost sunniiary and source of the cost data for the
equi pmen t is given in Table III. These cos ts
should be considered as “study ” accuracy with an
accuracy of ±257~. 

From this ircan be seen that
the defrost cycle freezer has a tremendous
advan tage , the scraped surface unit costing more
than 50% more than the defrost cycle system .

Although these costs are high they are for a system
made of premium ma terials , tightly packaged in a
container. A system ma-dc of more conventional
materials and skid mounted might cost $50 ,000 less.
Also this system includes a feed pump , filters ,
and chlorination system which add over $10 ,000 to
the cost. These costs are also for the first of
a kind and further reductions would be expected
in production units .

~aintenance costs are tabulated on Table IV. These
costs are qui te speculative since a unit of this
type has not been built. The system is composed
of relatively simp le p ieces of equipmen t and should
b~ easy to maintain without any special knowledge.
Based on exp~?ience these costs should be
conservative , assuming a mature design . No
differen tiation was made for the scraped surface
uni t , bu t it would be expected to have higher cos ts
due to the ~dded mechanical comp lexity of the
freezers . Power costs are also much more favorable
for a defrost cycle system . The horsepower for
the two systems are 76 and 175 hp (77 and 178 kw-hr/
l,000~ gal. , assuming a motor efficiency of 87’~) . At
an opera ting factor of 83.3% and electrical cost
of 3.5ç/kw-hr this is a difference between $49 ,498
arfd $70 , 833 per year between the defros t cycle and
the scraped surface freezers .

~Opera t ing labor , should be limited to that required
to check out the unit , start it up and inspect
it every 4 to 8 hours to see that everything is
opera ting satisfactorily. In most environments
this labor would be shared with other types of
equipment being operated. Thus , the equivalent of
one full time operator has been assumed for the
opera t ing labor.

I
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TABLE III

COMPONENT COSTS

DEFROST SCRAPED
SOURCE ( 2 )  CYCLE SURFACE

ITEM NO. ITEM OF COSTING SYSTEM SYSTEM

100 Feed Heat Exchanger VQ $ 20 ,150 $ 20 ,150

200 Freezer EE 31,125 155 ,560

300 Wash Column VE 10 , 500 10 , 500

- 

. 400 Melter EE 25 ,700 25 ,700

500 Condenser EE 12 ,900 12 , 900

700 Dual Feed Filter VQ 4,925 4 ,925

• 800 Flash Chamber EE 800 500

900 Heat Rejection Coinp . VQ 2 ,906 2 ,906

910 Main Compressor VQ 16 ,700 16 ,700

1000 Pumps VQ , SE 13 ,600 13 ,600

1200 Storage Tank (PVC Pipe) yE 805 805

1300 Chlorination System VE 945 945

1800 Motor Control Center VQ 7,000 7 ,000

1900 Process Controls & Ins t .  SE 20 , 153 20 , 153

2500 Container VE 11,200 11,200

2600 Control Valves VE , SE 10 ,124 2 ,372

3000 Insulation EE 7 ,500 7 ,500

5000 Piping EE 8 ,900 8 ,900

TOTAL EQUIPMENT COST TO
CONCENTRATION SPECIALISTS $205 ,633 $322 ,316

HANDLING CHARGE @2l7~ 43 , 182 67 , 686

ASSEMBLY CHARGES EE 29 , 570 35 , 065

TOTAL COST $278 ,385 $425 , 067

(~) Same number that appears on system schematic Figure 2.
( 2 )  VQ — Vendor quote

VE — Vendor estimate for specific equipment
SE — Vendor quote or estimate for similar equipmen t
EE — Engineering estimate 
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TABLE IV

MAINTENANCE COSTS

HOURS MATERIAL

SCHEDULED MAINTENANCE
Scheduled inspection , replacement

of pump seals , 8 hrs ./pump once
per year - - 6 pumps 48 $ 900
Material 6 seals @$150.O0

Scheduled inspection/repair of
refrigeration compressors :

- Centrifugal 32 150

- Reciprocating 64 400

Annual checkout , calibration of
controls and instruments 40 100

General Inspection and minor repairs
of system during shut down 40 500

General painting and cleaning 80 200

Routine inspection/maintenance - -
weekly by operators - -

TOTAL SCHEDULE MAINTENANCE 304 $2 ,250

UNSCHEDULED MAINTENANCE
5% of original assembly labor 100
1% of original equipmen t cost S2 ,500

TOTAL MAINTENANCE 404 $4 ,750
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The only chemical cost is for hypochlori te to t rea t
the feed and melt .  A dosage of 2 ppm on a
continuous basis for the melt and 5 ppm for 5 minutes
every 8 hour s for the feed , has been assumed .
Hypochiorite is assumed to cost 6l~ /1b .

