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As the Nation’s principal conservation agency, the Department
of the Interior has basic responsibilities for water, fish, wildlife,
mineral, land, park, and recreational resources. Indian Territorial
affairs are other major concerns of America’s “Department of
Natural Resources”.

The Department works to assure the wisest choice in managing
all our resources so each will make its full contribution to a better
United States—now and in the future.

FOREWORD

This is one of a continuing series of reports designed to present
accounts of progress in saline water conversion and the economics of
its application. Such data are expected to contribute to the long-range
development of economical processes applicable to low-cost demineraliza-

tion of sea and other saline water.

Except for minor editing, the data herein are as contained in a report
submitted by the contractor. The data and conclusions given in the report
are essentially those of the contractor and are not necessarily endorsed by

the Department of the Interior.

ii
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PREFACE

This report presents a summary and analysis of all data pertaining to
the Freeport, Texas, VTE seawater desalting demonstration plant. The study,
initiated in September 1970, was performed by Control Systems Research, Inc.,
under contract with the Office of Saline Water, U. S. Department of the Interior.

Ian C. Watson, Manager of CSR's Resource Studies Group, directed the
work, while Dr. Gajendra H. Shroff, Associate, performed the bulk of the
technical analysis. Mr. Robert D. Cross, Associate, developed the biblio-
graphy, and assisted in the development of maintenance and operation material
and in the economics analysis.

Mr. Ferris Standiford of W. L. Badger and Associates contributed some
of his time to discussion and response to questions, as did Mr. David Kays of
Envirogenics. Their assistance is gratefully acknowledged.

Mr. Dewey Dykstra provided invaluable guidance on behalf of the Office
of Saline Water throughout the study.
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Chapter 1

INTRODUCTION

A. PLANT HISTORY

In a bill introduced by Senator Clinton P. Anderson of New Mexico, and
enacted by Congress in 1958 (P. L. 85-883) the Office of Saline Water was
empowered to construct and operate no less than five saline water conversion
plants to demonstrate the technical and economic feasibility of desalting
brackish and sea water.

The Freeport site and the demonstration plant type of process were
announced on March 2, 1959. The design contract was awarded to W. L.
Badger Associates, Ann Arbor, Michigan, and the construction contract to
Chicago Bridge and Iron Company. Stearns-Roger Corporation of Denver
operated the plant until final shutdown in 1969.

The plant was designed to produce 1 MGD of water from seawater feed
taken from the Gulf of Mexico. Process steam was supplied from the Dow
Chemical Company installation nearby, and brine was discharged via canal
back to the Gulf. The product water was divided between the City of Free-
port and the Dow facility.

Startup was accomplished in April 1961. Several weeks were spent in
shakedown operations, prior to the first official production run in July of
1961. On September 9th, Hurricane "Carla' hit the Texas coast, dealing ex-
tensive damage to the installation, and flooding to a depth of six feet. When
the hurricane had dissipated, a crash maintenance program was initiated, and
the plant was restarted, using river water feed, under emergency conditions.
Hurricane damage continued under repair into October 1961, and conditions
were finally normalized in November 1961, although long term effects of
the hurricane flooding appeared for some time, mainly in the instrument
systems.



A major plant modification was instituted in 1967, increasing the number
of effects from twelve to seventeen. The additional five effects were added in
modular form, a design concept developed by Stearns-Roger Corporation.
Also in 1967, a seven-tube Auxiliary Test Unit (ATU) was erected for parallel
or series operation with the first effect evaporator, for the purpose of investi-
gating high temperature operation in relation to heat transfer performance and
scale control.

The plant was shut down in May 1969 for inspection and non-destructive

materials testing. In September of 1969, the plant was decommissioned prior
to a major reconstruction of the facility.

B. PURPOSE OF THE REPORT

Control Systems Research, Incorporated, was placed under contract
number 14-30-2697 on September 1, 1970, for the purpose of reviewing and
summarizing all reports and data generated as a result of Freeport opera-
tions for the period 1961-1969. The goal of this work was the reduction of
pertinent operations, maintenance, cost and research data to a level which
would provide the Office of Saline Water with a single document from which
VTE data could be readily extracted. In addition, all reports, letters,
memos and miscellaneous data would be cataloged, and a bibliography de-
veloped to provide ready access to the original filed material. This report
represents the culmination of the one year contractual effort.

C. SUMMARY OF FINDINGS

The Freeport Saline Water Conversion Demonstration Plant No. 1 at
Freeport, Texas operated from April 1961 to May 1969. In its initial stages
the plant was run primarily as a production-size facility to demonstrate the
economic feasibility and long-term operability of the multiple-effect falling-
film evaporation process to produce potable water from seawater. After
demonstrating these two aspects, the plant became a test-bed facility in 1964
to evaluate on a large scale, concepts that showed promise of improving the
plant operations technically and to some extent economically. The following
is a brief summary of findings of the Freeport Test Facility:

] The plant capacity could be increased from 1 MGD to 1.21 MGD
with 30 percent less than original surface and at aplant AT of
1260F (original AT = 130°F).



The high temperature limit of the first effect was raised from
2500F to 268OF while the low temperature limit of 1200F was
decreased to 1039F. The brine flashing range thus increased
from 1300F to 1650F. |

This AT increase allowed conversion of the 12-effect plant to

a 17-effect plant, both of which represented an engineering '"first"
throughout the world. The plant was also the first to use success-
fully the falling-film process for seawater desalting and the first
to use temperatures of 250°F and higher.

The problem of even distribution of feed water to the heating ele-
ment tubes (about 500) was solved first by using triangular or
V-notch weirs in each tube-top and later by improved swirl-vane
weirs and porcelain spray nozzle devices.

Series 200 product water-to-seawater feed preheating exchangers
were replaced, without loss in the steam economy ratio, by the
flash tanks associated with each effect except the last. This
change resulted in a savings in equipment, pumps, and piping
and power consumption.

Double-fluted and spirally indented surfaces showed more than
double the heat transfer rates of the normal smooth surfaces.

Carbon steel can be used as a material of construction except
when high velocity or turbulent conditions exist — for example,
it cannot be used for waterboxes, top tubesheets, or for heat
element tubes.

Copper-nickel, monel, and stainless steel were corrosion-resistant
even in non-deaerated seawater service. Aluminum brass tubes
withstood high velocity (to 7 ft/sec) and turbulence of seawater

as heating element tubes in both the heat exchangers and the
evaporator effects.

If the brine evaporation path lies below the gypsum and hemihy-
drate solubility curves then acidification of feed to pH = 4.0 -
4.5 and the use of polyphosphate compounds at 3 to 4 ppm will
ensure scale-free plant operation between 268°F-3000F at a
maximum brine concentration factor of 3. 2.



Actual annual average water cost ranged between $0.76/1000 gal.
to $4.04/1000 gal. Typical month water cost ranged from $1.12
to $1.73 per thousand gallons over the period 1963-1969, with
October 1964 being recognized as the most economic: 34, 845, 900
gallons of water being produced at an average cost of 95¢ per kgal.

The normalized capital cost per gallon of daily capacity was esti-
mated to vary between $1.424 to $1.827 over the 1962-1969 period.



Chapter 2

PLANT DESIGN

The basic purpose of a desalination plant is to separate potable water
from non-potable waters such as seawater, brackish water, etc., at a rea-
sonably low cost. Speaking broadly, there are only two methods to obtain
pure water — either by separation of pure water from the saline water, or
by rejection of salts from the saline water. Solar distillation, multiple-
effect distillation, multistage flash distillation, freezing out of ‘water, and ex-
traction using hydrate formation fall into the first category while membrane
processes (reverse osmosis, electrodialysis) come under the second cate-
gory. Out of these various desalination techniques, multiple-effect evapora-
tion was selected for the first demonstration plant of OSW at Freeport, Texas,
because this was the most developed technique at that time (1960). Also,
preliminary studies by W. L. Badger and Associatesl indicated that low
cost water could be produced using this technique and conventional equipment.

A. BASIC PRINCIPLES

Multiple effect evaporators have been used in industry for more than
100 years and have been in use for seawater distillation for about 70 years.
The development of seawater evaporators, however, has followed an entirely
different course than those built for industrial use. The principal reason for
this is the fact that seawater evaporators were originally built for shipboard
use where the main requirements were for compactness, simplicity of opera-
tion and utmost reliability. Corrosiveness of seawater and its scale depositing

(1) '"Preliminary Description of W. L. Badger LTV Demonstration Plant, "
Report 450 by W. L. Badger and Associates, Inc. (June 1959), sub-
mitted to OSW.



problems were minimized by using expensive alloys and evaporator arrange-
ments that would allow easy descaling of surfaces.

In large, land based industrial evaporator plants the requirement is
much less stringent, a fact which permits the use of cheaper materials of
construction, high boiling temperatures, elaborate descaling methods, and
most important, the use of the cheapest type of evaporator in flowsheets that
are much more complex than usually considered practical. It is important
to bear in mind here that unit water costs are relatively unimportant in naval
ships, while for civilian use, cost assumes critical importance. This cost re-
duction was proposed to be achieved by employing industrial evaporation
methods that made use of the factors mentioned above.

1. Principles Underlying Multiple Effect Evaporation

When salt is dissolved in fresh water a certain amount of energy
is released from the system. Thermodynamically, this is the minimum
amount of energy that would be required when separating fresh water from
the saline water. This minimum energy requirement has been calculated as
2.7 to 4 KWh (kilowatt-hours) per 1000 gallons product water in the range of
temperatures normally used for desaltingl. Actual energy consumption is
many times this value. If saline water is at its boiling temperature, separa-
tion of a pound of water vapor requires about 1000 Btu of thermal energy as
the latent heat of vaporization which is the equivalent of 2442 KWh per 1000
gallons of water. It is obvious that the water cost would be exorbitant unless
this substantial amount of heat were reused. This is the basis of the prin-
ciple of multiple effect evaporation. A typical single effect used at Freeport
is shown in Figure 2.1. The principle of multiple effect evaporation can be
understood by referring to Figure 2.2. The first effect, which operates at
the highest temperature, is supplied with prime steam from a boiler. For
each pound of steam condensed in the steam chest of this effect, approximately
one pound of water is evaporated from the seawater flowing down the tubes of the
effect. Concentrated brine collects in the bottom of the effect while the water
vapor generated is used as the heating medium in the next (second) effect.
Brine blowdown from the first effect is used as the feed to the tubes in this
second effect. Vapor produced in the first effect now generates approximately
one more pound of vapor in the second effect, which is operated at a slightly

(1) M. d'Orival in "Water Desalting and Nuclear Engineering', published
by Verlag Karl Thiemig, KG MtUnchen 90, Germany (1967).
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lower pressure than the first effect. The condensate from the steam chest
becomes the product water. Vapor generated in the second effect is again
used in the third effect as the heating medium. This process is repeated un-
til the last effect is reached, where cold seawater is used to condense the
vapor coming out of this effect. Theoretically then, such an arrangement
would produce, for each pound of steam input to the first effect, as many
pounds of water vapor as there are effects in the unit. However, due to heat
losses, design imperfections, and the temperature driving forces, the actual
values are slightly less.

There are two terms commonly used to evaluate the performance
of a multiple effect evaporator system. These are the evaporator capacity
and the steam economy. The former is defined as the pounds of water vapor
generated per unit time. The steam economy is defined as the pounds of
vapor produced per pound of prime steam condensed in the first effect. In
chemical engineering texts (e.g., '"'Unit Operations of Chemical Engineering'
by McCabe and Smith, McGraw-Hill Book Co.) it is shown that the capacity
of a multiple effect evaporator is the same or even less than that of a single
effect operating over the same total temperature range as the multiple unit.
The increased surface area of the multiple unit, therefore, increases only
the steam economy. The optimum number of effects must be determined for
each individual case on the basis of fuel costs and the fixed charge rates on
capital costs. The cheaper the fuel the less are the number of optimum effects
indicated for a given plant.

For better steam economy — which is also referred to as the gain
ratio or the performance ratio — the following factors must be taken into con-
sideration while designing the desalting plant:

° Heat losses from all equipment except the heat rejection
condenser (condensing vapors from the last effect) must
be kept down to economic minimum.

° Cold seawater should be brought to its saturation temperature
by regenerative preheating in gradual stages using only low-
grade heat from condensate and vapors produced in effects.

° Thermal energy in brine and condensate should be utilized
in flashing vapor out for further heating either in the next
effect or in the preheat train. Brine flashing in the sump
of lower temperature effects is preferable over its flashing
in the top water box while separate flash-tanks are used for
condensate flashing. Condensate could also be used for
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seawater feed preheating but liquid-to-liquid heat transfer
coefficients are low relative to condensing vapor-to-liquid
transfer coefficients.

° Higher feed liquor temperatures and lower product liquor
temperatures improve the steam economy.

° Introduction of feed liquor into the system where the mini-
mum amount of preheating is necessary prior to ebullition.
This is the advantage of the backward feed technique but
without adequate pretreatment it can lead to scaling problems.

Most of these energy-saving and economy-improving techniques
were adopted in the Freeport Plant.

Since unit water costs are significantly reduced by increased
plant capacities it is important to list and incorporate in the design the factors
included in the basic equation governing the evaporator capacity, which is:

i=N
Wop = 2 : UjA; AT/ N
i=1
where
Wp = total water production rate excluding first
effect condensate, 1b/hr
U; = overall coefficient of heat transfer in ith
effect, Btu/hr ft2 OF
i = heat transfer area in ith effect, ft2
AT = temperature driving force in the ith effect,
oF
A i = latent heat of vaporization in ith effect,
Btu/lb
and N = total number of effects

In this equation UjAj ATi represents the heat transferred, g;,
across the ith effect heating element tubes to seawater flowing down through
them. In addition to the water evaporated due to this heat, there is some
vapor produced by flashing of brine as it enters lower pressure effects. This
is not included in the above equation.

11



It is obvious from this equation that increased capacities can result
from higher values of the overall coefficient U, area A, and temperature driv-
ing forces, AT, between the condensing steam and the evaporating brine.
Latent heat of vaporization increases with decreasing boiling temperatures.

Chapter 4 on '"Heat Transfer History' in this report deals with
factors that affect U and AT. Higher overall AT's, though desirable, are
limited by the highest temperature that can be attained without scaling prob-
lems. Chapter 5 in this report deals with scale control techniques.

Increased heat transfer area A leads to higher capacities but it
also increases capital costs. This is the reason for selecting the cheapest
materials of construction that can withstand the corrosive tendencies of sea-
water.

A factor that decreases capacity due to decrease in AT is the
boiling point elevation (BPR) of seawater. The loss in AT due to BPR in-
creases with the increasing concentration of seawater as more water is
extracted from the seawater in each succeeding effect.

Since several effects and exchangers are used in a multiple effect
evaporator plant their contribution to unit water cost is significant and this
dictates careful selection of these pieces of equipment. This is discussed
later in subsection E entitled "'Selection of Equipment and Materials''.

B. ORIGINAL DESIGN

W. L. Badger and Associates of Ann Arbor, Michigan, provided the
original design of the Freeport Demonstration Plant. The design require-
ments of the desalination process for producing 1 million gallons per day
(MGD) of fresh water were submitted in the form of process flowsheet, heat
and material balance diagram, instrumentation diagram, and drawings of
equipment, etc. A document entitled '"Specifications No. 195" was prepared
by OSW and used for soliciting construction bids. Out of the four bids sub-
mitted, the Chicago Bridge and Iron Company's lowest bid for $1,246,250
was accepted.

The original design submitted by Badger and Associates was based on
three main considerations:

° use of the cheapest types of evaporator in a flowsheet that was
complex but thermally efficient so as to minimize water costs;

12



. use of magnesium hydroxide seeds in a sludge recycle method of
scale control that would permit mild steel as the (cheap) material
of construction; and

° corrosion control by use of a deaerator to reduce oxygen level in
the seawater feed to the plant.

1. Process Flowsheet

Before entering into the description of the process flowsheet, it
is considered worthwhile to recollect the main objectives and design basis of
the Freeport Demonstration Plant. ''Specifications No. 195" of OSW on page

IV-3 states:

"This plant will be used to demonstrate the technical
feasibility of processes developed by W. L. Badger
Associates, Inc., for scale prevention in seawater
evaporators, to prove that such evaporators can be
maintained free of scale at temperatures to at least
250°F, and to determine the economic and operating
potentials of flowsheets and equipment for seawater
evaporators developed by W. L. Badger Associates,
Inc., for the Office of Saline Water of the U. S. De-
partment of the Interior."