Table V summarizes costs on a current annual
operating cost basis and Table VI does the same
on present value life cycle basis . For the l i fe
cycle costs an equipment life of 10 years is
assume d , with 6% annual real cost growth for
electrical power , with an initial value of
electricity of $. 035/kw-hr . A one year lead time
is included in the l ife cycle calculations .

TABLE V

CURRENT ANNUAL OPERATING COST

PLAIN TUBE SCRAPED SURFACE
Electrical Cost at .‘~.O35 /kw—hr $ 16,476 $ 37 ,811
Operating Labor—i man @ $14,000 + 66% OH 23 ,240 23 ,240
Maintenance Labor—4O4hrs . @$9 . O0/hr .+66%OH=$15 .00/hr . 4 , 848 4 ,848
Maintenance Supplies 6 ,060 6 ,060
Hypochlorite—3021b.@$. 61/lb. 184 184

TOTAL ANNUAL OPERATING COST $ 50 ,808 $ 72 ,143

Annual Production at 83.3% Operating Factor 6,080,900gal. 6,080,900gal.
Operating Cost per 1,000 gallons $ 8.35 $ 11.86

TABLE VI

LIFE CYCLE PRESENT VALUE COSTS

PLAIN TUBE SCRAPED SURFACE
Present Value Electrical with 6% real growth/yr. $ 132,681 $ 304,492
Present Value Operating Labor Cost 136,210 136,210
Present Value Maintenance Labor Cost 28,414 28 ,414
Present Value Maintenance Supply Costs 27,840 27,840
Present Value Hypochlorite Costs 1,078 1,078
Present Value Equipment Costs 265,579 405,514
TOTAL PRESENT VALUE $ 591,802 $ 903,548

Present Production
— Annual Production x 10 60,809,000 60,809,000

Life Cycle Cost per 1,000 gallons $ 9.73 $ 14.86

L _ _  
_____________
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5 .0  ANALYSIS METHODS

Analysis of the indirect freezing system was conducted
primarily using a computer program which modeled the
various components of the process. This model was
used to determine optimum configurations for the two
f reez ing  systems studied , and then , with the optirmi rt
values fixed , sensitivity studies were conducted.
Before the model could be constructed two
preliminary analysis tasks were completed: (1)
determination of the heat transfer mode in the
freezer , and (2) determii’ation of the refrigerant
to be used. These two tasks plus a description
of the computer model are given in this section .

5.1 Heat Transfer Analysis.
Two types of heat transfer were studied -- forced
convection and boiling . Forced convection heat
transfer was analyzed using the Dittus Boelter
equation . (See Appendix A for equations referred
to in this section.) Using this mode of heat
transfer high velocities were required to achieve
good heat transfer coefficients , Fi gure 12. At high
velocities the pressure drop and corresponding pump
work was high so investigation into boiling heat
transfer was conducted to determine whether or not
improved results could be obtained.

The first type of boiling investigated was nucleate
pool boiling . While pool boiling of freon-22 can
give high heat transfer coefficients this requires
a higher temperature difference than is usable in
the freezer (Figure l3).* At low temperature
differences nucleate pooi boiling heat transfer can
be improved by superimposing a forced convection
effect (Figure 14) but this still does not raise
the heat transfer coefficient substantially above
what you get with forced convection sensible heat
transfer .

* The excess temperature in Figure 13 is the
difference between the wall temperature and the
saturation temperature of the boiling liquid.
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An alternative to nucleate pool boiling is forced
convection boiling . Forced convection boiling is
not the same thing as pool boiling with a forced
convection effect. Pool boiling with a forced
convec tion eff ect is simply a flowing liquid
undergoing nucleate pool boiling. Forced convec t ion
boiling is a term used to refer to a whole series
of regimes of which nucleate boiling may p lay onl y
a small part .  Correlations for forced convection
boiling only exist for specific fluids under
specific conditions and in specific geometries .
After a search of the available literature it was
concluded that the best relationship was one of the
forms proposed by Bo Pierre . (See Figure 15 and
Appendix A - Heat Transfer Equations). This
relationship is applicable to a reg ime where the
inlet quality is greater than 15% and the outlet
quality is less than 80%. Since the heat transfer
coefficient increases with change in quality the
optimum condition is for an outlet quality of 80%.
In order to use this relationship, however , we
must account for the process of raising the quality
to 15%. The most likely mechanism in this region
seems to be nucleate pooi boiling , which reduces
the overall heat transfer coefficient. From a
combination of Bo Pierre ’s relationship and nucleate
pool boiling an overall relationship was developed
(Figure 16). This relationship also gave a lower
overall heat transfer coefficient than forced
convection sensible heat transfer , at least with
the temperature difference in use in the freezer.
From this it was concluded that the analytical
results from boiling heat transfer would be poorer
than those from sensible heat transfer. Experimental
data would be necessary to further evaluate the
potential of boiling heat transfer .