It is further stated that:

""The plant design set forth in these specifications will
permit flexibility of operation for determination of
the optimum conditions of steam economy, scale pre-
vention, maximum capacity, product water quality,
operating and maintenance requirements. Where
changes in operating characteristics are not possible
in the plant as constructed, provisions have been
made in the design to permit changes in piping and
auxiliary equipment at minimum future expense. The
plant also is designed to determine materials of con-
struction most suitable for a plant operating under
these conditions. "

The evaporator consisted of twelve effects operated in forward feed man-
ner with seawater feed heated by both the distilled water product and by vapor

13



bled from each effect. The evaporator was the long tube vertical type (LTV)
arranged for falling film operation. Boiling pressures ranged from 30 psia
in the first effect to 3 in. Hg absolute in the last effect.

The design objective was stated in '"Specifications No. 195" as:

""The plant has been designed to produce on million
gallons of potable water per stream day containing
no more than 50 ppm total dissolved solids.

"The design has been based on steam at 175 psia
and 530°F and seawater feed with 3. 5% total dis-
solved solids. Design capacity must be achieved
at all seawater temperatures up to 880F; product
water temperature must be below 100°F when the
seawater temperature is below 85°F. Product
water to be delivered to the City of Freeport shall
be cooled to a temperature no greater than 85°F. "

A simplified form of the Badger flowsheet is shown in Figure 2. 3.
There are three main process streams:

° prime steam and distilled vapor;
° liquor — raw seawater or blowdown from each effect; and
° condensate or product water.

Steam at a pressure of 175 psia is reduced to 35 psia prior to entering the
first effect. Vapors generated from the seawater flowing down the heating
element tubes of the first effect are used in the second effect steam chest as
the heating medium. This is repeated in the rest of the effects until the last
effect (XII) is reached. Vapors from this effect are finally condensed by raw
seawater in a surface condenser. Vapors are bled from all effects except

the XIIth effect to supply the 300 series of liquor preheaters with sufficient
thermal energy (supplementing that extracted from the condensate by 200
series of preheaters) to enable the seawater feed (SWF) to be raised to its
saturation temperature at the first effect conditions. A small amount (about
600-1000 1b/hr) of the vapors from the XIth effect is used to strip dissolved
gases (Oy, 002, N2, etc.) from SWF in the deaerator. Noncondensible gases
are removed from the deaerator and the final condenser by means of a vacuum
pump to maintain absolute low pressure conditions.

The second stream, the raw seawater feed, enters the plant at
the inlet to the product cooling exchanger HX-214 then to HX-213, HX-311,

14
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HX-212 and finally is sprayed by a nozzle at the top of the deaerator. Vapors
from XIth effect pass up countercurrent to the SWF flowing down over the
raschig ring packing in the deaerator. In the lower portion of the deaerator
a 15-20% slurry of Mg(OH), is mixed with the deaerated SWF forming a 1%
by weight mixture. This liquor is pumped from the deaerator through 21
more preheaters before entering the top liquor box of the first effect. As
mentioned earlier, for maximum efficiency thermal energy is taken in (from
vapors and condensate) at the lowest level possible to perform the preheating.

Final heating of the SWF to its boiling point is accomplished in the
heating element of the first effect. The concentration of dissolved solids in
the liquor increases in proportion to the amount of water removed. The SWF
leaving the first effect becomes the '"blowdown". This is pumped to the top
waterbox of the second effect where it is distributed evenly to all the tubes
by means of a distributor plate having 3/16 inch diameter holes (not coincid-
ing with tube openings but over the web section of the tubesheet). The blow-
down flows in parallel with the vapors from effect to effect until finally it is
rejected from the twelfth effect sump with a concentration factor of 4. 0. ; i.e. ,
the dissolved solids concentration is four times that in the raw seawater feed.

The suspended Mg(OH),, slurry concentration also increases to 4% from the
initial 1%.

The blowdown from the twelfth effect is pumped to the clarifier-
thickener where Mg(OH), crystals are recovered. The underflow of the
thickener (15-20% slurry) returns to the mixing section of the deaerator.

The third stream is the product water collected from the steam
chest of each effect and from those of the 300 series preheaters. The conden-
sate formed in the first effect from prime steam is at a temperature of 261°F.
This passes through HX-201 and is cooled. Condensate from HX-301 joins
this stream as does the condensate from the second effect, all of which pass
through HX-202 for further cooling (while heating SWF) and this pattern is
repeated in the subsequent effects and exchangers. The last stage in cooling
is performed by HX-215 which brings down the temperature of half of the
product distillate to 88°F (or lower) for supply to the city of Freeport. The
other half of product water is supplied to the nearby Ethyl-Dow Company.

It is worth mentioning here that the Freeport Plant was the first
in the world to use twelve (later 17) effects in series, the first to use the
falling film type evaporator for seawater, and the first designed to operate
at 2500F or above.

16



The important factors and equations governing the plant operation

and performance are shown in Tables 2.1 and 2.2. Table 2. 3 lists the vari-
ables under the designer's control and the desired resultsl.

Table 2.1

Factors Governing Evaporator Performance

PERFORMANCE PRIMARY SECONDARY
ITEM FACTORS FACTORS
CAPACITY Heat transfer area Preheating required
from sea water intake

Effective tempera- to Effect 1
ture drop
Overall heat trans- Extraction ratio

fer coefficient

NET ECONOMY Number of effects Preheating required
from sea water intake
to Effect 1

Approach of sea
water feed tempera-
ture to preheating
vapor temperature
at each effect

Variation in latent
heat of steam with
temperature

Heat losses to en-
vironment

Bypassing and hot
product withdrawal

(1)

"Development of a Program to Design ME-LTV Evaporator for Sea
Water Conversion'" by D. D. Kays of Stearns-Rogers Corp., a paper
presented at Western Region Summer Meeting of COMMON, (July 6-
8, 1966) Denver, Colorado.
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Table 2.3
Important Variables and Desired Results

VARIABLES UNDER THE DESIRED RESULTS

DESIGNER'S CONTROL
Principal Result:

1.  Vapor Temperature Profile Minimum Cost of Water

2.  Sea Water Preheating Profile Subordinate Resulfss

1.  Minimum Heat Transfer Surface
2.  Minimum Pumping Energy Re-
quirement

Optimum Thermal Economy
Optimum Geometry

Minimum Energy Input
Minimum Capital Cost
Optimum Plant Life

3. Extraction Ratio

4,  Heating Steam Temperature

5.  Heat Rejection Temperature

6. Equipment Geometry

C. CHANGES FOR ACTUAL CONSTRUCTION

The constructors of the Freeport Plant, Chicago Bridge and Iron Com-
pany, accepted the basic design supplied by W. L. Badger and Associates,
Inc., with only minor changes. This is seen from the Heat and Material
Balance Flowsheet drawing No. 506 of W. L. Badger Associates and drawing
No. 4 of Chicago Bridge and Iron Co. The latter drawing contains one addi-
tional heat exchanger HX-215 for cooling the Freeport product water to 88°F.

The only important process design change was the abandonment of the
Mg(OH), sludge recycle method of scale prevention within two days of opera-
tion of the plant. This was replaced with the acid or pH method of scale
control. Concentrated sulfuric acid (66°Be) was added in stoichiometric
amounts (corresponding to the bicarbonate ion concentration in raw seawater)
upstream of the deaerator which now also acted as a decarbonator.

D. MODIFICATIONS DURING PLANT LIFE

Because of the developmental nature of work at the Freeport Plant a
number of process and equipment modifications were introduced and tested
during the operational period of the plant. These are discussed in this
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subsection and in subsection E, ""Selection of Equipment and Materials".

1. Process Modifications

The first process modification came with the realization that
scaling would occur at the initial design concentration factor of 4.0. This
resulted from the use of 1849 gypsum solubility data of Usigliol. Subsequent
data2 indicated that saturation with respect to gypsum is reached at signifi-
cantly lower concentration factors as shown in Figure 5.4, Section 5, ""Scale
Control History'. Final concentration factor was then lowered to 3. 0.

A second important process modification was the use of flash
tanks to recover heat from the condensate stream. This was achieved in
stages. Initially (during 1961-62) only seven liquid-to-liquid heat exchangers
HX-202 through 207 were bypassed and the flash tanks associated with effects
I through VII put into service. Condensate pumps P-32 through P-37 were
also made redundant with this process modification which produced reductions
in power consumption and maintenance costs without appreciably affecting the
steam economy (OSW R&D Report No. 71, p. IV-2). The rest of the 200 series
exchangers except the final product coolers were eliminated with the major
plant modification to 17 effects. Condensate heat recovery was then in the
all-flash mode. The additional heating load resulting from removal of 200
series exchangers actually improved the performance of the vapor condensing
preheaters (Series 300). This is discussed in Chapter 4.

Another important process modification was the use of polyphos-
phates to control (and even remove) gypsum scale. This allowed the use of
high concentration factors in the low temperature (less than 1900F) effects.
Use of brine recirculation from the sump of a given effect to the top water
box of the same effect was investigated to see if it improved heat transfer
rates and prevented scaling arising from maldistribution of brine feed to
tubes in the evaporator effects. Annual Report No. 2 by Stearns-Roger (OSW
R&D Report No. 100) contains the following relevant comment: 'In conclusion,
the brine recirculation (approximately 100 gpm brine flow to Effect XII) is
somewhat disappointing in that the Plant still cannot be run continuously at a

(1) Standiford, F.C. and H. F. Bjork, Chem. Eng. Prog., 63, No. 1, 70

(January, 1967).
(2) Tanaka, Y., K. Nakamura, and R. Hara, J. Chem. Soc. Japan, Ind.
Chem. Sect., 34, 779 (1931).
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final brine concentration factor of 4.0, but tests have established that it is of
value in maintaining scale-free conditions at a concentration factor of 3.0."
Brine recirculation is discussed in more detail in Chapter 4, Heat Transfer
History.

2. Equipment Modifications

Several equipment modifications were carried out at the Freeport
Plant with the ultimate aim of increasing the efficiency of the process and/or
reducing costs. These changes are described in detail in the eight annual re-
ports by Stearns-Roger to OSW. The following were some of the important
modifications:

a. Brine Distribution Weirs — Distribution of feed brine to
about 500 tubes of the heating elements in the various effects was recognized
to be a problem from the design and construction stage. The original distribu-
tor plate with some 600 holes of 3/16 inch diameter installed by the construc-
tors (Chicago Bridge & Iron Co.) did not provide even distribution of liquor
to the tubes, which led to starvation of some tubes to the point where scale
deposition became a serious problem. The 3/16 inch diameter holes would
easily choke up with silt, scale or corrosion products, worsening the liquor
distribution problem. A triangular notch weir was therefore installed on
each tube opeing in the upper water box. This technique was quite successful
in ensuring an even liquor distribution. For further improvement in operation,
Swirl Vane Liquor distributing weirs (SVL) made of both an alloy and a plastic,
and Porcelain Spray Nozzles were studied. Further discussion is given in the
Heat Transfer History Chapter.

b. Change of Carbon Steel Tubing — Evaporator Effects I, V,
VI, VIII, and XI were equipped with carbon steel tubes to test their performance
in seawater service. Annual Report No. 2 (OSW R&D No. 100) by Stearns-
Roger has the following comment:

"In January 1963, during a scheduled major
shutdown, a pressure test on the Effect I evap-
orator revealed approximately twenty-five
leaking tubes. A similar test on Effect V re-
vealed seven leaking tubes. The remainder

of the carbon steel tubed effects (VI, VII, and
XI) did not leak, but definite pitting was evident.
It was necessary to completely remove the
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carbon steel tubing from all effects so equipped,
and replace with aluminum brass.

"This alloy was selected because of its rela-
tively good corrosion resistance and competitive
price. At this date there have been no tube
failures of copper-base alloy tubes which can

be attributed to corrosion. Test specimens
indicate that of all the copper-base alloys in-
vestigated, aluminum brass and 90-10 copper-
nickel have the lowest corrosion rates in sea-
water and hot brine service."

Carbon Steel tubes from the preheaters had to be removed
for similar reasons but much earlier because they were exposed to low pH
(acidified and containing dissolved COy); whereas evaporator tubes (other than
the first effect) were exposed to COy-free liquor.

c. High-accuracy Instrumentation — Numerous instruments
such as a seawater pH recorder, deaerator level recorder, Effect XII temp~
erature and flow rate recorders, level controllers on all effects, long thermo-
wells, etc., were installed during the fiscal year 1963. In addition, it was
necessary to equip Effects I, VI, X, XI, and XII with instrumentation to ob-
tain highly accurate data on two-phase pressure drops in the tubes and the
associated temperature drops to verify Dukler's theory (OSW R&D Report No.
74). This theory indicated that the calculated values of the overall heat trans-
fer coefficient in the low temperature effects (especially Effects X, XI, and XII)
were low in comparison to their true values. This discrepancy resulted from
the use of a value for the temperature driving force, AT, that was too large.
The effective, or actual, AT was less than the temperature difference be-
tween the condensing steam and evaporating brine at the tube exit (apparent
AT) because of the pressure drop inside the tubes. Specific volumes of water
vapor increase rapidly at low temperature/low pressure conditions so that
their velocities are high inside the 2 inch diameter tubes of the heating ele-
ments of these effects. Pressure drop in a 2-inch tube was found to be five
times as high as that in a 3-inch tube of same length.

The high accuracy instrumentation was also useful in ob-
taining accurate heat and material balance data which resulted ultimately in
better evaluation of plant characteristics. Figure 2.4 shows the typical high
accuracy instrumentation of an effect.

d. Vacuum Maintenance System — The original mechanical
vacuum system could maintain a vacuum corresponding to about 115°F final
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Figure 2.4, Typical Effect Instrumentation Diagram
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condenser temperature. To increase the process capability of operating the
Plant at a final condensing temperature of 100°F, a new steam jet ejector
system including barometric condenser, steam inter-condenser, and two-
stage ejectors was installed in June of 19661. This system was operated in
parallel with the mechanical system. Required dry and saturated steam sup-
ply pressure was 125 psig at the inlet nozzle to the jets and the steam flow
rate was 405 lb/hr per stage for removing 180 lb/hr vapor (equivalent air)
from the evaporator system. Performance was stated to be satisfactory
under normal load conditions.

e. Double-fluted Tubes in Effect XIII — The installation and
testing of these enhanced surface tubes in Effect XIII (of the five-effect mod-
ule) was carried out in March of 1967 (OSW R&D No. 479, p. 171). The tubes
were Olin Alloy 194 material formed from 3.125 inch O.D. x 0.065 inch
tubing. The finished tubes were 11 feet 1 inch overall length, with 9 foot 10
inch section fluted both sides to a resultant 0. 064 inch wall thickness at the
flute and having a 4 1/2 and 10 1/2 inch smooth ends. The tube bundle had
151 tubes. Tremendous improvement in the overall coefficient U was noted
with these tubes. Chaper 4 on Heat Transfer History contains further details.

f. Horizontal Vapor Shear Preheater, HX-306 (X) — The Oak
Ridge National Laboratory designed this horizontal enhanced (spiral-indented)
surface preheater. Seawater passed through the horizontal tubes in a single
pass while steam (vapor from Effect VI) condensed on the outside of the tubes
in a shell having three passes to increase steam velocity. This preheater
replaced an original HX-306 (b) unit with smooth vertical tubes. The new con-
denser was installed to demonstrate, under field conditions, that the ORNL
spiral-indented tube did, in fact, enhance the overall heat transfer coefficient,
and that the high steam mass velocity was essential in a condenser subject to
noncondensibles accumulation. As discussed later in the Heat Transfer History
chapter, these objectives were basically achieved since an overall U of about
970 Btu/hr ft2 °F was obtained for 3100 hours of operation (Annual Report No.
8 by Stearns-Roger, p. 23) with 300 1b/hr ft2 steam mass velocity (5% of in-
let steam vented) and the increase in mole fraction of noncondensibles from
0.01 to.0.23 did not appreciably reduce the overall v2. 1t should be noted that
the previous smooth tube unit had U values around 370 Btu/hr ft OF.

(1) OSW R&D Report No. 253, pp. 177-179. This is the Fifth Annual Re-
port by Stearns-Roger Corporation.
(2) Communicated by Dr. D. M. Eisenberg of ORNL, Jan. 4, 1971.
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There were a number of other modifications to the original
plant design amongst which the following are worth mentionings:

(] Change of original 3-inch ceramic raschig ring pack-
ing in the deaerator to 3 3/4 inch Maspac FN-90 poly-
styrene packing which reduced the damage to the in-
side coating of the deaerator steel tower.

° Installation of wire-mesh entrainment separators in
the low temperature effects to reduce the brine
carryover.

° Installation of alloy water box liners in effects and

preheaters to reduce corrosion.

o Use of clarifier-thickener as a settling tank for silt
in raw seawater feed.

° Use of fiberglass reinforced epoxy plastic material
for piping, domes, etc.

° Product water stabilization to reduce its corrosive
tendencies.

® Shock chlorination of seawater feed once every week
for two hours to reduce marine growth, slime forma-
tion, etc.

The details on these and other equipment and process modi-
fications are discussed in the eight annual and development reports by Stearns-
Roger Corporation submitted to OSW.

3. Freeport Plant Conversion to 17 Effects

The original 12-effect plant started operation in April 1961.
Stearns-Roger Corporation, who operated the plant from that date, demon-
strated the large scale operability and reliability of the vertical-tube falling-
film multiple effect evaporator desalting process. Production of the first
billion gallons of product water was attained on May 21, 1965. The plant, by
this time, was capable of producing in excess of the million gallon-per-day
rated capacity, utilizing only two-thirds of the installed evaporation heat trans-
fer surface (Sixth Annual Report by Stearns-Roger Corporation, p. 1).
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The feasibility of further improvements in operation and cost was
studied by Stearns-Roger who submitted the results in a document entitled
""Feasibility Study — A Study to Increase the Efficiency of the Freeport Demon-
stration Plant'" (September 30, 1965). Five alternatives involving 17-, 21-, and
24-effect evaporator systems were studied and reported in this document. OSW
selected the 17-effect alternative involving extension of the 12-effect plant to
a 17-effect plant by the addition of a 5-effect Stearns-Roger module. This
alternative involved no presoftening of the seawater, use of the available
temperature range (2750F to 103°F), and only minimal changes in the existing
equipment and operating procedures to improve efficiency and reduce costs
(p. 3, ""Feasibility Study', op. cit.). The following process improvements
and technological developments were predicted to result from the 17-effect
evaporator (p. 8 & 9, '"Feasibility Study'):

° The demonstration of the performance of a greatly simplified
and reduced capital cost multiple effect installation.

. Thermal economy of the process will be improved by a factor
of approximately 40% with an increase of only 149% in total
installed heat transfer surface, while maintaining or im-
proving the production rate.

] A major improvement in the heat rejection condenser
approach to the available cooling water temperature, utiliz-
ing power condenser technology and equipment of standard
manufacture.

° Heat transfer correlations to flow conditions and to lower
overall temperature differences in various tube lengths,
including full control of recirculation within individual effects.
Coefficients exceeding 900 Btu/hr OF are expected.

° Heat transfer and vapor handling can be evaluated at the low-
est temperatures and pressures yet attempted in the multiple
effect process, thereby demonstrating the ability of the
process to make maximum utilization of low grade heat.

A comparison of the 12- and 17-effect plant design parameters is presented

in Table 2.4. Discussion on the actual performance of the 17-effect plant is
given in Chaper 9. A, entitled "Evaluation of Overall Performance!''.
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Table 2.4
Design Comparison, 12- and 17-Effect Plants

12-EFFECT 17-EFFEC
DESIGN VARIABLES PLANT PLANT !

Number of Heat Exchangers 27 19
Installed Heat Transfer Surface

(Square Feet)

Evaporative 64, 550 57, 500

Preheating 37,1760 36, 800

Heat Rejection 4,190 2,500

TOTAL 104, 500 96, 900
Number of Installed Process Pumps 32 25
Nominal Capacity, Millions of

Gallons per day, net 1.0 1.0
Maximum Brine Temperature, °r 250 265
Brine Flashing Range, °F 132 162
Heat Rejection Temperature, °F 115 100
Gain Ratio, Net 10.5 13.8

(LBS water per LB heating

steam)
Extraction Ratio 0.71 0.68

(LBS water extracted per LBS

sea water feed)
Sea Water Supply Rate, LBS/HR 490, 000 510, 000
Power Demand, Kilowatts 360 450

(including intake pumps)

E. SELECTION OF EQUIPMENT AND MATERIALS

For the original 12-effect plant the main criterion in the selection of
equipment and materials of construction was that of keeping capital and operat-
ing costs down to the minimum necessary for efficient, long term continuous
operation. This is expressed in the following quote from the "Preliminary
Description of W. L. Badger LTV Demonstration Plant', Report 450 by Badger
and Associates to OSW in July 1959:
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""The selection and proportioning of equipment will be dic-
tated wherever possible by the desire to obtain optimum
costs for the basic plant. Equipment designs will be
changed only where absolutely necessary to make it pos -
sible to test operability of the various alternates. As a
result, the production rate, fuel and power consumption
and equipment configuration will not be the best obtain-
able by use of these alternate cycles. "

1. Selection of Equipment

The following were the major items of equipment at the Freeport

12-effect plant:

Fonor

[N
.

Q.

Evaporator effects — total 12.

Heat exchangers — two types: series 200 for condensate
heat recovery and series 300 for bleed-vapor heat recovery.
Total number of units 15 and 12, respectively.

Flash tanks — total 11, one for each effect, except effect
XII.

Deaerator/decarbonator.

Vacuum system — mechanical vacuum pump plus a steam
jet ejector.

Clarifier-thickener and classifier.
Desuperheater for DOW steam.
Barometric condenser.

Pumps.

Instrumentation.

Evaporator Effects — There are many types of evaporator

effects in use in industry which can be classified broadly as either the natural
circulation type or the forced circulation machines. The natural circulation
evaporators utilize the density difference arising from temperature difference
for the movement (or circulation) of the liquor that is to be evaporated. In
the second type, external energy usually in the form of a pump is utilized to
create this circulation. It is obvious that the forced circulation evaporators
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have higher liquor velocities and hence higher rates of heat transfer, although
at an additional cost over that of a natural circulation evaporator. Differences
within this broad classification arise from the type of heating element arrange-
ment used, from circulation or once-through passage of the liquor through the
heating element, and whether the liquid film is rising or falling through the
tubes.

The selection of the type of evaporator to be used in the
Freeport Plant was based on the following considerations:

° it had to be low in cost to reduce water costs;

] it had to have high heat transfer rate capability to
reduce heat transfer surface requirements for a given
production rate;

° it had to be adaptable for use in a multiple effect
system which allowed a limited temperature differen-
tial as driving force; and

) it had to be capable of handling a 1% to 4% suspension
of fine Mg(OH)9 crystals.

Pilot plant experiments by Badger Associates at Wrightsville Beach, N. C.,
indicated that high heat transfer coefficients could be obtained in a falling-
film type LTV (long-tube-vertical) evaporator. A sketch of this evaporator
is shown in Figure 2.1. Brine enters the top liquor box and flows downward
through the tubes as a thin film. The water vapor produced flows downward
concurrently with the thin film and in the vapor head the two are separated.
The concentrated liquor (brine blowdown) is pumped to the next effect water
box while the vapor is used as the heating medium in the next effect. The
falling-film evaporator is a single pass or once-through evaporator. Solids
handling was no problem with this type since the positive downflow ''washing"
action within the tubes ensures removal of solids to the sump. Chicago Bridge
& Iron Company, the constructors of the Freeport Plant, incorporated this
evaporator in their design.

Detailed "as built'" drawings of the 12 evaporator effects
are available in OSW as Drawings Nos. 5 through 76. Each effect consists
simply of a shell and a tube heat exchanger (also called "heating element')
mounted over a vapor-liquid separator called the vapor head. The heating
element consisted of a mild steel shell of 5 foot 6 inch I.D. having 2-inch I.D.
24-foot long tubes of different alloys in different effects. Although the number
of holes in each effect tubesheets was 560, the installed number of tubes varied
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from 383 to 535. The diameter of the vapor head varied from 10 feet (Effect I)
to 18 feet (Effect XII). Pilot plant heat transfer data ("Specifications 195", p.
IV-22) indicated overall coefficients U to be in the range 377 — 850 Btu/hr ft2 OF,
the higher values being for the high temperature effects. The active number of
tubes (surface area) are determined by the overall coefficient value applicable
and the plant capacity desired according to the equation A = Q/UAT. Original
evaporator heat transfer areas are given in Table 2.5. Later, in 1964 and 1965,
it was demonstrated that the rated capacity (L MGD) could be achieved with only
48,347 and 42, 636 ft2 of evaporative surface as against 62, 562 ft2 of the original
surface.

As mentioned earlier, the use of enhanced (double-fluted)
surface tubes almost doubled the performance of the evaporator effects.
Quantitative data relating to the evaporator operation is given in the Heat
Transfer History chapter.

b. Heat Exchangers — Heat exchangers played a critical role
in the Freeport Plant. This becomes evident when it is realized that the
total amount of heat recovered in these seawater preheaters is approximately
70 million Btu/hr which is about twice the amount of heat (35.7 million Btu/
hr) brought in by the prime steam to Effect I.

As stated earlier, Series 200 preheaters recovered heat
from the condensate from all the effects. These were two pass, shell and
tube heat exchangers having shell diameters ranging from 24 inches to 32
inches I.D.  Exchangers 201 through 207 had 8-foot long tubes, and exchangers
208 through 214 had 20-foot long tubes. According to "as built" drawings
(Numbers 300-2 through 338) by C. B. & I., HX-201 through 207 had 250 holes
in the tubesheet but the actual number of installed tubes varied from 178 to
228. These were 1-inch C.D. tubes on 1 1/4 inch triangular pitch, of differ-
ent alloys (admiralty, aluminum brass, 90-10 copper-nickel, and carbon
steel) in different effects, to test their performance in seawater service.

Heat exchangers 208 through 210 had 325 tube holes but the number of installed
tubes varied from 224 to 311. The empty holes were plugged with carbon
steel plugs. HX-211 through 214 had 460 tube holes and the number of tubes
installed varied between 355 and 440. Freeport water cooler, HX-215, had
all the 580 holes tubed out.

The vapor condensers, i.e., Series.300 preheaters, heat the
incoming seawater with vapor bled from each effect vapor head. There are two
longitudinal passes on both tube and shell sides. The heat exchanger shell
diameter was 28 inch I.D. Although 343 tube holes were made on 1 1/4 inch
triangular pitch, the actual number of 1-inch O. D. tubes installed varied from
265 to 343. Other tube holes were plugged. Tube materials utilized were
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carbon steel, admiralty, and 90-10 cupro-nickel alloy. Because of the high
overall heat transfer coefficients in condensing steam-to-water exchangers,

heat transfer surface is better utilized in the 300 Series units compared to the
200 Series preheaters.

Heat exchanger 312 was a surface condenser to condense the
vapor from the last effect (Effect XII) of the evaporator. Proper operation of
this unit is especially important since the overall plant temperature driving
force AT (first effect condensing steam temperature - final effect vapor temp-
erature) is partially controlled by the efficiency of heat transfer in this unit,
and the smaller the plant AT, the smaller is the plant capacity, according to
the basic equation W = UAAT/ ). Sketches of HX-200 and -300 preheaters
are presented in Figure 4. 28 in the Heat Transfer History chapter. Surface
condenser HX-312 is shown in Figure 2.5. The two-pass and four-pass tube-
side flow patterns obtainable with this unit are shown in Figure 4.3 in the
Heat Transfer History chapter. Although pump work is increased in two-pass
mode there is a simultaneous increase in heat transfer efficiency.

BAFFLE ANODE
VENT GAS OUTLET VENT GAS OUTLET
’_:f_'":t:_‘?: UPPER gg/)\(WATER
| '*W
VAPOR INLET TUBES

Z M \ SUPPORT LUGS
=

POTABLE WATER
ANODE OUTLET

SEAWATER INLET
LOWER SEAWATER

' BOX
BAFFLE / \ SEAWATER OUTLET

Figure 2.5, Surface Condenser, HX-312

SEAWATER INLET ﬂ“"
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Heat exchangers 212, 213, 214, 311 and 312 which were ex-
posed to non-deaerated seawater were provided with cathodic protection against
corrosion by the use of DOW Type 24W magnesium anodes and 90-10 cupro-~
nickel cladding at least 15% of the metal thickness of tubesheets and water
boxes. Tables 2.6, 2.7, and 2. 8 provide the specific design conditions for
Series 200 and 300 exchangers (taken from pp. IV-26 and 27 of ""Specifications
195" by OSW). The actual performance data of the exchangers are discussed
in the Heat Transfer History chapter.

c. Flash Tanks — The original purpose of the 11 flash tanks
associated with the twelve effect system is stated in the ""Specifications 195"
document on page IV-18 thus:

"The condensate flash system will not normally
be operated, and is included primarily to aid in
disposal of contaminated condensate when operat-
ing under other than warranted conditions. This
flash system must be capable of handling half of
the total plant production, flashing the condensate
in stages to each effect of the evaporator below
that from which the condensate is first diverted
into the flash system. Since the primary purpose
is to segregate contaminated condensate, the use
of the heating elements as flash chambers is not
permissible. The condensate flash system will
be tested by artificially contaminating first con-
densate and diverting this plus the condensate
from effects II through VI to the flash system
when operating at a total production rate of one
million gallons per stream day. When tested in
this manner the vapor from each flash tank shall
contain no more than 0.5 percent entrained
liquid. "

The specifications for the tanks on page 37 were given by
W. L. Badger and Associates.
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FLASH TANKS (Dished Head, Cone Bottom, 6' Straight Side)

FT-1 Impure Condensate from I - Vapor to II - 24" dia.
FT- 2 Impure Condensate from II and/or FT-1 - Vapor to IIl - 24" dia.
FT- 3 Impure Condensate from III and/or FT-2 - Vapor to IV - 24' dia.
FT- 4 Impure Condensate from IV and/or FT-3 - Vapor to V - 24" dia.
FT- 5 Impure Condensate from V and/or FT-4 - Vapor to VI -  24' dia.
FT- 6 Impure Condensate from VI and/or FT-5 - Vapor to VII - 24" dia.
FT- 7 Impure Condensate from VII and/or FT-6 - Vapor to VII -24'" dia.
FT- 8 Impure Condensate from VIII and/or FT-7 - Vapor to IX - 24" dia.
FT- 9 Impure Condensate from IX and/or FT-8 - Vapor to X -  24' dia.

FT-10 Impure Condensate from X and/or FT-9 - Vapor to XI - 24" dia.
FT-11 Impure Condensate from XI and/or FT-10 - Vapor to XII - 24" dia.

As mentioned earlier, these flash tanks were later used
routinely for condensate heat recovery when the Series 200 heat exchangers
were removed from service. After an appropriate increase in the condensate
piping sizes the flash tanks worked quite efficiently.

d. Deaerator - Decarbonator — The original function of the de-
aerator was to remove dissolved gases, mainly oxygen, from the seawater
feed so that its corrosion potential would be reduced. The oxygen concentration
of 7 to 8 ppm in the raw seawater feed was to be reduced to 0.5 ppm. With the
abandonment of the Mg(OH), sludge scale prevention technique and adoption
of the pH control technique, the deaerator had an additional duty of decarbonat-
ing the seawater feed of the released CO9 amounting to about 90 ppm (total).
The design outlet concentration of CO9 in product water was specified as 2 ppm.
The OSW document ''Specifications 195" gave the following design specifications
for the deaerator:

° seawater feed — 440, 000 lbs/hr @ 135°F

° stripping steam rate — 410 lb/hr from Effect XI
° diameter of the deaerator tower — 6 feet

° total height of the tower — 43 feet

° maximum design temperature and pressure — 1500F
and full vacuum; tower shell material — carbon steel;
coating on inside of tower, packing support, flanges
and nozzles — 1/8 inch thick epoxy lining or approved
equal
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° seawater spray nozzle — Saran plastic, Spraco full
cone No. 18DF or equal

° mixer for Mg(OH), slurry — Lightnin model 110-SE-
5, or equal, with monel shaft and propeller designed
for 80% motor loading at normal conditions. The
motor was to be 5 H. P. 440 volt, 3-phase, 60 cycle,
Allis-Chalmers Super-Seal or equal.

A sketch of the deaerator is shown in Figure 2. 6.
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Figure 2.6, Deaerator-Decarbonator

Chicago Bridge & Iron Co. followed these specifications
in the design and construction of the deaerator (Drawing Numbers 79 and 80)
and they also specified the packed height of the tower as 16 feet with 3 inch
ceramic raschig rings as the packing. Operation of the deaerator assumed
double significance with the CO, removal function imposed on it. Alkaline
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scale (CaCOg, Mg(OH)g) prevention was entirely dependent on efficient COy
desorption from the seawater feed. In addition, severe corrosion and capacity
decrease result from COy. An exhaustive study was therefore undertaken

by Stearns-Roger to determine the optimum operating conditions for the de-
aerator (Second Annual Report, i.e., OSW R&D No. 100, p. III-4). This
study was continued right up to the final Development Run 16. The following
conclusions were drawn from this work:

Proper operation of the vacuum maintenance system
is necessary to maintain a low tower pressure to
allow for flashing of the feed. A separate vacuum
system for the deaerator-decarbonator should be
congidered.

The preheat circuit prior to the deaerator-decarbonator
must be properly designed to provide the necessary
heating of the seawater feed for flashing to occur at

the inlet of the deaerator-decarbonator. Feeding the
process from the return leg of Heat Exchanger 312

is an aid to tower performance.