5.2 Coolant Selection.
Data was gathered on several refr igeran ts and/or
coolants that could be used on the cooling side of
the freezer . A tabulation of properties is attached
(Table VII) . A parameter H~/~P was defined whichindicates the relative efficiency of each fluid.
Based on this , R-22 was selected as the most
desirable refrigerant.
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5.3  COMPUTER PROGRAM

A computer program has been created to simulate the
performance of the desalinator under various opera t ing
conditions. Given a number of input values , which
determine the inlet conditions output requiremen’s ,
and the opera t ing conf igura t ion , the computer then
determines  (he necessary f lows  and t e m p e r a tu r e s  .rnd
the resulting power requirements and cost of the
equipmen t that varies with operating conditions . This
program has been modified into three versions . The
f i r s t  version models a scraped surface freezer , the
second version models a plain tub e freezer , and the
third version performs a sensitivity analysis on the
plain tube freezer model. For the sensitivity analysis
all equipment parameters are held constant and only
the flows are allowed to vary .

The maj or components in the model are :

o Feed Heat Exchanger
o Freezer
o Wash Column
o Flash Chamber
o Melter
o Condenser
o Main Compressor
o Heat Rejection Compressor
o Pumps and Valves

5.3.1 Feed Heat Exchanger. The temperature leaving the feed
heat exchanger is calculated from its effectivess and
the inlet temperature and flow rates .  The pressure
drop is calculated from these same values and the heat
transfer  area is calculated from these values p lus the
U value . Heat exchanger effectiveness , inlet temperature ,
and feed heat exchanger U value are all input values.
Feed flow rate is calculated from output and yield ,
which are input values.

5.3.2 Freezer. The U value and pressure drop of the freezer
is calculated from the freezer geometry , brine flow
velocity, and coolant flow velocity . The power for
the brine and coolant recirculation pumps is calculated
from the flow rates and pressure drops in the freezer .
The coolant temperature required in the freezer is
determined from the freezer U value and the required
heat removal. For the scraped surface freezer scraper
power is calculated as a function of RPM .
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For the scraped surface fri. ~er the geometry consists of
two concentric annuli. The outer :i~:nulus is the cooi1~r.t
chamber . The inner annulus , which is formed b etwtier the
scraper shaft and the wall separating the inner and
outer annulus , is the brine chambe: . The scrape :
scrapes the inside of the wall sep~1 r a tin ~I. the two annul

l V i  the  J ) 1 1 1 ~~~ 1 t i h ._ ’ I ~~4 - ~~- : ’ e I  I he ~~_ lIII, I rv . t h i l  I
shell and tube heat exchanger . A ithou 1 1 If l  p1 ac~~i Ce
the shell side will be divided in ’ o six separate cn.~rnhers
the computer models a s imp le shell and tube exchari~ er .
Results with a six cham ber exch anger are expecs~ed to
be similar .

inpu t  values for f r e e z e r  calculations are: :~.eonetry
parameters , brine flow velocity , and coolant flow
velocity (coolant f l ow  ra te  in the plain tube v e rsi o n~~.

5.3.3 Wash Column. The wash column was not  modeled exce:;t
that input values were given for the brine and prec1uc~
water pressure drops through the colurn .

5.3.4 Flash Chamber. The temperature in the flash chamber is
determined from the temperature of the coolant in the
freezer and the heat from the coolant recirculation
pump , which must be compensated for .

5.3.5 Melter. The U value of the melter is calculated from
the film coefficient of the freon (shell) side , ‘~‘h. ch
is an input value , the calculated tube wall resistance
and the water (tube) side film coefficien t , wh icb is
calculated from the water velocity and the tube ID.