The portion of the process under a vacuum must be
leak-tight. Leaks are detrimental to deaerator-
decarbonator performance in two ways:

- Leaks increase the vapor load that must be
handled by the vacuum system and can over-
load the system such that the tower pressure
rises.

- Leaks introduce carbon dioxide and oxygen into
the system and can decrease the partial pressure
difference between the stripping steam and the
seawater in the packed section.

Optimum stripping steam rate for normal seawater
is 1 pound per 1000 pounds of seawater.

Minimum degree of seawater feed superheat (relative
to deaerator pressure) is 0.5 to 1. 0°F.

Vent steam rate should be such as to allow for flash-
ing feed condition.
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° The deaerator effluent is a satisfactory sensing point
for pH control. Controlling the deaerator effluent
between a pH of 5.6 and 6.0 does not cause any scale
or corrosion problems. Under these conditions,
caustic neutralization can be eliminated.

. Catalyzed sodium sulfite is successful in scavenging
residual oxygen from the deaerator brine. However,
removal of the residual oxygen does not significantly
affect indirectly measured plant corrosion rates.

° An acid mix chamber is not required to obtain satis-
factory mixing of the acid (sulfuric) and the seawater
feed to the deaerator.

. The deaerator effluent alkalinity up to 30 ppm equiva-
lent CaC Og does not cause scaling or venting problems.

Two important OSW R&D reports useful in this area are:

° No. 158 — "Desorption of COy and Og from Seawater"
by M. W. Kellogg, and

° No. 314 — '""Deaerators for Desalination Plants' by
Oak Ridge National Laboratory.

e. Vacuum System — A vacuum system is required to maintain
pressures lower than atmospheric in the final condenser and all effects having
brine saturation temperatures lower than about 212°F., Plant capacity de-
pends on the temperature driving force T1-Ty, where T is the first effect
steam chest temperature and Ty, is the brine boiling point in the last effect.
The brine saturation temperatures in all the effects are determined by the
absolute pressures maintained in each effect vapor head. When the last
effect is maintained at the lowest possible vacuum, maximum driving force
T1-Ty, is obtained and hence maximum capacity for a given evaporator with
a fixed Tq. Noncondensible gases from sub-atmospheric pressure effects
have to be removed with the help of the vacuum system. Efficient operation
of the vacuum producing equipment is therefore very essential for smooth
functioning of a multiple effect desalination plant.
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The original vacuum system at Freeport included a baro-
metric condenser, a vacuum pump, and a steam jet ejector to operate as a
spare and/or auxiliary vacuum source to the vacuum pump ("'Specifications
Number 195", p. IV-64). Noncondensibles, mainly air and CO9, and water
vapor from the deaerator and the final condenser were to be cooled by raw
seawater in the barometric condenser. The vacuum pump was to remove the
noncondensibles saturated with water vapor at the cooling water temperature.

The barometric condenser was to be of the disc-flow type
having a tall pipe 35 feet long. The vacuum pump, of the reciprocating dry type,
was to be designed for continuous full load duty using an electric motor drive.
The number of stages to be used in the steam jet ejector was left to the dis-
cretion of the constructor. The following operating conditions were specified
in the original design:

) Barometric Condenser

Flow rates: COg — 50 Ib/hr at 133°F
Air — 22.5 1b/hr at 1330F
HoO vapor — 470 lb/hr at 1330F
H, O vapor — 220 lb/hr at 1150F

Duty: 745, 000 Btu/hr

) Vacuum Pump

Noncondensibles: COg — 50 Ib/hr (430 SCFH)
Air — 22.5 Ib/hr (295 SCFH)

Water vapor: Corresponding to saturation at
the outlet temperature of gas from
the barometric condenser.

Cooling water: 100 GPM based on a 159F rise in
temperature. Maximum design
temperature of inlet seawater was
to be 880F.

Steam conditions: 160 psig and 530°F for operation
of the steam jet ejectors. The
steam pressure might fluctuate
by +10%.

An absolute pressure of 3 inches of mercury was to be
maintained in the final twelfth effect.
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f. Clarifier-Thickener and Classifier — In the original design,
the purpose of the clarifier-thickener was to recover Mg(OH), crystals from
the brine blowdown of the plant. This unit was to be designed for the blow-~
down rate of 120,000 lIb/hr at 120°F and containing 13. 8% total dissolved
solids in addition to 4% by weight of Mg(OH), in suspension. The clarifier-
thickener bottom discharge was to contain 15 to 18% Mg(OH)o by weight. The
approximate dimensions of this unit were given as 30 feet diameter by 14 feet
liquid side depth with 1 foot freeboard. With the abandonment of the Mg(OH)y
scale prevention technique this unit was put out of service until the major
plant modification to 17 effects when it was used as a silt settling tank.

The classifier was to remove mill scale and other large and
heavy particles from the recycle magnesium hydroxide slurry, plus incidental
classification of Mg(OH), crystals according to particle size.

g. Desuperheater — The prime steam supplied by Dow Chemical
Company was to be at 160 psig and 5300F so that it was superheated by about
159°F. The steam condensing temperature required in the first effect chest
was 261°F. The extent of superheat was much more (i.e., 269°F) with re-
spect to the first effect steam chest conditions. The superheated steam has
very low coefficient of heat transfer so that it is inefficient as a heat trans-
fer agent. Saturated steam, on the other hand, gives very high steamside
coefficients of heat transfer. The desuperheater's function, therefore, is
to remove the superheat from the DOW steam and supply saturated steam to
the first effect steam chest. No specifications were found for this unit in
the "Specifications Number 195" document. However, the desuperheating
was to be accomplished by spraying condensate from the first effect.

h. Pumps — There were seven items of services to be per-
formed by the pumps at the Freeport Plant according to the original design:

° condensing water
) seawater feed

] blowdown

° condensate

° flashed condensate
° product water

° seal water
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The condensing water pumps, designated as P-1 and P-2,
were to pump raw seawater from an intake pit to the final condenser, HX-
312. These pumps were to be of the vertical propeller type. Shaft guide
bearings were to be of rubber and were to be water lubricated. The pumps
were to be of all iron construction except for the propeller which was to be
fabricated from Ni-Resist. Flax was to be used as the packing material.
Normal flow was stated as 3500 GPM whereas the design value was specified
as 4000 GPM for a differential head of 22 feet. Discharge line size was to
be 16 inches.

The seawater feed pumps, P-3, P-4, and P-5, were to
pump seawater to the first effect. One pump, P-3, would take suction from
the discharge of the condensing water pump and discharge into the deaerator.
The other two pumps, P-4 and P-5 in parallel, would pump the seawater
feed from the deaerator through a series of heat exchangers to Effect I.
Mg(OH)o seeds were to be introduced into the deaerator sump to produce a
1% slurry of Mg(OH)y which was then the suction of P-4 and P-5. The fol-
lowing design conditions were stipulated for these pumps:

° Continuous full load duty.

] Maximum diameter impellers were not to be used.
Their design was to allow a later increase in capacity
of at least 15% at the design head.

° All pumps were to be fitted with shaft sleeves.

. Stuffing box seals with lantern rings were to be
furnished on all pumps. Fresh seawater was to be
used as the sealing fluid. The stuffing box was to be
designed so that a mechanical seal could be added at
a later date.

. These pumps should be end suction, top vertical dis-
charge. Close coupled pumps were not acceptable.

° The pumps were to be fabricated from cast iron and
steel with the exception of those items specifically
mentioned in the Seawater Feed Pump Summary sheet
given below as Table 2.9.
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Table 2.9

Seawater Feed Pump Summary Sheet

Pump No. P-3 P-4, P-5%
1. Process Conditions
Fluid pumped Fresh seawater Fresh seawater with
1% Mg(OH), slurry
Fluid temperature - °r 88 maximum 134
GPM (normal) 955 855
GPM (design) 1150 1050
Differential head (ft.) 85 275
Suct. -Disch. line size g" - 8" 8" - 8"
Pressure over suction Atmos. 5.2" Hg. Abs.
NPSH (available) Flooded 3'
2. Materials of Construction
Impeller IB Ni Resist IB Ni Resist
Wear Rings Monel Monel
Lantern Ring Monel Monel
Shaft Sleeve Monel Monel
Packing Flax Flax
Gland nuts Monel Monel
* NOTE: It is expected that under certain conditions, P-4 and P-5 will be
operated in series. Therefore, the pump casing and other parts in contact
with the fluid pumped shall be designed to withstand the discharge of P-4 as
the suction to P-5.

The blowdown pumps, P-11 through P-22, were required
for transferring concentrated liquor (blowdown) from one evaporator eifect
to the next. The general design conditions listed earlier for the seawater
feed pumps were also applicable to these pumps. Table 2.10 gives the flow
conditions for which the blowdown pumps were to be designed.

Thirteen condensate pumps, designated P-31 through P-43,
were required to remove condensate (product water) from the steam chest of
each effect, the 300 Series heat exchangers and the final condenser. The
pumps were to discharge into a header servicing the shell side of the 200
Series exchangers which heat the seawater feed. The general requirements
of these pumps were the same as for the blowdown pumps. However, these
pumps were to handle potable water and hence their design was to be such
that no oil or other outside contaminants could get into the product water.
These pumps were to be of all iron construction. Flow conditions for these
pumps are presented in Table 2. 11.
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Table 2.10

Blowdown Pump Summary

punp for Effect No. I 1I 111 Iv
Pump No. P-11 P-12 P-13 p-14

porward Feed Conditions

1b/hr. 511,400 382,700 354,200 325,800
GPM (Normal) 850 790 725 660
GPM (Design) 1000 910 840 760
8p. Gr. at Opr. Temp.* 0.968 0.973 0.980 0.987
viscosity - CP. * 0.30 0.30 0.30 0.32
Dissolved Solids -~ Wt.% 3.24 4.02 4.35 4.73
suspended Solids - Wt.% 1.07 1.15 1.24 1.35
Design Diff. Head. - Ft. &5 L] 55 k5

Common _Conditions

Temperature - °P 251 243 235 226
NPSH Available 3.0 3.0 3.0 3.0
Suct.-pisch. Line Size 12-8 12-8 12-8 12-8
Vapor Head Press - * Hg.abs. 60.73 52.70 45.56 38.51
Min. Static Head Above Suct. 4.5. 4.5 4.5 4.5

*Does not consider Mg(ON)a slurry.

BLOWDOYN PUMP_SUMMARY (SHEET - No. 2)

Punp foxr Effect No. v vI vVii VIIZ
Pump No. 15 P-16 P17 p-18

Jorward Peed Conditions

b/, 297.800 270,300 243,400 216,100
GPM (Noxmal) 600 550 480 425
GPM (Design) 700 640 550 490
Sp. Gr. at Opr. Temp. * 0.99%  1.000 1.010  1.020
Viscosity - CP. * 0.3k 0.35 0.37 0.39
Dissolved Solids - Wt. % 5.18 5.7 6.34 7.1
Suspended Solids - Wt. & 1.48 1.63 1.81 2.04
Design Diff. Head. - Ft. 45 ) 45 45

on_ Conditions

Temperature - °F 216 208 198 185
NPSH Available 3.0 3.0 3.0 3.0
Suct.-Disch. Line Size 12-8 12-8 12-8 12-8
Vvapor Head Press - " Hg.aba. 31.70 26.53 21.59 16.34
Min. Static Head Above sSuct. 4.5 4.5 4.5 4.5
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Table 2.10

(cont'd)
pump for Effect No. bo g x X1 XII
pump No. P19 P20 21 ~22
Forward Peed Conditions
1b/hr. 188,900 161,500 134,900 114,800
GPM (Normal) 365 310 250 210
GpM (Design) 420 360 '290 250
Sp. Gr. at Opr. Temp. * 1.032 1.048 1.069 1.087
Viscosity - CP. * 0.53 0.52 0.62 0.78
Dissolved Solids - Wt. & 8.1 9.5 11.4 13.4
Suspended Solids - Wt. % 2.33 2.72 3.26 3.83
Design Diff. Head. - Pt. a5 85 45 &
Common_Conditions
Teap - °F 172 157 138 19
NPSH Avail. 3.0 3.0 3.0 3.0
Suct. - Disch. Line Size 12-8 12-8 12-8 12-8
Vapor Head Press - " Hg.abs. 12.20  8.35 5.17 2.99
Min. Static Head Above Suct. 4.5 4.5 4.5 4.5
Table 2.11

Condensate Pump Summary Sheet

Conditions Comon to All Pums

GPY (Normal) - varies from 47 to 61 GPM

GPi (Design) - 65 GPM

Head, ft. - 70 (differential)

XpSH (available) -5 ft.
Fluid pusped - condensate

Suction - Discharge line size 3*'= 2°

Corditions Specific to Each Pusp

e No. B P22 P33 P P=38 P36 P P38 P RO PR
Tap. - 7 260 2% 242 a3 225 25 206 1% 183 170 L%
Sp. Gr. 0.5 0.5 0.95 095 0.95 0.9 056 0.97 0.97 0.9 0.9
Viscosity - Cp. 0.21 0.22 0.23 0.2 0.26 0.28 0.3 031 0.3% 0.37 0OA2

e
135 15

0.99 0.99
o.49 0.59
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Pump P-44 was provided in the original design for trans-
ferring condensate from the flash system to the split tank. The flash system
was to be in operation intermittently, such as during operation at greater
than design production rate, etc. The amount of condensate in the flash
system would vary and therefore the flow to the pump would also vary consid-
erably depending upon the immediate operating conditions.

Design flow conditions were stated for this pump as follows:

condensate temperature — 134OF

flash condensate flow —_ 60 to 360 GPM
(normal); 400
GPM design.

differential head - 60 feet
suction-discharge line size — 6" - 4"
pressure over suction - 5.2" Hg abs.
N. P.S.H. available — 3 feet

Product water pumps P-50 and P-51 were to transfer pro-
duct water from the split tank to the two users — Dow Chemical Company and
the city of Freeport. Normally the pumps were to operate at the same time
but they were to be sized such that either of the two could transfer the water
requirements of both users. Flow conditions for these pumps were identical
and given as:

° fluid temperature — 1000F;

® normal flow — 425 GPM;

° design flow — 750 GPM;

) head — 190 feet normal, 200 feet design;

° suction-discharge line size — 8''-8'"; and

° suction - flooded.

Pump P-47 was specified in the original Badger design to
act as a separate fresh seawater source for sealing certain pump glands,
level indicator legs, etc. The general design requirements were the same as
for the previously mentioned pumps. Flow conditions were given as 135°F
(maximum) fresh seawater, 50 GPM design, head 175 feet with suction pres-

sure as 10 feet minimum. The pump was to be fabricated from cast iron and
steel with the exception of the following items:
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° impeller — type IB Ni-Resist;

° wear rings, lantern ring, shaft sleeve, gland bolts —
monel; and

° packing — flax.

2. Selection of Materials

The materials of construction for various types of equipment in
the Freeport Plant were originally selected on the basis of experience in chem-
ical industry in general but with the major emphasis on keeping the capital
costs down. The main problem with selection of cheap materials of con-
struction in a desalting plant, is of course, the extreme corrosiveness of hot
seawater. High fluid velocities and turbulence complicate the problem further.
Since one of the primary objectives of the Freeport Plant was the testing of
cheap plant construction materials under large-scale operating conditions the
original design incorporated a variety of materials in the numerous items of
equipment utilized in the plant. The following excerpt from the paperl pre-
sented by Chirico and Dunn of Chicago Bridge & Iron Company explains the
overall plan of materials selection:

"The Freeport Plant is almost totally constructed

of carbon steel materials except for those portions
exposed to the raw seawater. The latter equipment
has been fabricated from cupro-nickel material.
Magnesium anodes are installed to provide cathodic
protection in critical sections where dissimilarity
of metals exists. Although seawater is alkaline, the
removal of occluded and dissolved gases, mostly
air, is necessary to permit the use of inexpensive
material of construction. Tubing material in the
evaporator effects has been alternated, using both
ferrous and nonferrous metals under different temp-
erature and blowdown concentration conditions. It
is anticipated that a sufficient history on corrosion
data will be obtained to provide for optimum tubing
material selection in future installations. Test

(1) "Seawater Conversion Plant — Freeport, Texas',by Chirico and Dunn
of CB&I, presented at ASCE Convention, Phoenix, Arizona (1961).
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spools, furnished by the International Nickel Com-
pany, have been installed throughout the entire sys-
tem, including the vapor, distillate and blowdown
liquor lines. All seawater feed passes through the
deaerator prior to entering any of the evaporator
effects. The writers are confident that carbon steel
materials will prove to be durable as utilized in the
design. "

A brief listing of the materials of construction utilized for various

parts of all the major equipment items of the original Freeport Plant is given
in Table 2.12.

F. LEVEL OF PROCESS CONTROL

1. Instrumentation

The purpose of instrumentation of the Freeport Plant has been
briefly stated in "Specifications Number 195", page IV-195 as ... for oper-
ating control of the plant and for the extraction of test data on this partially
experimental plant.'" On the same page it has been further stated that:
"Maximum emphasis has been made on uninterrupted plant operation, system
reliability, convenient operation, and accuracy of measurement...' From a
functional point of view the following services are rendered by plant instrum-
entation:

° Measurement of process variables to indicate the state of
operation of the plant and quality of product.

° Control of variables within close limits to optimize operations
and thus minimize water costs.

° Indication (transmission for remote observation and control)
and recording for comparison and corrective action.

° Obtaining accurate heat and material balance data.

° Smooth functioning of plant at the desired and preset condi~
tions; protection of equipment; and, finally, some basic

instrumentation is essential for the elimination of constant
operator attention.
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Table 2.12

Materials of Construction Utilized in the Original Freeport Plant

Equipment

Materials of Construction

Evaporator effects
. bodies
° top water box lining
* tubesheet
. heating element tubes

Preheat exchangers
. shell
. tubes

° pass partitions

Final condenser, HX-312

° shell
° tubes
° tube sheets and water
boxes
Deaerator
] shell
] spray nozzle
. packing
Pumps

. condensing water pumps

seawater feed pump

blowdown
condensate

flashed condensate
product water
seal water

Piping
. seawater feed piping
[ ] condensate

vapor or steam

blowdown

sulfuric acid, caustic 50%
seawater underground

Low carbon steel A-285-C~-FBX

None initially

Low carbon steel

Low carbon steel, admiralty, aluminum
brass, 90-10 cupro-nickel with not less
than 1.25% iron, corten

A-285, Grade 'C' Flange quality steel
Carbon steel, 90-10 cupro-nickel,
admiralty, aluminum brass

Carbon steel HX-212, 213, 214, 311 and
312 to have muntz metal or cupro-nickel
cladding on tube sheets and water boxes.

Carbon steel

Aluminum brass

Hortonclad A-265 A-285-C-FBX Backing
1/8" 70-30 CuNi clad

Carbon steel

Saran plastic

Ceramic raschig rings

The vessel, packing support, nozzles
and flanges to be coated with 1/8" thick
Epoxy lining.

All iron construction except IB Ni-Resist
fmpelier.

Impeller-Ni-Resist; wear ring, lantern
ring, gland nuts and shaft sleeve of monel.
Cast fron and steel; wear ring, etc., monel.
Same as above
Same as above
Same as above
Same as above

Class A, A.S.T.M. A-53 Grade B
Class B, black butt-welded, or seam-
less. carbon steel ("'Specifications -195",
p. 1V-155)

A-283-C, A-53, A-T

Class A

Class D, black butt-weldcd

Class F, A.S.T.M. 58, Grade A with
coal tar enamel coating.
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The instrumentation flowsheet for the original Freeport design by
W. L. Badger Associates is shown in Drawing Number 511. The general
instrument schedule for the original plant is given in Table 2.13. A list of panel
mounted instruments is given in Table 2.14. High accuracy instrumentation
of selected effects was carried out in 1965 to enable accurate measurement
of two phase pressure drops and concomitant temperature drops in the heat-
ing element tubes as predicted by Dukler's theory (see '"Heat Transfer History",
Chapter 4). Figure 2.4 shows the typical instrumentation of an evaporator
effect. Actual measurements did confirm, especially in the low temperature
effects, the presence of significant temperature drops associated with the
brine-vapor pressure drops.

2. Process Control

The multiple-effest falling-film desalination process, as employed
at the Freeport Plant, is essentially simple to control from the standpoint of
maintaining the quantity and quality of production. The overall process oper-
ation at Freeport is shown in block diagram form in Figure 2.7. Raw sea-
water feed is first regeneratively preheated in a series of heat exchangers so
that upon acidification and flow through the deaerator-decarbonator most of
its bicarbonate alkalinity is decomposed and COg is vented through the vacuum
system. The deaerated and decarbonated seawater feed is further preheated
to bring it close to the saturation temperature of Effect I into which it is
finally fed. Prime steam from an external source is supplied to the steam
chest of this effect to drive the process. Vapor, brine and condensate flow
through the plant from the high temperature end (first effect) to the low temp-
erature end (last effect). The quantity of vapor transferred between effects is
approximately the same; the brine quantity diminishes while the condensate
quantity continually increases. At the cold end of the plant, the concentrated
brine is discarded, vapors from the last effect are condensed using raw seawater,
and all the condensate from the plant, which is product water, is pumped to
storage. There are three basic fluid paths in the Freeport LTV process —
seawater or brine; steam or vapor; and, condensate. These paths, along
with their main controlling instrumentation, are given in the self-explanatory
block diagrams in Figures 2.8, 2.9, and 2. 10.

In the instrumentation design of an LTV plant an economic balance
has to be struck between the minimum instrumentation costs and minimu oper-

ating manpower requirements since product water costs must be kept down
to an absolute minimum. Because of the experimental nature of the Freeport
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le 2,14

Panel Instruments for No. 1 Demonstration Plant
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Figure 2.7. Freeport ME-LTV Process Block Diagram
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Figure 2.8. Seawater Feed and Brine Cycle, Block Diagram
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Figure 2,10, Steam Paths, Block Diagram
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Plant, the instrumentation and process control were not optimized. Control
loops involving the following equipment were important for smooth and efficient
operation of the Freeport Plant:

Deaerator-Decarbonator
b. EffectI
C. Evaporator train

d. Cold end of the plant

a. Deaerator-Decarbonator Control — The deaerator-decarbonator
(DA-DC) was the most heavily instrumented unit at Freeport. A sketch of this
unit showing the main control instrumentation is shown in Figure 2.11. The
DA-DC has two functions — to remove dissolved oxygen and free COg2 from the
seawater feed to reduce corrosion and alkaline scale problems. Seawater
feed is preheated and acidified just ahead of the unit and then sprayed over
the packing inside the DA-DC tower. Dissolved Og and CO, are stripped
from the downflowing seawater by means of the stripping steam introduced
at the bottom of the tower packing. The deaerated-decarbonated seawater
accumulates in the sump which is then pumped to the exchangers for further
preheating. Catalyzed sodium sulfite can be added to this stream to remove
the residual oxygen while caustic soda can be added to adjust the seawater pH
as required. For efficient operation of the DA-DC and the whole plant, the
following four controls are essential:

° SWF Control — Two choices are possible in the con-
trol of seawater feed to the DA-DC unit. For stable
operation of the deaerator only, flow control of brine
to the deaerator and level control of the brine out of
the unit would be chosen. However, for smooth oper-
ation of the total plant it is sometimes more desirable
to flow control the brine outflow and level control
the brine inflow to the deaerator. The latter was
initially chosen for operation by the plant constructors,
Chicago Bridge and Iron Company (see Drawing No. 3,
"As-Built'). To avoid cavitation damage to brine outflow
pumps P-4 and/or P-5, the control system was later
changed to level controlled outflow and flow controlled
brine inflow as shown in Figure 2.8 (from Fifth Annual
Report, page 222, by Stearns-Roger).
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° Steam Flows — Steam for stripping the seawater feed
of its dissolved gases is taken from a low temperature
effect such as the eleventh effect in the original plant.
Its flow rate has to be controlled in relation to the sea-
water feed rate and its alkalinity which is approximately
constant. Original design provided for hand control
of this stripping steam inflow to the DA-DC tower at
about 1 pound per 1000 pounds of SWF.

The next higher level of instrumentation would re-
quire the use of automatic flow ratio controllers if
significant fluctuation of SWF rate exists.

Since flashing of seawater feed in the DA-DC tower is
essential for efficient stripping operation, tempera-
ture control of the steam flow has been proposed. 1In
this mode of control, the seawater temperature drop
across the DA-DC tower would be sensed; a control-
ler would reset the position of the valve in the deaera-
tor vapor outlet line (see Figure 2.11) to control this
temperature drop. This system has been used on a
hand control basis to maintain the specified degree of
flashdown (1.0 *+ 0.20F) in the deaerator at Freeport. 1

° Acid Addition — For proper decomposition of the bi-
carbonates in SWF it is essential to control the sul-
furic acid addition rate. An excess of acid in SWF
could lead to severe corrosion of most steel equip-
ment while scaling can result from inadequate rate.
Initially the acid rate was hand controlled to yield
seawater inlet pH around 4 to 4.5. Since indicated
pH was found to fluctuate considerably the control
point was later shifted to seawater outflow from the
DA-DC with pH control point being 5.6 to 6. 0. An
improvement in this control loop would be the replace-
ment of the present manual adjustment of acid pump
stroke with an automatic controller. Instrumentation
for this conversion was actually purchased in 1969
but installation was deferred due to plant shutdown.

(1) Campbell, K. S., "LTV Process Control", a paper presented at the
2nd Conference on Instrumentation for Desalination Plants, San Diego,
February, 1969.
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] Other DA-DC Controls — Two other control loops
around the DA-DC are of interest. Initial design in-
cluded caustic neutralization loop to bring SWF out-
flow from the DA-DC to neutral range. During the
final development runs it was shown that by control-
ling the outlet pH between 5. 6 to 6.0 caustic addition
could be eliminated without scaling,: corrosion or
venting problems in the first effect (see e.g., Eighth
Annual Report, p. 87).

Sodium sulfite addition to the brine outflow from the
deaerator was a hand controlled operation to chemi-
cally reduce (scavenge) the residual oxygen to 0.05 -
0.1 ppm. Development Report Number 9 by Stearns-
Roger has the following comment on page 14: ''Sodium
sulfite is successful in scavenging residual oxygen
from the deaerator brine. However, removal of the
residual oxygen does not significantly affect externally
measured plant corrosion rate. "

b. Control of Effect I — Control of the evaporating section of
an ME-FF plant is fairly straight forward. The vacuum system and the heat re-
jection condenser performance fix the conditions at the cold end of the plant
while steam temperature and flow rate fix conditions at the high temperature
end for a given seawater feed rate. The intermediate effects assume steady
state conditions automatically when no process problems or restrictions
exist.

For lowest water costs there is an economic driving force
to reduce the SWF rate to the minimum since this leads to savings in pump-
ing power, acid, steam, and other chemicals. Similar driving force exists
to raise the first effect temperatures. However, two scaling restraints exist
against which the plant operations must be optimized. At the low temperature
end of the plant gypsum (CaSO4, 2Hy0) scaling occurs if brine is so concen-
trated as to exceed a concentration factor of about 3.0. Anhydrite (CaSOy)
scaling at about 2680 F with normal seawater limits the first effect high temp-
erature operation without pretreatment.

Once the optimum temperature and related parameters are

selected for the first effect a number of control schemes are possible for
smooth and efficient operation. A common approach is to bring the steam in
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on flow control. Since scaling and plant capacity are determined by tempera-
ture of brine in the first effect sump, the steam flow to this effect can also be
put under sump temperature control as shown in Figure 2. 12.

FLOW CONTROL }Q,#L%f_@
BRINE IN FRC |
——— e

{
P ]
FIRST !
EFFECT P iy STEAM IN
D\I v
N RS
BRINE OUT
SUMP TEMPERATURE CONTROL @
BRINE IN *
—m—
]
1 o
FIRST 1, sTEAM IN
EFFECT [ D& il
=
T (R0
BRINE OUT
-
=
PRESSURE CONTROL @
\>
BRINE IN o
]
FIRST 1 STEAM IN
EFFECT [ <t AN
./
g O
BRINE OUT

Figure 2.12, Instrumentation Sketches
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There are several disadvantages to this control scheme.
There is overcorrection due to process lag; if brine flow decreases, scaling
may occur as a result of overconcentration, the only remedy being to contin-
ually change the temperature set point on the controller as the brine flow
fluctuates. Still another problem is that of instrument span, which may be
required to be 80°F with an absolute accuracy of + 0. 50F!

The third method of first effect prime steam control is
based on steam chest pressure control (Figure 2.12). The steam rate is
adjusted to maintain a constant, preset chest condensing pressure. For a
plant operating close to its maximum rate, chest pressure control serves
to regulate not only the sump temperature but also the tube temperature, both
of which affect scaling potential. At the Freeport Plant this control scheme
has been effective in maintaining smooth plant operations close to the maximum
plant operating temperature. The chest pressure controller acts quickly and
smoothly to adjust the plant operations for changes in heat balance require-
ments caused by such factors as internal vent adjustments or heavy rains.

This scheme, however, is not entirely satisfactory. The
pressure set point on the controller has to be manually changed every time
the brine rate is cut for reduced throughputs or for any other reason. The
pressure span may be as much as 45 psia to 10 psia and an absolute accuracy
of 0.25 psia may be required at the 45 psia level.

All of the three schemes discussed above have a common
disadvantage insofar as they maintain the steam flow irrespective of changes
in the brine rate. Scaling could result in this scheme when brine rate drops
to low values. The best control scheme would involve SWF to steam ratio
control with (scaling threshold) temperature override to protect the system
from the scaling problems.

c. Evaporator Train Control — As mentioned earlier, the inter-
mediate effects reach steady state conditions by themselves when the first and
last effect operations are maintained steady. Therefore, the only instrumen-
tation required on these effects is that needed for usual process monitoring
purposes. Intereffect steam flow is self-regulatory; the vent rates are adjusted
manually at start-up. Condensate flow is driven by the intereffect pressure
and regulated by the size of the condensate transfer lines. Brine transfer in
the series forward feed scheme can be done with or without control instrumen-
tation. In the common "feed forward' mode the brine is pumped from the
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sump of one effect into the top water box of the next effect. The pump dis-
charge is throttled to regulate the level in the sump. Too high a level leads
to brine droplet carryover and product contamination while too low a level can
cause cavitation damage to the pump. Investment in regular level controllers
quickly pays out in terms of savings in operating manpower.

The second mode is called "sump-to-sump' method of brine
transfer. Here brine flow takes place under the driving force of the inter-
effect pressure difference while the size of the transfer line also regulates
the flow rate. Brine from the sump of a given effect is recycled to the top
water box of the same effect so that sump level is unaffected. Neither level
control nor operator attention is necessary for maintaining a stable, smooth
operation at design conditions.

d. Control of the Cold End of the Plant — The cold end of the 17~
effect plant is shown in Figure 2.13. Only two instrumental control loops
were involved. These were applied to level control the brine and product
water discharge rates. Flow of cooling water and steam to ejectors was on
manual control. For optimum operations, the brine feed rate to the whole
plant had to be minimized, but not to the level where gypsum scaling would
occur in the cold end of the plant. The last effect brine concentration was
periodically checked by hand refractometer. If a concentration factor was
found to exceed the scaling threshold (about 3.0), then the brine feed rate to
the plant was reset to maintain scae free operations. An instrumental control
loop could, of course, be designed using a continuous indicating/recording
refractometer or a chloride ion electrode as a sensing element. One main
drawback of such a system is that it takes about an hour for a change in total
dissolved solids to appear at the cold end after the brine rate is adjusted.

Finally, the total automation of the plant is possible if
considerable fluctuation in water demand exists. The Freeport Plant showed
a rapid response in attaining 80% of the rated capacity in about 30 minutes
from the initial 25%. A surge tank, with level control to initiate changes in
production, could stabilize the operation of such a plant. For steady water
demands, the present level of process control discussed above can be consid-
ered adequate with the exception of the pH adjustment loop on the deaerator and
ratio control of seawater feed to heating steam which should be controlled
instrumentally rather than manually.
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Chapter 3

START-UP

An essential milestone in the design, construction, and utilization of a
complex project, or any large endeavor that is expected to have an operating
function, is the preparation for and the initial test operation. The importance
of this milestone holds true even though the new facility is "essentially a
copy" of an operating design. There are invariably, in addition to errors and
mistakes of human origin, new subsystem designs or new innovations at some
process point that need, require, and demand the final attention of debugging
before being accepted for routine use. Such is the experience of technological
growth, and the Demonstration Plant, Freeport, Texas, was no exception,

The prime construction contractor, Chicago Bridge and Iron Company,
utilized their prior experiences when preparing the '"Operating Instructions
for United States Government, Department of Interior, Office of Saline Water,
Demonstration Plant No. 1, Freeport, Texas'". This documented the instruc-
tions and procedures for the inspection, preparation, and initial start-up of
this plant.

The CB&I ""Operating Instructions' were comprehensive and complete.
The section on inspection before start-up included checking each item of rotat-
ing equipment for proper installation and alignment, direction of rotation,
initial maintenance, and applicable safety features. Before the initial start,
the instrument subsystem was carefully inspected to verify the correctness
of the installation, that the air system was clean and tight, and that all meters
were calibrated and functioning properly. Detailed instructions were included
for the hydrostatic and vacuum testing (as required) of the evaporators and
related flash tanks, pumps, and piping. Since x-ray inspection of welds was
not included in these Instructions, it has been presumed this precaution was
a construction item. Air pressure testing was conducted to locate, for elim-
ination, any leaks found in the system. Air leaks into the process equipment
would, and did, cause problems.
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Subsystems requiring specific preparation before the initial start-up
were identified and such preparation was defined. For example, the clarifier-
thickener had to be loaded with a 2% slurry of Mg(OH)5 in seawater prior to
operation.