The heat transfer area of the melter is calculated from
the heat to be removed by the water , the freon
temperature , the water exit temperature , and the U
value of the melter .

The pressure drop is calculated from the water velocity
and the tube geometry .

Input values are: shell side film coefficient , tube ID ,
water velocity, freon temperature , and water exit
temperature.

5.~~.6 Condenser. The ~ T v~ luc of the conden~ tr i~ calculate- ’
f~~~~ 1~~ film coefficien t of the freon (shelil side , whic h
is an input value , the calculated tube wall resistance ,
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and the brine (tube) film coefficient , which is
calculated from the brine velocity and the tube ID.

The heat transfer area of the condenser is calculated
from the U value , the quantity of heat to be transferred ,
the freon t emperature , the brine inlet temperature , and
he hr i t  a ~ x i t  t enipe r a t  U re -

The pressure drop is calculated from the condenser
geome try and the brine velocity .

Input values are : shell side film coefficient , brine
velocity, tube ID, freon temperature , and approach
temperature of brine in condenser.

5.3.7 Main Compressor. The flow required for the main
compressor is calculated from the heat to be removed
from the flash chamber and the flash chamber and
melter temperatures. The power of the main compressor
is calculated from the flow and the flash chamber
and melter freon pressures .

5.3.8 Heat Rejection Compressor. The power for the heat
rejection compressor is calculated from the flow
and the freon temperatures in the melter and
condenser. The heat to be removed by the compressor
from the melter is determined from the heat removed
from the flash chamber , the heat produced by the
main compressor , and the heat removed by the water
in the melter . The flow required for the heat
rejection compressor is calculated from the heat
to be removed from the melter by the compressor ,
the temperature of the freon in the melter , and
the temperature of the freon in the condenser.

5.3.9 Pumps and Valves. The power for the pumps is determined
by their flows and the pressure drops they must pump
through . Input values are given for valve size , and
the pressure drop through the valves is accounted for
in determining pressure drops for pumps . Inpu t ~alues
are given for the efficiency of the pumps and
compressors .

The above explanations have been given to give a general
idea of the operation of the computer program . They
are not rigorous explanations and many details of the
program have been omitted .

5.3.10 Present Value Analysis. The computer Drogram determines
costing , as well as performance , of the components that
change with operating conditions . This permits the
design to be optimized for cost as well as performance
The following is a list of the components which were
included in the present value analysis , along with
the form of their costing equations :
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Feed Heat Exchanger K 1 + K2 ~ Area
Freezer K2 * Area
Melter K 2 * Area
Condenser K2 * Area
Pumps K 1 + K-, ~~ Hp
Compressors K 1 + K 3 * Hp + K 4 Cfm

K 1 = Fixed cost for component
K2 Cost per unit area of component
K3 = Cost per horsepower of component
K 4 = Cost per Cfin of component

The present value analysis was programmed with an
assumed equipment life of 10 years , a 6% annual real
cost growth for electrical power and an initial value
for electrical costs of $.035 per kw-hr . All values
assumed for the present value analysis are at the
end of Table VIII.
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TABLE VIII

INPUT Y\LIJES FOR INDiRECT CONTACT FREEZE DESAL1NATOR PROGRAM

VARIABLE VAL UE -
~~~

--~ 

Outside Diameter of Brine Chamber 4.00 in.
Thickness of Wall S1-par~1tin U Brine and Coolan t Chambers .148 in. O.~~5— .250
Brine Chania- r A n n u lu s  Thickness .250 in .  . 12 5— .825
Number of Scrapers per Freezer Unit 2.00
Scraper Thickness .125 in.
Coolant Chamber Annulus Thickness .250 in. .125— .5
Roughness Height of Coolant Chamber Walls .0018 in.
Roughness Height of Brine Chamber Outside Wall lO~~ in.
Roughness Height of Shaft and Scraper Surfaces 250 x 1O~~ in.
Length of Freezer 9.0 ft.
Number of Freezers 12—20
Scraper Force per ft. of Scraper Length 60.0 lbs.
Scraper Speed 60.0 rpm.
Thermal Conductivity of Freezer Wall 35.0 (BTU/hr. — ft .—~ F) 8—40
t’low Fraction of Valves .600
Inside Diameter of Melter Tubes .745 in.
Roughness Height of Mieter Tubes 250. x 10_6 in.
Effectiveness of Feed Heat Exchanger .900 .800— .94 0
Velocity of Brine in Freezer 20.0 ft./sec. 2— 52
Inlet Temperature 68.0°F 40—100
Fraction of Wash Column Output Used for Washing Ice .050
Temperature of Water Coming out of Melter 34.0°F 32.2—36.0
Ice Fraction Leaving Freezer .150
Ice Fraction in Slurry to Melter .050
Salinity at Inlet .035 .005— . 050
Velocity of Coolant in Freezer 7.0 2—20
Temperature of Coolant in Melter 41.0 36.0—44.0
Approach Temperature of Brine in Condenser 5.0°F 2.0—12.0
Pressure Drop through Orifice at Flash Chamber Inlet

f r om Freeze r 2 .0 psi 0.0—2.0
Combined Pressure Drop through Cyclone and Filter 15.0 psi
Pressure Drop of Br ine through Wash Col umn 5.00 ps i
Capacity of Desalinator 20,000 gp d
Yield of Desalinator .500 .3— .8
Average Pressure Dr op of P ipes .500
Pressure Drop through Storage Tank 0 .0
Pressure Drop of Product  Water  through Wash Column 0.0
Thermal Conductivity of Melter Tubes 8.00
Thermal Conductivity of Condenser Tubes 9.40
Fouling Fart -r for Melter and Condenser Tubes .0005
Outside/Inside Area Ratio for Melter 3.07
autside/Inside Area Ratio for Condenser 3.38
Velocity of Water in Melter Tubes 5.50 fps 4 .0—12 .0
Nail Thickness of Melter Tubes .065
Wall Thickness of Condenser .065
ID of Condens er Tub es .495
Roughness Height  of Conde nser Tubes 250 * 1 0 6
Velocity of Brine in Condenser 10.0 fps 4.O—l n.O
Tempera ture Rise of Br ine in Condenser 11 .0° F 8. 0-14.0
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TABLE VIII

INPUT VALUES FOR INDIRECT CONTACT FREEZE DESAL I~~~TOT < PR OGR A M
(Continued)

VARIABLE VALUE ~A~~GE

Number of Velccity Heads for Brine Side of Freezer 2.00
Number of Velocity Heads for Coolant Side of Freezer 2.00
Coefficient of Friction of Scraper against Wall .300
C~ 

Val ue for Feed Valve 9 .00
C~ Val ue for Brine Slurry Valve 29.0
Cv Value for  Concentrate Outlet Valve 2.00
Cv Value for  Melt Outlet Valve 9.00
C~~ Value for Wash Valve 2.00
C~ Value for Main Coolant Valve 60.0
Efficiency of Feed Pump .600
Efficiency of Brine Recirculation Pump .800
Efficiency of Concentrate Pump .600
Efficiency of Melt Slurry Pump .600
Efficiency of Melt Pump .600
Efficiency of Coolant Recirculation Pump .750
E f f iciency of Main Compressor .610
Eff iciency of Hea t Rejec tion Compressor .610
Film Coefficient of Freon Side of Melter 220.
Film Coefficient of Freon Side of Condenser 220.
F Val ue of Feed Heat Exchanger 475.

COSTING INPUTS
Feed Heat Exchanger $/ft.2 37.00
Feed Hea t Exchanger Fixed $ 1,500.00
Pump Fixed $ 1,833.00
Pump $/Hp 203.50
Freezer $/ f t . 2 750.00
Melter $/ft.2 20 . 00
Condenser $/ft. 2 20 .00
Compressor Fixed $ 1,660 .00
Compressor $/cfm 30.00
compressor $/Hp 50.00
Project Lead Time 1.00 yr.
Economic Life 10.0 yr.
Differential Inflation Rate for Power .06
Days per Year 365
Hours per Day 20
Initial Cost per Kilowatt of Power $.035
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6 .0 RESULTS OF ANALYSIS
Optimization runs were made for both the scraped
surface heat exchanger system and the defrost cycle
system . A few of the more significan t runs are
presented in the next two sections. The program
had the capability of varying all combinations of
up to six parametera at a time . Normally, only
the lowest cost combination was retained for use.
However , some of the more significant variables
were printed out and these are the ones presented