The status of the plant had to be established before the initial start-up.
A shutdown during routine operation would naturally leave the various valves
and controls in a specific setting — open or closed, as the case may be. After
construction and testing for proper functioning, any valve and/or control
could be left in either position. It is necessary to check each one to be cer-
tain each is in the correct position to facilitate the initial start-up, or the
status of the plant must be established as a prelude for the start-up procedures.

The sequence of steps to be taken to place the plant in the operating
status was prepared. Accompanying such a checklist was one for the shut-
down of the plant, both under routine or normal situations and for emergencies.
Also, a section was included outlining situations in which alternate methods
of operation were possible.

The ""Operating Instructions' contained information on specific items of
equipment, certain diagrams and charts that were useful during operations,
and a section of safety suggestions. Further information, and certainly in
more detail, can be obtained by examining the subject document.

The construction of the first Demonstration Plant was formally com-
pleted on April 7, 1961 (First Annual Report, page I-1). Inspection of the
plant and preparation for the initial start-up followed. The first problem
encountered upon undertaking the specific start-up sequence occurred with
the clarifier-thickener. S8ilt built up rapidly in the slurry tank and CaCOgq
formed on the feedwater control valve. These occurances caused the prompt
abandonment of this method for scale control. The sulphuric acid treatment
process was adopted with satisfactory results.

Early operational problems, not necessarily in sequence of occurence,
included scaling in Effects X and XII (20 tubes were found plugged at the first
inspection); and new impellers were needed on 6 brine pumps to increase
their capacity in order to reduce the brine out concentration factor from 4 to
3. As could be expected whenever new equipment is operated for the first
time, there were numerous equipment difficulties with various items.

Specific items and difficulties were not identified in the annual reports; how-
ever, it is reasonable to expect these problems might well include impeller
and shaft problems, air and seawater leakage, and corrosion of parts exposed
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to salt water. Major trouble areas did encompass such matters as brine
carryover, improper equipment applications and corrosion.

During the plant inspection prior to the first official production run,
heavy scaling of CaSO, was found in Effect XII with progressively reduced
amounts in Effects XI and X. Much of this scale was removed by circulating
cold seawater.

The proper adjustment of the electrical circuit breakers was made as
operating experience was gained — a normal course of events leading to the
correct setting of protection equipment. Leaks occurred at various points,
necessitating inspections and corrective actions. An early determination
was made to remove and replace carbon-steel tube plugs because of exten-
sive corrosion.

April 1961 saw the first start-up of the Demonstration Plant, and by
September, the contractor and operating crew were settling into their oper-
ating routine when Hurricane Carla hit the Texas Coast. As a result, the
operating crew rapidly matured in the knowledge of the various plant sub-
systems and operating procedures. The initial recovery start-up occurred
after just 5 days of emergency repair and clean-up. In fact, the plant had
to be operated manually since very little of the instrumentation system was
functional. Four days later, the only available and operating main feed pump
shorted out, necessitating the plant shutdown. This intervening period of
twelve days permitted the completion of the minimum essential repair work
for sustained operations. Although failures of equipment due to Hurricane
Carla did occur at later dates, these events did not pose catastrophic possi-
bilities inasmuch as the maintenance effort had restored most of the sub-
systems to nearly full operational capability, and, in due time, did recondi-
tion and restore all affected parts.
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Chapter 4

HEAT TRANSFER HISTORY

In a plant utilizing a multiple effect falling-film LTV evaporator for desal-
ination of seawater, heat transfer occupies a central role. This becomes
obvious when it is realized that out of 35 major items of equipment at Freeport
(12-effect plant), 34 items had heat transfer as their main function.l The pro-
duction capacity of such an evaporative plant is directly related to the rates of
heat transfer in all the major items of equipment. Higher heat transfer rates
lead not only to increased production rates of water but also to decreased unit
costs of water. Considerable effort was, therefore, applied at the Freeport
Plant over its eight-year period of operation to obtain information relating to
long-term heat transfer rates and the effects of design and process variables
on these rates. Before the presentation of these investigations and the results
obtained, it is essential to undertand the theory underlying heat transfer in such
ME-LTYV falling-film plants. This chapter, therefore, has been divided into
the following subsections:

A. Theory and Original Design

B History of Overall Coefficients by Effect

C Effect of Distribution Devices on U

D Effect of Process and Design Variables on U

E. Types of Surface Used and Performance

F Variation of U with Tube Type

G Effect of Non-condensibles Accumulation and Venting Rates on U
H. Preheater Performance

I. Heat Rejection Condenser Performance

(1) Dykstra, D. I., Chem. Eng. Prog., 61, No. 7, 80 (1965)
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A. THEORY AND ORIGINAL DESIGN

1. Mathematical Model of the Mechanism of Heat Transfer

As stated earlier, heat transfer is the main function of most of
the major items of equipment in an evaporative desalination plant of the Free-
port type. Of the various such units, however, the evaporator effects play
the most important role. The mechanism of heat transfer is unique in these
effects because of the phase change and physical property variation down the
entire length of the tubes. A simple sketch of the heat transfer zones involved
is shown in Figure 4. 1.

E WALL

CONDENSING STEAM EVAPORATING BRINE

>

TEMPERATURE
PROFILE

ao-

o€
Region

a = condensing steam
(bulk phase)

b = condensed water film

= tube wall

d = evaporating brine film

e = evaporated water vapor
(bulk phase) J

DIRECTION OF
HEAT TRANSFE

NNV

Figure 4.1. Schematic Model of Heat Transfer

Neglecting the non-condensibles and scaling effects, there are five main re-
gions involved in the heat transport route as marked in Figure 4.1. On the
outside of the tubes is region a consisting of the bulk phase of steam or vapor
from the previous high temperature effect. The water film b is the result of
continuous condensation of this steam on the outside of the tubes. The tube wall
forms the third region c in the heat flux route. Seawater or brine from the
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previous effect (in feed forward mode) enters the top of the tubes through a
liquid distribution device (triangular notch weir or porcelain nozzle) and flows
down by gravity as a film on the inside surface of the tube. Heat transported
to this region d causes a proportional quantity of water to evaporate, leading

to the formation of bulk vapor phase e inside the tube. Under steady state
conditions, temporal variations of temperature, pressure, concentration, etc.,
in these zones are minimal, but the spatial variations are significant. For ex-
ample, the thickness of the water film in zone b is continuously increasing
downward as more steam keeps condensing along the whole length of the tube.
The brine film d, however, decreases in thickness as it proceeds to the exit
end of the tube because of continual depletion of its water content due to evap-
oration. Spatial temperature variation is brought about by the two-phase
pressure drop down the tube so that the temperature driving force is less at
the tube top than at the bottom exit. High vapor generation rates, low abso-
lute pressures, and small I. D. long tubes lead to large pressure drops and
hence reduced temperature driving forces. But increased vapor rates are not
totally undesirable since increased interfacial shear reduces the film thick-
ness and thus tends to increase the heat transfer coefficient. Therefore, there
is spatial variation of temperature, pressure, fluid properties, and dimension-
less numbers like Reynolds Number, Prandtl Number, etc. Because of the
existence of temperature profile across the heat transfer zones as shown in
Figure 4.1, there is additional variation of conditions across the zones at any
given distance from the tube top. Prediction of accurate heat transfer rates

is extremely difficult due to this complex situation. Prengle, Dukler, and
Crump, Inc., under an OSW contract, developed the following mathematical
model and predictive technique (OSW R&D Progress Report Number 74). The
model is based on the following assumptions:

° Thermal resistance of the bulk steamside zone a is negligible.
. Continuous filmwise condensation exists on the steamside.

. Interfacial shear on the steamside is negligible.

° On the brine side, water evaporation takes place from the

brine film interface. A nucleate boiling mechanism does not
exist at the low flux rates and AT's obtained in such plants.

° Bulk phase resistance of the vapor core inside the tube is
negligible.

The principal index of heat transfer performance of an equipment
is U, the overall coefficient of heat transfer which is connected to the individual
coefficients of the three remaining zones b, ¢, and d as follows:
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U = ————r— (4.1)
+
hy,

hb = film coefficient for the steamside water
film

h = individual coefficient for the tube wall,
equal to thermal conductivity of tube mat-
erial divided by the tube wall thickness

hd = coefficient for the brine film

The prediction of U, therefore, can be made once hb and hy can be predicted
as a function of the design and process variables like Reynolds Number,
Prandtl Number, interfacial shear 8, etc.

The heat flux (heat transferred per unit time per unit area) at
any position, y - distant from the wall can be written as:

dT

where kL, Eqy, C P, represent the molecular thermal conductivity, eddy

pL’

thermal conductivity, specific heat, and density of the liquid at the position y.

The local temperature gradient is dT. This equation can be rearranged and
dy

integrated to give the temperature drop in either film b or d (see Figure 4.1):

ldy
dat = .

Tm - Tw = -q' dy (4.4)
(kL + EHC p
o pL L)

where m is the thickness of the liquid film at a given distance from the tube

top, and Tm is the temperature of the liquid film interface with vapor, and Tw
that of the tube wall. Under steady-state conditions with no sensible heating
across the thin film, q'y is independent of y, so the subscript y has been dropped
and q taken out of the integral sign in Equation 4. 4.
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Now the individual heat transfer coefficient h for this film can be written as:

i “:5)

so that on substitution (for q') in Equation 4. 4, the heat transfer coefficient
can be obtained as:

h = (4. 6)

dy
f tkp, + EgCpp, P1)

o

In order to solve this equation for h, it is necessary to have equations that
will give variation of E_, with position y, the variation of m, the film thick-
ness, with liquid rates; fluid properties and the interfacial shear 8 . Two

equations are proposed by Dukler (OSW R&D Report Number 74) to predict
E .
Ho

i. for the region close to tube wall:

2
EH = nzuy [1—exp( _:n__ﬂl_gxg_)] 4.7)

ii. and for the fully developed turbulent region away from
the tube wall:

Ey = P (du/dy)® / (d2u/dy2)® (4. 8)

where n and P are constants, u is the local velocity at a distance y from the

tube wall, and u is the liquid viscosity. The two regions are divided at film
thickness b given by:

_ 26u
b = FE—rt, (4.9)

where Tw is the shear stress due to fluid friction at the tube wall. The
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velocity distribution u = u(y) is obtained by Dukler! from numerical integration
of film momentum balance non-linear equations. The derivatives du/dy and
dzu/dy2 are also obtained in numerical form. Values of Eq can be calculated
once this velocity distribution data is available.

The liquid film thickness m is obtained from the material balance
equation:

m
= p -

W L  (-2ynay (4. 10)
where Wi is the local liquid flow rate and D is the internal diameter of the tube.
For a given flow rate and velocity distribution, only one value of m will satisfy
Equation 4.10. This is obtained by trial and error. The liquid Reynolds Num-
ber is easily obtained as:

AWy,

ReL = T Dr (4.11)

Because of the fact that the velocity distribution in the film is affected by inter-
facial shear arising from concurrent vapor flow over the film, its thickness m
depends both on the Reynolds Number, Rey, and the dimensionless interfacial
shear 8 given by the following equation:

(dP/dL)TPDg 1/3

= .12
B 4p71,1/3 ~u2/3 (4.12)

where (dP/dL)TP represents the axial pressure gradient due to frictional energy

loss in two phase flow. Increasing Rej, increases the film thickness while in-
creasing B has the reverse effect.

Since both m and Efy can now be obtained as functions of position y,
the integral in Equation 4. 6 can be evaluated to yield the local value of the individual
or film transfer coefficient h. In OSW R&D Progress Report Number 74, Figures
6 through 9 and 11 through 14, values of this coefficient have been plotted as
functions of Reynolds Number with interfacial shear 8 as a parameter for selected
values of Prandtl Number, Pry,. It is seen from these figures that increasing
B has a much more pronounced effect on the heat transfer coefficient than that
of Reynolds Number.

(1) Dukler, A. E., Chem. Eng. Prog., Symposium Series 56, No. 30, 1,
(1960)
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The discussion given above was limited to local coefficients; i.e.,
at a certain point down the length of the tube. Since the observed heat flux q
is based on the entire tube area, it is essential to compute havg’ the average

coefficient. (This is necessitated by the fact that due to continuous evaporation,
or condensation, the film thickness is variable, as are the Reynolds, Prandtl,
and $ numbers.) Making use of enthalpy balance on a differential length of
tube and then integrating from L. = 0 to L. = L (tube length), one obtains:

Re
out
R = — dL (4.13)

in dhX o ML A

where M\ is the enthalpy of vaporization, and A T, is the temperature driving
force in this differential tube length dL.. For the entire tube, one can write:

A Rep 4ATanL
—_ = ———— (4.14)
havg A u L

where A Reyp, is the change in Reynolds Number over length L. Finally, com-
bining Equations 4.13 and 4. 14, the following equation is obtained for the average

coefficient:
Re ATx dL
L ATang
h = 4.1
avg v avg Re .t (4.15)
ReLx
Rein h'x
where 9 1/3
* L
v o= <—z—) (4. 16)
3 -
PLEKL

For obtaining h, variation with Rey » (local Reynolds Number), the change in 8

must be known which means essentially that the two-phase pressure drop must
be determined. At low pressures (i.e., below 1 atm.), there is no adequate
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method for predicting this two-phase pressure drop. Dukler1 utilized empirical
correction factors to obtain tentative correlations. (A number of correlations
are also listed in "Saline Water Conversion Engineering Data Book, Supplement
Number 1, Oct. 1966, published by U.S. Department of Interior.) The average
overall coefficient, Ur, is obtained by substituting steamside and brineside
havg values in Equation 4. 1.

2. Comparison of Theory with Experimental Data
For logical comparison, the basis must be common to the compared

data. Where both U and A T, vary over the length of the tube, the following
equation gives the correct heat transfer rate:

q UAToaddL (4.17)

where aq is the heat transfer area per unit tube length in zone d (Figure 4. 1),
and A T, is the overall temperature driving force at any distance down the
tube top. For avérage U, over the entire tube length:

q = Uy [ AT, aqdL (4.18)

This Ug can be compared directly with the theoretical average U to check the
validity of the theoretical correlation. Prengle, Dukler, and Crump, Inc.,
reported1 agreement within 5% of the Wrightsville Beach Pilot Plant data.

3. Effect of Tubeside Pressure Drop

Prengle et al reported1 the effect of tubeside pressure drop on the
temperature driving force A T. For high brine temperatures (above approxi-
mately 200°F), a pressure drop of even 0. 8 inch Hg in the tube did not show
significant influence on A T, whereas at low temperatures (and, of course, low
pressures) of approximately 1250F, the a T at the tube top was found to be re-
duced to 20 percent of the A T at tube bottom for a pressure drop of only 0.2
in Hg!

(1)  Prengle, Dukler, Crump, Inc., OSW R&D Report Number 74.
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As stated earlier, the large vapor flow rate (due to high specific
volume of vapor at low pressure) reduces A T but increases U so that to ob-
tain optimum heat flux (q/A), the product U AT must be optimized. Under ideal
conditions, each effect tube diameter, length, spacing, etc., must be optimized
to yield the best value of heat flux. From a practical standpoint, at least two
types of tubes should be used — for high temperature effects small diameter
but long tubes; whereas, for low temperature/low pressure effects, short tubes
with a large I. D. would reduce the excessive pressure drop.

4. Important Conclusions

The following important conclusions were drawn by Prengle et a1l
on the basis of the theory as given above:

(] The ability to generalize the predictive technique depends on
generalizing the method for predicting pressure drops in two
phase flow.

° The overall coefficients do not drop off drastically at lower

operating temperatures as was originally concluded (OSW
Progress Reports Numbers 26 and 456). These were apparent
coefficients based on the A T at the tube exit, which is greater
than the effective a T over the entire tube length. Decreased
AT results from the pressure drop necessary to move the
vapors out of the tubes.

An important modification to the present design concept is
suggested by the theory — namely, that the tube diameters

and lengths should not be the same in all effects but should be
varied so as to maximize the U AT product. Once a reliable
pressure drop correlation is available, it is possible to mathe-
matically establish this maximum for a given operating pres-
sure level, fluid properties, tube size, etc.

] Calculation of steamside and brineside individual coefficients
indicate that the steamside resistance is of the same order or
even larger than the brineside resistance. This suggests that,
for improvement in U, a grating type (e.g., fluted type)

(1) Prengle, Dukler, Crump, Inc., OSW R&D Report Number 74.
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surface may be used, tube spacings may be decreased, and
baffles (or dummy tubes) may be used on shellside to increase
vapor shear g .