in this section . Lowest present value cost for
power plus cap i tal cost for pumps , compressors and
heat transfer surfaces were the only cost elements
calculated for these optimization runs . Therefore ,
the present value cost listed on these curves
only represent these items and only serve as a
reference value .

6.1 Scraped Surface System.
One of the more important parameters is ~

Tb (brine to
wall temperature differencc-). ATb will be an iiaportant
parameter influencing whether ice will freeze to the
walls of the freezer. At high ~Tb

’ S the brine -~‘ould
have to be highly subcooled in oraer not to freeze
on the walls . In a turbulent flow stream only
relatively small amounts of subcooling are likely
to be present. Therefore, small i\Tb ’s are required.
Figure 17 show s the relationship ~m . tween and
brine velocity in the freezer . Above approximately
44 ft./sec. the heat input , due to pump work , becomes
so significant that lower ~T~s are not obtainable .
Velocities above 20 to 28 ft./sec. produce diminishing
returns in reducing ~Tb . A value of 24 fps has been
chosen as the design value . Whether the ~Ti~ associated
wi th this velocity is sufficiently low is unknown until
tests are conducted. If a lower ~T is required this
would indicate a greater area (or lower capacity) is
required .

As the number of freezer units are reduced the
becomes larger at a given volocity, because the hea:
flux is increasing (for the same capacity) . This is
shown in Figure 18.

Figure 19 shows although 24 fps brine velocity is
not optimum , the costs are not strong ly aff ected by
using such a high velocity . 

-

Figure 20 , Cost and Horsepower vs. Number of Freezer
U n i t s , is presented to show , that considering cost
only , the optimum number of freezer units is 12.
However , because of 

~Tb considerations more unitsare being used . Although this set of calculations
is for 24 freezers , 18 were used in the design becaus e
of packaging considerations .
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Since this number was not the optimum number of
freezers chosen by the computer program a final
scraped surface design run was made with 18 freezer
units . Input values for this run are given in
Table VIII. The most significant results are given
below :

o Present Value Cost ~L.7l ,976
ic~ nl Horsepower 174.6

o Brine to Wall Temperature
Difference 42.7°F

6.2 Plain Tube Freezer
Similar analysis was done for the plain tube f :€-~ zer.
Figure 21 shows the relationship between brine to
tube w~ ll temperature difference on horsepowei- ,
heat transfer area and presen t value cost. The
brine velocity was varied in order to obtain the
different temperature differences . input values
for this design , which are different from those in
Table VIII, are given in Table IX. Results are given
below :

o Present Value Cost $208 , 329
o Total Horsepower 76.1
o Brine to Wall Temperature

Difference 2.00°F

TABLE IX

MODIFICATIONS TO TABLE VIII FOR PLAIN TUBE DESALINATOR

VALUE RANGE

~:~~~er of Tubes in Freezer 370 350-480
Outsidr Diameter of Brine Tubes 1 in. .75-1.50

~.::jl rhLkness of ~rine Tubes .049 in.
N 1 t - - - i e r  of Passes In Brine Side of Freezer 8 1—12
Veloci ty of Brine in Freezer 7.00 fps 6—8
F1u~ I- i t o  of re [i Coolant in Freezer lO6lb ./hr . .7  * lO~~ l.3 * 10

6

Pi tch Ratio ~Tube Pitch/Tube OD) 1.20 1.05—1.30
B a f f l e  Spacing 2.10 f t .  1.0—2.6
Tem p +- r - itI ~rL - of Coolant in Melter 42.0°F 41.0—43.0

I t  : - - ; - iiture of Brine in H c S i -n s or  5 .20° F 5.0—5.4
TeIr i ~e r~i t I I r I .  Ri-i c- of i3rino in Condenser 10.0°F 9.0—11 .0

F r e t - / e r  ~ ns t  ( SI p  2~~ 30.00 30.00—50.00
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6.3 Sensitivity Analysis.
Sensitivity of the system to environmental conditions
have been conducted in the following areas -- yield ,
feed temperature , feed salinity , suspended solids and
oil contamination . The first three were done witb
computer program while the latter two are more
subjective analyses -

This sensitivity analysis was _p~ rformed using themechanical parameters from the final design
configuration of the non-scraped surface desalinator.
A summary of the more important of these parcmeters is
as follows :

Heat Transfer Areas :
Freezer : 786 Sq. Ft.
Feed Heat Exchanger : 232 Sq. Ft.
Condenser : 271 Sq. Ft.
Melter : 1,389 Sq. Ft.

Flows :
Brine Recirculation Pump : 284,700 l b /h r
Coolant Recirculation Pump : 1,000 ,000 lb/hr
Main Compressor : 239 Cfm

These values remained fixed through all sensitivity
runs .

~ . 3 . 1  Sensitivity to Temperature, Salinity and Yield. A
¶~w parameters could have been varied to optimize
performance at the various salinities and temperatures
in the sensitivity runs but were not because the
effect of optimizing them would have been small and
would have greatly increased the time and comp lexity
of the sensitivity analysis . These parameters
r~ r-R~LIted fixed at their values for the design
conrH~~rution . The parameters are :

Temperature of Freon in Melter = 42.0 °F
Velocity of Water in Melter = 5.5 Fps.
Velocity of Brine in Condenser = 10.0 Fps.

Input values which were varied for the sensitivi ty
runs were inlet salinity , inlet temperature , and
yield. Output , tempera tures , and flows , except as
noted above , were calculated to adjust for changes
in these input values .

It will be noted that there is a fairly large amount of
scatter in the graphs of the sensitivity analysis.
Par t  of this scatter is caused by the large incrcnlent
used in varying the yield. This large increment
causes the same optimum yield to be chosen for diffeient
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sets of conditions , as can be seen in Figure 22.
Another cause for the scatter in these graphs is the
convergence factor used in calculating desaiin -~tor cap~ it~This results in the same value for capacity occurring
in cases where the output value shouJd be slig h tly
different. This effect can be seen mest clearly in
Figure 23. liespite this problem with scatter the
sensitivity graphs should be accuralTe in showing general
trends and approximate values .

Although optimum capacities were calculated for each
salinity , this does not mean that a p lant could not be
operated at some other point on its capacity vs . yiel-J
characteristic curve . It is quite likely t-hat capacity
might be maximized rather than operating at the mi ni r-ur~.
power per 1 ,000 gallons .

6.3.2 Effect of Salinity (at 70°F). The op timum capacity of
the desalinator decreases with increasing salinity. It
varies from about 22 ,000 GPD at 0.5% to about l~l , 000 GPD
at 5.0% (Figure 22). Ontimum yield decreases fro~:i about
.85 at 0.57~ salinity to about .47 at 5.0% salinity(Figure 23). Power consumption per unit output increases
with increasing salinity , going from approximately
73 kw--hr/kgal at 0.5% to approximately 81 kw-hr/kgal
at 5.0%. Power consumption appears to increase more -
rapidly at higher salinities (Figure 24).

6.3.3 Effect of Yield on Power Consumption. The graph of
power consumption per unit output vs . yield is rough ly
parabolic with the curves for various salinities ly i n g
f a i r ly close together at low yields . At a ‘+‘:eld of .3
the power consumption was about 90 k~~—hr/1<gal for all
salinities with higher salinities having slightl y higher
power . Optimum yields (lowest power consumption per
uni t  ou tpu t )  were fairly well separated with the
optimum for  3.5% salinity at about .6 yield and 77
kw-hr/kgal power consumption and the optimur . for 0.5%
salinity at about .8 yield and 73 kw-hr/k gal power
consumption (Figure 25). While not plotted the optir i~yield for 2 .0% salinity is about .7 .

6.3.4 Effect of Temperature. The capacity of the desalinator
decreases with increasing temperatur e and salinity - A t
0.5% salinity the capacity goes from about 2 ,600 GPD
at 40°F to about 21 ,700 GPD at 100°F. At 2.0% the
capacity goes from about 21 ,600 GPD at 40°F to abo~ t
20 ,400 GPD at 100°F. At 3.5% it goes from about
20 ,600 GPD at 40°F to about 19 ,100 GPD at 100°F (Figure 26).
The power consumption per unit outt~~t increases ~-:ith
both temperature and salinity , but it is a stron~erfunction of temperature than of salinity. At 0.
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salinity the power goes from about 59 kw-hr/kgal at  40°F
to 92 kw-hr/kgal at 100°?. At 2.0% it goes fru~ abe -it
62 kw-hr/kgal -i t