] Entrainment can be serious in small diameter tubes handling
a large vapor load. Entrainment affects heat transfer rates,
pressure drops, and scaling.

° The heat transfer coefficient is dependent on the Reynolds
Number, Prandtl Number, dimensionless interfacial shear
B , and the heat transfer group:

o 25k3
PL gk

Variations in liquid flow rates (i.e., Rep) do not affect the
coefficient as much as those in interfacial shear 8 .

5. Original Design

W. L. Badger Associates, Inc. (Ann Arbor, Michigan) provided
the initial design specifications for the Freeport Plant which until 1967 con-
sisted of 12 evaporator effects. Tube size of 2 inch O.D. and 24 foot length
was selected because the Wrightsville Beach pilot plant data (OSW Report Num-
ber 26) was available for only this tube size and it indicated satisfactory values
of the overall coefficient U. Partial heat transfer data from these pilot plant
tests is given in Table 4.1. Effect number column indicates that the particular
run most closely approximated the conditions that were expected in this effect
of the demonstration plant (''Specifications Number 195", page IV-22).

B. HISTORY OF OVERALL COEFFICIENTS BY EFFECT

Before presenting the effectwise history of the overall heat transfer coef-
ficients the calculations performed to check the consistency and reliability of
the overall and effectwise heat and material balance data are given below. Plant
performance data, including the overall coefficients, are derived from this heat
and material balance data. For random check the Development Runs 9-2 and 16-3
were selected to represent 12~ and 17-effect plant operation respectively.
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Table 4.1

Heat Transfer Test Data for
Conditions of Demonstration Plant Operation

Temp. °F.
Run No. Effect No. Feed Sat-Vap AT,°F U AP, in. Hg.
LWCH-2 I 242,2  249.5 8.8 721 2.76
LWCC-2 1 249.5 241.3 6.2 741 6.47
LWCF-2 v 230.5 222.4 6.8 727 5.80
LWCE-2 VI 213.7 201.6 7.9 666 5.14
| LWCD-2 Vil 189.7 176.7 10.1 532 -—
1LWCC-2 X 162.7 151.0 11.0 467 1.95
LWCB-1 X1 153.2 141.0 11.7 407 -
LWCA-3 X 140.8 119.7 12.8 377 1.87

Notes: 2
1). Units of U are. Btu/hrft OF. It is based on inside tube area and
AT=coundensing vapor temp. - tube exit brine temp.

2). AP is pressure difference between distributor plate (above orifice)
and vapor head.

1. Overall Heat and Material Balance: Development Run Number 9-2
Figures for this run were taken from page 102a, Fourth Annual

Report by Stearns~Roger (OSW R&D Progress Report Number 171). Operating
time of the run was 2931 hours.
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a. Overall Material Balance —

Streams In, lb/hr Streams Out, Ib/hr
i. Inlet seawater 2,152,511 i. Waste seawater 1,066, 664
ii. Dow steam 34,000 | ii. Concentrated brine 105, 297
iii. Sulfuric acid less than |iii. Product water:
Caustic soda 75 1b/hr to Freeport 93, 680
to Dow Company 285,210
to Plant 20, 960
1iv.  Vents 770
1
Total 2,186, 586 Total 1,572, 581

Obviously there is an error in reporting the inlet seawater
rate or waste seawater (page 102a, Fourth Annual Report). An alternative
balance can be written between the inlet seawater to the deaerator plus the Dow
steam, and the brine blowdown, product water, and vents:

492,000 + 34,000 = 399,850 + 123,450 + 770 + 1930
526,000 = 526,000

Therefore, this material balance is satisfactory. There is
definitely some error in the reported values of seawater intake (total) or waste
seawater from heat rejection condenser HX-312.

b. Overall Heat Balance — Since the total seawater rate and the
waste seawater rate are not correctly stated only an approximate check can be
attempted on the overall enthalpy balance.
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Heat In, Btu/hr

Heat Out, Btu/hr

i. Seawater feed
492,000 x 47.51 =23,374,920

ii. Dow steam
34,000 x 1279.55=43,504,700

ii.

Brine blowdown
123,450 x 78.9

9,740,205

Product water
to Dow
(285,210 x 71.2) =20, 306,952
to Freeport

(93,680 x 62.8) = 5,883,104
to Plant
(20,960 x 62. 8) 1,316,288
iii. Vents
from EffectsII & III 874, 650
from Deaerator 1,171, 065
from HX-312 1,002, 330
iv. Losses from Evapor-
ator effects 1,224,700
v. Heat rejected by HX-
312 24, 545, 600
Total 66, 879, 620 Total 66,064, 894
Difference (In - Out) = 814, 726

This is only 1.21% of the total heat input, so the overall heat balance can be

considered satisfactory.
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c. Effectwise Heat and Material Balance (Run Number 9) —

Effect I

Material Balance

Streams In, Ib/hr

Streams Out, lb/hr

i. Seawater feed 493, 000 i. Brine blowdown 458,955

ii. Dow steam (with 38,700 !ii. Vapor to EffectII 34,045
desuperheating

water) iii. Condensate 37,720

iv. Vent 980

Total 531,700 Total 531,700

Therefore, the material balance is satisfactory.

Heat Balance

Heat In, Btu/hr

Heat Out, Btu/hr

i. SWF
493, 000 x 224.1 =110,481, 300

ii. Dow steam
38,700 x 1132.6 = 43,831, 620

ii.

iii.

iv.

Brine
458,955 x 226.1 =103, 769, 725

Vapor out
34,045 x 1169.4 = 39, 812,223

Condensate

37,720 x 244.9 = 9,237,628
Vent

980 x 1172.5 = 1,149,050
Losses = 321, 300

Total 154,312,920

Total 154,289,926

454-987 O - 72 - 4
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The difference being only 22,994 Btu/hr, the heat balance can be considered

satisfactory.

Effect X

Material Balance

Streams In, lb/hr

Streams Out, lb/hr

i. Brine from i. Brine to
Effect IX 204, 060 Effect XI 175,150
ii. Vapor from
Effect IX 26,255 | ii. Vapor to Effect XI 28,910
iii. Condensate 26,175
iv. Vent 80
Total 230,315 Total 230, 315
Heat Balance
Heat In, Btu/hr Heat Out, Btu/hr
i. Brine in i. Brine out
204,060 x 128.2 = 26,160,492 175,150 x 111.7 = 19,564, 255
ii. Vapor in ii. Vapor out
26,255 x 1134.8 = 29,794,174 28,910 x 1127.3 = 32,590, 243
jii. Condensate
26,175 x 139.5 = 3,651,412
iv. Vent 80 x 1134.8 = 90, 784
v. Losses = 56,100
Total 55,954, 666 Total 55,952,794
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The difference between the heat in and out is only 1, 872 Btu/hr so the heat bal-
ance can be considered satisfactory.

Since the overall heat and material balance and effectwise
balance for Effects I and X were found to be satisfactory, it is assumed that
the remaining effects would yield similar results.

d. Overall Heat Transfer Coefficients (U) — The apparent value
of the coefficient U is obtained from the equation:

Q'E
AaT

U =

where Q is the heat transfer rate (Btu/hr) across area A (ftz) and A Tis

the difference in temperature of the condensing vapor and the brine temperature
at tube exit. Correct average U can be calculated if the temperature history of
brine inside the tube is known. If this brine temperature variation is assumed
as uniformly decreasing from top to bottom of the tube, then logarithmic mean
of the tube entrance and exit A T's can be substituted in the above equation to
obtain average U corrected for the A T variation due to pressure drop. The
data for the following calculation is taken from Table 5-10 (page 113) of the
Fourth Annual Report.

Effect I

Heat transferred, Qg = enthalpy of steam in - enthalpy of condensate -
enthalpy of vent stream - enthalpy loss from
evaporator surface

= 43,831,620 - 9,237,628 -~ 1,149,050 -
321, 300

= 33,123, 642 Btu/hr

(Reported value is 33,446, 100 Btu/hr on page 102a,
Figure 5-12, Fourth Annual Report)

33,123, 642
(5031) (275.8 - 267.0)

748.2 Btu/hr ft2 OF

Uy =

The reported value of U, is 706.6 which is lower than the value calculated above
because of incorrect Qp and A T (9. 7°F instead of 8. 8) values.
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Effect VI

_ 26,425,100
a (4000) (223.6 - 214. 0)

688. 2 Btu/hr ft2 OF

Here, Qg value was taken as reported in Table 5.12 on page 117 of the Fourth
Annual Report. The value of U reported is 736.5 which is definitely in error.
Using the Stearns-Roger reported values for Qp, A, and A T, this computation
yields a U of 564. 6 Btu/hr ft2 °F.

Effect X

_ 26, 053,100
a (4025) (171.6 - 156. 0)

414.9 Btu/hr ft2 °F

1l

Reported value is 458. 9 which is again incorrect when using all the data as
reported — the computed value being 348.0 Btu/hr ft2 OF.

Effect XI

_ 25, 037, 500
a (4780) (153.0 - 139.1)

1l

376. 8 Btu/hr ft2 °F

The reported value is 418. 5 which should be 333. 6 using all data as reported by
Stearns-Roger.

Effect XII

_ 22, 985, 800
a (6276) (137.3 - 121. 3)

228.9 Btu/hr ftZ OF

]
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The reported value is 254. 6 which should be 211.7 when A T = 17.39F and the
QE and A values are the same as above.

Values of U,y for other effects are as follows:

Effect II 27,275, 700/(4000)(266. 1 - 257. 4) = 1783.8 Btu/hr ft2 OF
Effect III 26,990, 500/(4000)(256. 5 - 247. 0) = 710.3 Btu/hr ftZ OF
Effect IV 26, 534, 700/(4000)(245. 5 - 236. 2) = 713.3 Btu/hr ft2 OF
Effect V 26, 512, 800/(4000)(235. 0 - 224. 8) = 649.8 Btu/hr ft2 OF
Effect VII 26, 832,100/(4000)(211.9 - 201.9) = 670.8 Btu/hr ft2 OF
Effect VI 29, 009, 600/(4000)(200. 0 - 188. 3) = 619.9 Btu/hr ft2 OF
Effect IX 27,183,700/(4000)(186.9 - 172. 6) = 475.2 Btu/hr ft2 OF

These U, values are plotted in Figure 4.2 against the brine
(sump) temperature. The U, values not only show the correct trend (i.e., in-
crease) with increasing brine temperature but also a reasonable agreement with
the Wrightsville Beach pilot plant data reported in OSW R&D Progress Report
Numbers 26 and 456.

2. Overall Heat and Material Balance: Development Run Number 16-3

Figures for this material balance were taken from the Run Number
16-3 H & M Balance Sheet, page 93, of the FY-1969 Eighth Annual Report by
Stearns~Roger Corporation. This run was started on 8 March, 1969, and com-
pleted on 2 May, 1969, with the total operating time of 960 hours. Figure 4.3
depicts a simplified input-output flow for a 17-effect plant.

a. Overall Material Balance —

Streams In, lb/hr Streams Out, lb/hr
i. Dow steam 25, 800 i. Brine blowdown 144,700
ii. Seawater feed 473,000 | ii. Product water 349, 800
fii. Acid and alkali less than |iii. Vent gases
100 1b/hr from Effect IV 200
from Deaerator 1,600
from Effect XII 300
From HX-318 100
Total 498, 800 Total 496,700
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VENT GASES

DOW STEAM !( SEA WATER FEED
17 EFFECT EVAPORATOR ACID
J( ALKALI
Vv ‘b
BRINE PRODUCT

BLOWDOWN WATER

Figure 4.3. Net Flows Entering and Leaving the Total Plant

Continuing from page 87, the difference = in - out = 2100 lb/hr

2100 x 100
498, 800

0.42%

Hence, the overall material balance can be considered good.
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b. Overall Enthalpy Balance —

Enthalpy In, Btu/hr

Enthalpy Out, Btu/hr

i. Dow steam

Brine blowdown

25,800 x 1256 = 32,404, 800 144,700 x 61.4 = 8, 884, 580
ii. Seawater
473,000 x 39.7 = 18,778,100 | ii. Product water
349,800 x 58.2 = 20,358, 360
iii. Vent streams

Effect IV 232,660
Deaerator 1,773,120
Effect XTI 340,470
HX-318 110, 370

iv. Enthalpy loss to
atmosphere 4,400,000

v. Heat rejected in
HX-318 15,290,000
Total 51,182,900 Total 51, 389, 560

Percent difference =

206, 660 x 100
51,182,900

0.403

I

Therefore, the enthalpy balance can be considered satisfactory.

c. Effectwise Heat and Material Balance —

® H & M Balance for Effect I.

Figure 4.4 depicts

simplified input-output flows for Effect I.
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J

— VAPOR
STEAM . Effect]
I ——————3) VENT
GASES
4 >
CONDENSATE BRINE

Figure 4.4. Flows Entering and Leaving Effect |

Material Balance. Since the steamside and brineside
streams do not come into physical contact their material
balances can be written separately.

For steam side: (on lb/hr basis)

steam in = condensate out + vent gases
28,900 28,400 + 500
28,900

I

For brine side:

seawater feed in = brine out + vapor out
472,000 446,500 + 25,700
472,200

Therefore, material balance is satisfactory on both
steam and brine sides of Effect I.
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Enthalpy Balance

Streams In, Btu/hr Streams Out, Btu/hr

i. Seawater i. Brine

472,000 x 226.9 =107, 096, 800 446,500 x 228 = 101, 802, 000
ii. Steam ii. Condensate

28,900 x 1127.3 = 32,578,970 28,400 x 243.5= 6,915,400

iii. Vapor
25,700 x 1169 = 30,043,300

iv. Vent

500 x 1172.5 = 586, 250
v. Heat loss = 400, 000
Total 139,675,770 Total 139, 746, 950

enthalpy in - enthalpy out <
enthalpy in

Percent difference 100

71,180 x 100
140,976,270

0.05

Hence, the enthalpy balance can be considered very
good. To obtain the overall heat transfer coefficient U,
the rate of heat transferred, Qg, must be known. This
can be obtained either from salt balance or enthalpy
balance.

Enthalpy balance for steam side gives:

Qr = H steam - H condensate - H vent - H loss (4.19)

where H stands for total enthalpy gain or loss per hour.
Substituting values from above gives,

Qp = 32,578,970 - 6,915,400 - 586,250 - 400, 000
= 24,677,320 Btu/hr
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Part of this heat goes to preheat the seawater feed to its
saturation temperature: 472,000 x 0.98 x (266 - 264.7)
= 601, 328 Btu/hr. Therefore, the enthalpy available for
evaporation is 24, 075,992 Btu/hr. Overall coefficient U
is then obtained as:

Op

U= o> (4. 20)

_ 24,677,320
(4070) (275. 5 - 266. 0)
638.2 ~ 638 Btu/hr ft> OF

I

The reported value of U (referenced H&M Balance Sheet)
is 650 Btu/hr ft2 OF, The difference between the reported
value and the above calculation is 12 Btu/hr ft2 OF or

1. 88% based upon the calculated value.

Now on a salt-balance basis Qg is obtained from rate of
evaporation less evaporation resulting from flashing of
incoming brine. The evaporation from n'th effect is:

E, = Ln—l - L, (4.21)
and
Co
L, = SWF x (4. 22)
Ch

where L,is blowdown from n'th effect having chlorinity (or
salinity) Cy,, and SWF is the seawater feed rate to the

first effect with chlorinity equal to Co. Substituting the
reported values for Run 16-3, the rate of evaporation from
the first effect is obtained:

E1=LO—L1

- SWF - SWF x Co
Cn

_ 2.26

= 472,000 |1 ——2.39

Il

25, 677 1b/hr

93



The total enthalpy of vaporization in this stream is
25,677 x 935.8 = 24, 028,536 Btu/hr. First effect feed
is subcooled so additional heat must be transferred to
bring it up to the saturation temperature. This is equal
to 601, 328 Btu/hr as calculated above. Therefore

Qg = 24,629,864 Btu/hr.

Finally, U is obtained on a salt balance basis as:

24, 629, 864
4070 x 9.5

U =

637 Btu/hr ft2 OF

i

This is 2 percent less than the reported value of 650 Btu/
hr ft2 OF, but agrees closely with the enthalpy balance
computed by Equation 4.2. This value is within the re-
ported accuracy of data. It is to be noted that this U is
based on the assumption of isothermal (i.e., constant
AT) conditions down the whole length of the tube.

° H & M Balance for Effect II. Typical stream flows for
Effect Il are given in Figure 4. 5.