~ 40°F to 93 kw-hr/k~’ - Il at 100°F . A~3.57. it goes from about 66 kw-hr/k gal a t  400? L u  1Z 4

kw-hr/i-~gal at 100°F (Figure 27)

6.3.5 Sensitivity to Suspended Solids and Oils. The fon::u i on
of ice crystals excludes all material found in t i e
feed water from the ice crystals. The only problem
that suspended solids or oils can cause , is if they
accumulate somewhere in the system or become carried
over on the surface of the ice crystals. To prevent
any accumulation of dirt in the system a fine strainer
(filter) of 40 mesh has been specified for the feed
system . It has been our experience that most
suspended solids smaller than this are washed from the
ice and carried out of the system with the brine .
Large quantities of suspended solids more dense than
the brine will accumulate in the bottom of the wash
column . Tests have shown that these materials can
be effectively removed by continuously purging a
small quanity of brine from the bottom of the column .

Oils and some other materials that are immiscible
with water appear to have an affinity for ice and do
not seem to be washed off of ice as well as brine ,
with a small residual quanity remaining on the
surface of the ice. To our knowledge , no specific
tests have ever been conducted to determine the
exact quantity removed. Tests made with solutions
containing some oil , the quanit~ of which was not
measured , indicated that small quanities (of oil in
the feed) are removed to less than the .7 rrg/’l of
carbon-chloroform extract that are allowed by EPA
drinking water standards . Based on these observations ,
it is estimated that up to 5 ppm and probably 10 ppm
of oil can be removed to less than .7 ppm .
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HEAT TRANSFER EQ UATIONS

FORCED CONVECTION HEAT TRANSFER (WIThOUT BOILING)

DITTUS - BOELTER EQUATION

Nud = .023 Red 
.8 Pr

Evaluate Properties at Fluid Bulk Temperature

ri = .4 for Heating
.3 for Cooling

Nu hd0d k

d ~‘VRe = 
0

Pr = Cp/
k

h = Heat Transf er Coeffic ient

= Hydraulic Diameter

k = Thermal Conductivity

= Dens ity

V = Velocity

= Viscosity

C~ = Specif ic Heat

APPENDIX A
+ .+h ~~ from - IiIWflS=d~ MS~I O~ 4 +~- 
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H E A T  T R A N S F E R  E Q U A T I O N S  Cont ’d

r
NUCLEATE POOL BOILING

ROHSENOW GIVES :

- c [
~ 
/A 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1
~~ 

p,. ? — $ 

~ ~~~~~ ~) J
= hd Red = ____ Pr = 

C~/~

ROHSENOW ’S EQUATION CAN BE SOLVED TO GIVE :
I—

h = ,. t / ~- L~~~~~~
()t

C1 = Specific Heat of Saturated Liquid

DT
~ = Temperature Excess Tw - Tsat

hfg = Enthalpy of Vaporization

Pr1 Prandtl No .of Sat . Liquid

q/A = Heat Flux/Unit Area

,/~~~ Liquid Viscosity

= Surface Tension

(3 = Gravitational Acceleration

= Density of Saturated Liquid

= Density of Saturated Vapor

= Const . Det. fr om Exp . Da ta

~~c. = 32.174 ft
~~

1bm/ l b  - Sec2

APPENDIX A 
- ----
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HEAT TRANSFER EQUATIONS Co n t ’d

BO PIERRE’S EQUATION FOR INCOMPLETE EVAPORATION

N = A ERe
2 K~J 

~ for lO<Re
2kt < 0.7xl012

Xec .9

N = hD
U

A = Constant = 0. 0009 for Std . Pierre Relationship

R = GD

= _ _ _ _ _  

7-p r. /~ ~~
1...

The work of Altman , Norris , and Staub led to the conclusion that
Bo Pierre ’s relationship in its original form should be used between

2 * lO~~< Re
2
Kt<l .5259 * 1011

and a and n should be changed for the range

1.5259 * lO
~~<Re

2 
K~.<l .5 * 1012

the final relationships are as follows :

Nu = A [Re
2 

KJ 
~~

for 2 * 1O9< ~~~ K< 1.5259 * l0~~
A = .0009

for 1.5259 ~~ R~~ K <  1.5 * 1012

A = .0225
n = 3/8

for complete range :
G <2 * lO~
.15(X , Xex < .80

APPENDIX A
II~~ 204 Av.t ~b4~ I,.,,., ‘IIL~~~~~~ I,4C I ow osend U s~ 0 74 70
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HEAT TRANSFER EQUATIONS Con t ’d

BO PIERRE’S EQUATION FOR INCOMPLETE EVAPORATION

(Continued)

n = Exponen t  = 0 .5 for Std . Pierre Relationship

h = Film Coefficient

D = Diameter

= Thermal Conductivity of Liquid

G = Mass Velocity =

/
~
- = Viscosity of Liquid

= Charge in Vapor Quality

= Latent Heat of Vaporization

4 
L = Tube Length

____________  

APPENDIX A
- I 4~~I + + ~~0 70,0, - \ / ~~~~ - 1 - - - - - 4 +  01470
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