TO HX-302 a & b
A

BRINE_FROM #1
VAPOR 'PUR?E‘

effect|
11

VAPOR

A 4

VENT

VENT ‘
FLASH
VAPOR

L S

BRINE TO #3

Figure 4.5. Typical Net Flows In and Out of an Effect
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Material Balance

Streams In, Ib/hr Streams Out, 1b/hr
i. Brine from Effect I 446,500 i. Brine blowdown 422,400
ii. Purge water 900 | ii. Vapor 24, 800
iii. Vapor from Effect I 25,700 liii. Condensate 26,100
iv.. Vent 500 |iv. Vent 400
v. Flash vapor 300
Total 473,900 Total 473,700

The difference is 200 Ib/hr; hence the material balance
is good.

Enthalpy Balance

Enthalpy In, Btu/hr Enthalpy Out, Btu/hr
i. Brine i. Brine
446,500 x 228 101, 802, 000 422,400 x 218.9 92,463, 360
ii. Purge water ii. Vapor
900 x 50 45,000 24,800 x 1166 28,916,800
iii., Vapor iii, Condensate
25,700 x 1169 30,043,300 26,100 x 233.2 6, 086, 520
iv. Vent iv. Vent
500 x 1172.5 586, 250 400 x 1169 467, 600
v. Flash vapor v. Heat losses 400, 000
9
300 x 116 350,700 vi. Heat transferred in
preheater HX~302a
&b 4,500, 000
Total 132,827,250 Total 132, 834, 280
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The difference is only 7030 Btu/hr so the enthalpy
balance is excellent.

Heat transferred to evaporating brine, Qg is obtained
as:

Qp = H vapor - H condensate - H vent - H loss - H preheat
= 30,980,250 - 6,086,520 - 467,600 - 400, 000 - 4, 500,000
= 19,526,130 Btu/hr

- 19, 526, 130

3660 x (265.2 - 256.9)
= 642 Btu/hr ft2 OF
This differs from the reported value of 630 Btu/hr ftZ OF
by approximately 2%.
o H & M Balance for Effect III.

Material Balance

Streams In, 1b/hr Streams Out, lb/hr
i. Brine from Effect II 422,400 i. Brine blowdown 401, 200
ii. Purge water 900 | ii. Vapor 22,100
iii. Vapor 24,800 }iii. Condensate 25, 300
iv. Vent 400 |iv. Vent 400
v. Flash vapor 500
Total 449, 000 Total 449, 000

Hence, material balance is excellent.
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Enthalpy Balance

Enthalpy In, Btu/hr Enthalpy Out, Btu/hr
i. Brine | i. Brine
422,400 x 218.9 = 92,463, 360 401,200 x 210.4 = 84,412,480
ii. Purge water ii. Vapor
900 x 50 = 45,000 22,100 x 1163.3 = 25, 708, 930
iii. Vapor iii. Condensate
24,800 x 1166 = 28,916,800 25,300 x 224.1 = 5,669,730
iv. Vent iv. Vent
400 x 1169 = 467, 600 400 x 1166 = 466,400
v. Flash vapor v. Heat transferred in
500 x 1166 = 583, 000 Preheater HX-303a
&b = 5,700, 000
Total 122,475,760 Total 122,357, 540

The percentage difference is 0. 096%, so enthalpy
balance is excellent.

Now,

&

H vapor - H condensate - H vent - H loss - H preheat
29,967,400 - 5,669,730 - 466,400 - 400, 000 - 5,700,000
17,731,270 Btu/hr

Il

Hence,
17,731,270
3960 x (256.1 - 248.7)

605 Btu/hr ft2 °OF

I

The reported value of U is 620 Btu/hr ft2 OF, which is
approximately 2.5 percent higher than the value calcu-
lated above.
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° H & M Balance for Effect IV. The material balance
closed excellent for this effect with input and output
both being equal to 425,100 1b/hr,

Enthalpy Balance

Enthalpy In, Btu/hr

Enthalpy Out, Btu/hr

Brine
401,200 x 210.4 = 84,412,480

Brine
378,700 x 201.1 = 76,156,570

ii. Purge water ii. Vapor

900 x 500 = 45,000 23,400 x 1160.1 = 27,146, 340
iii. Vapor iii. Condensate

22,600 x 1163.3 = 26,290, 580 23,000 x 215.9° = 4,965,700
iv. Vent iv. Vent none

400 x 1166 = 466,400 v. Heat losses 300, 000
v. Flash vapor

_ vi. Heat transferred in
200 x 1163.1 = 232, 660 Preheater HX-304 2, 600, 000
Total 111,169,460 Total 11,168,610

Enthalpy balance is again balanced to within 850 Btu/hr
so that it can be considered excellent.

Now,

Qp = 26,989,640 - 4,965,700 - 300,000 - 2,600, 000

= 19,123,940 Btu/hr

Hence,

19,123,940

3950 x (247.9 - 239. 6)

i

583 Btu/hr ft2 OF as compared to the

reported value of 590 Btu/hr ft2 OF,
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e H & M Balance for Effect V. The material balance
closes with no error for this effect.

Enthalpy Balance

Enthalpy In, Btu/hr

Enthalpy Out, Btu/hr

Brine
378,700 x 201.1 = 76,156,570

Brine
356,900 x 192.6 = 68,738,940

ii. Purge water ii. Vapor

900 x 50 = 45, 000 22,500 x 1157.2 = 26,037,000
%ii. Vapor iii. Condensate
23,400 x 1160.1 = 27,146, 340 24,000 x 206.8 = 4,963,200
iv. Vent None iv. Vent
v. Flash vapor 400 x 1160.1 = 464, 044
10000 x 1160.1 = 1,160,100 | v. Heat losses 300, 000
vi. Heat transferred in

Preheater HX-305 3,800,000
Total 104,508,010 Total 104,303,184

The difference in enthalpies in and out is approximately

0.2%.
the effect is:

&
]

1]

Hence,

The heat transferred across the tube surface in

= 28,306,440 - 4,963,200 - 464, 044 - 300,000 - 3,800,000
18,779,196 Btu/hr

18,779,196

3960 x (238.8 - 231.4)

640. 8 ~641 Btu/hr ft2 OF

This is 1.4 percent lower than the reported value of

650 Btu/hr ft2

OF,
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The heat and material balances for the remaining effects
were not checked in detail since both the overall heat
and material balance and individual balances for the
first five effects have been satisfactory. Values of U
were, however, calculated for all the effects based on
the reported values of the heat transfer rate Qg. These
and other related data are given in tabular form later in
this report.

d. Salt Balance Basis for Calculation of U — The accuracy of
the calculated value of the overall coefficient U depends directly on the accuracy
of the heat transfer rate Qp, and on the AT temperature driving force. There
are two methods by which Qg can be calculated — one involving salt balance,
and the other involving detailed heat and material balance data. The results
obtained by applying both of these methods to data from Effect I, Run 16.3,
given above, indicate an error of less than 0.2% although normally it is
stated that salt balance values are accurate to within 10 to 15%. The low error
obtained in salt balance method might be just a coincidence or a result of mutual
cancellation of errors. Therefore, the following calculation is done on Effect II
to check this.

. Salt Balance Basis. Heat transfer rate Qg will be ob-
tained from the evaporation rate which is given by
equations 4. 21 and 4. 22.

= (SWF) (Co)
E, = Ln-1 - G
n
- 446,500 - 472, 000) (2.26)

2.52
= 23,198 lb/hr

Part of this vapor comes from flashing of the high temp-
erature inlet brine. This is given by:

(446, 500) (0. 982) (266.0 - 256.9)
940.8

= 4241 lb/hr
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Hence, the heat transferred, Qp» is given by:

Qg = (23,198 - 4241) (940.8)
= (18,957) (940. 8)
= 17,834,746 Btu/hr
Therefore,
U = 17,834,746

(3660) (265.2 - 256.9)
587 Btu/hr ft2 OF

I

From detailed heat and material balance, Qg was calcu-
lated to be 19, 526,130 Btu/hr and U = 642 Btu/hr ft2 OF
(see Effect II calculations). Thus the salt balance value
is 8.6% lower. The calculated U value is also sensitive
to the accuracy in determining AT. This AT measure-
ment was reported (FY-1969 Report) to be accurate to
+0.50F, which is 5% of the average 10°F driving force
in the effects. Therefore, even if Qy values were accu-
rate, the U values would be accurate to + 5% only.
Detailed heat and material balance and accurate AT
values are essential to obtain accurate overall
coefficients.

3. Presentation of Overall Coefficient Data

Since the detailed calculations for Development Runs 9-2 and 16-3
above indicate satisfactory general agreement with the calculated values, it is
assumed that the remaining reported data has similar consistency and reliability.

As discussed earlier in the theory section, the heat transfer coef-
ficient in a multiple-effect falling-film evaporator is a function of several de-
sign and operating variables. If an analysis is to be made of these coefficients
for a given effect under different conditions (in several runs) then information
of these variables and parameters should be included for each set of conditions.
A sample of such background data is given in Table 4. 2, entitled '"Heat Transfer
Performance — Development Run 16.3". Considerable effort was involved in
collecting and calculating the presented data from widely scattered sources in
Stearns-Roger operational reports on the 17-effect plant. A summary of the
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Table 4.2

Heat Transfer Performanc

17-Effect Evaporator

PERFORMANCE SUMMARY MATERIAL BALANCE SUMMARY

Net performance ratio  : 12,56 (DOW STEAM)/11.21 (SAT. STEAM) Feed Products

Extraction Ratio : 0.685 Seawater 473,000 lb/hr Water 349, B00 (gross) Tb/he

Overall plant 'AT', % ; 203.5 {Steam - SWF DOW steam 25,800 lb/hr Vent Steam 2,200 lb/he

'AT' actually utilized, %: 91 TOTAL 498,800 Ib/hr Brine Blowdown 144,700 Ib/hr

TOTAL 498,800 lo/hr
__EFFECT NO. i 2 3 4 5 s 7 8 9 10 1 12 13 14 15 16 17 COMMENTS

Brine T/P/Cone. 264/38.7/2.39 256.9/33.1/2.52 | 248.7/28.8/2.64 | 239.6/24.4/2.80 | 231.4/21.0/2.96 | 223.4/18.1/3.13 | 223.4/18.1/3.13 | 204.7/12.5/3.55 195.7/10.3/3.79 | 184.3/8.1/4.05 | 172.8/6.2/4.38 164.8/4.9/4.72 | 153,3/3,9/5.08 | 140.4/2.8/5.53 | 126.5/1.95/6.07 | 113.1/1.34/6.65 | 98.3/0.915/7.38 | Tin °F, Pin PSIA, C in WT%
Qp, MM Bru/he 25.1 19.9 18.1 18.1 19.0 17.6 17.1 16.6 16.8 15.7 7.1 16.5 15.5 15.4 4.5 14.4 12.7 Heat tronsferred/tubes
Area, A, P 4070 3660 3960 3960 3960 3970 3970 3660 3640 3960 »70 4430 1720 4140 4200 3610 3840 Heat transfer area
‘AT, OF 9.5 8.3 7.4 8.3 7.4 7.1 8.2 8.7 8.1 10.4 10.5 6.9 7.9 n.z 12.7 12.1 13.5 Temp. driving forca
' reported 650 630 &20 590 450 620 530 520 570 3% 410 540 1140 320 270 330 250 Overall heat transfer cosfficient
W' calculated &9 655 817 585 48 24 525 521 570 381 410 540 1141 318 272 330 245
Re,,/ Koy, 21260/20150 = == = 14060/13230 O = 11850/11120 . - - - - - - - 1934/1782 Brine entrance & exit re. no.
Prandi Number 1.40 1.57 - - 1.74 = s 1.87 = 2.34 - - - = - - 4.9 Brina Prandtl Number
Brine Rate,/Tube 1457 Tb/he 1538 1344 1281 1205 1130 1066 1088 1025 88 823(10007) 853(10007) 1489(10007) 573(10007) 518 @1 714 Beine foed rate/hibe
Vapor Rate/Tube 840, 4 F3/hwe 1068.7 1001.9 1234.8 1376.6 1467.8 1663.8 2108.5 2488.3 2742.7 3746.7 4819.2 10814.4 6113.7 7974.4 15961.8 23537.2 Vapor leaving tube
Venting Mode CASCADE CASCADE CASCADE TO ATMOSPHERE CASCADE CASCADE CASCADE CASCADE CASCADE CASCADE CASCADE TO PRE-COND, CASCADE CASCADE CASCADE TO DEAERATOR 10 HX-318
Brine Feed Mode FEED FORWARD FEED FORWARD | FEED FORWARD | FEED FORWARD | FEED FORWARD | FEED FORWARD | FEED FORWARD | FEED FORWARD FEED FORWARD | FEED FORWARD | SUMP-TO-SUMP | SUMP-TO-SUMP | SUMP-TO-SUMP | SUMP-TO-SUMP | FEED FORWARD | FEED FORWARD | FEED FORWARD
Beine Distributor % == =~ = S.V.L. Weir = - - P.P. SVL Weir - Porcalain Nozzle ai Porcelain Nozzle - - = - V=Naotch Weirs other Effacn
Number of Tubes 310+5+5+4 291 315 au s 316 3le 291 290 315 316 282 150 360 366 252 223
Tube Material/gage A.B., 30455, 30655, T; ADM., 16 A.B., 16 Cu.Ni-90/10, 16 A.B., 16 AB., 16 AB., 16 A.B., 16 Tikanium, 25 A.B., 18 AR, 16 Cu. Ni-90/10,18 | C.D.A. 194716 | 3165.5./20 A.B./16 Cu.Ni=90/10,18 | Cu.Ni-50/10,18 Asb = Aluipun Jeas, ADM =
Tubs O.D./Langth N kg T YU 24 v 2/24 224 vu 22 o4 24 /24 o p— ama - 2 222 ¥
Tube Resistonce, 10% .4 84.6 9.4 208.3 93.4 93.4 3.4 9.4 1701 93.4 93.4 157 35.9 310 93.4 157 157 Resistance/Area
Tube Resistance, % 6.1 5.3 5.8 12.3 8.1 5.8 5.0 4,9 9.7 3.6 3.8 8.5 4.1 9.9 2.5 5.2 3.9 Total resistonce based on 'U"
A 1\_9._.v = - . - i = = = = ki beaxi fis = o = v - Pressure drop & comes. lemp.
= ol = = = = = = - - - - = - 2 = = - v Drop in tubes corracted "U*
Sealine - - - . a = = - - - - -- -- 22 rubes scaled - - = Based on corrected *AT'
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material balance and the performance factors for the entire plant are in-
cluded in the table. Figure 4.6 shows graphically the U variation with brine
temperature for all the effects in Run 16-3.

History of the overall heat transfer coefficient for all the develop-
ment runs (1 through 16) is presented in tabular form in Table 4. 3, entitled
"Thermal Performance of the Freeport Evaporator.' Development Run No. 1
started on February 6, 1964 and the final Run 16 ended on May 2, 1969. Overall
coefficients were not available for the plant operational period prior to 1964,
and for Run Numbers 3, 4, and 8. In some cases, U data was given for only
selected effects.

For a rough comparison of overall coefficients, data are given in
this table for the Freeport Plant observed values, the Wrightsville Beach pilot
plant, and the Stearns-Roger values for the 5-effect module.

The history of overall coefficient by effect for all the runs is also
presented in graphical form in Figures 4.7, 4.8, 4.9, and 4. 10.

It is seen from the thermal performance table (Table 4. 3) that for
the majority of effects there is good agreement between the pilot plant data and
the corresponding Freeport effect values. Close agreement between these two
sets of data is not expected because the important variables of the Freeport
Plant (temperature, pressure, flow rates, etc.) are not relative in magnitude
to those in pilot plant operation. Since the pilot plant data has been shown to
agree with 5% of the theoretical predictions (OSW R&D Progress Report Number
74), it can be said then that the Freeport data is fairly close, in general, to the
theoretical performance expected.

In certain runs some of the effects did show deviations from this
general pattern:

° Effect X/Run Number I where U = 330 as against the pilot
plant value of U = 467. A low value ( 8 = 5.23) of interfacial
shear may partially account for this low value of U. The
pilot plant run had B8 =17.95.

° Effects XI, XII, and XIV/Runs 2 through 16. Effect XI gave
U = 323 in Run 11-1 as against U = 467 for the pilot plant. The
Fifth and Sixth Annual Reports by Stearns-Roger (OSW R&D
Report Numbers 253 and 440) do not discuss the reasons for
this decline but it appears that reduced brine feed rate per
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tube (670 Ib/hr per tube, page 149 OSW R&D Report Number
253) may have contributed to this low performance. Because
this effect operates under vacuum air, in-leakage is another
possibility.

° Effect XII/ Runs 9-2 and 10-3. A very low value of U = 229
was reached in both runs. Fourth Annual Report (page 118,
paragraph 5-104) lists ""probable existence of actual liquid
levels and/or subcooling of the condensate' as the factors
leading to reduced reliability of the heat transfer data. The
steam distribution was said to be poor (page 118, paragraph
6-119 in Fifth Annual Report) due to deactivation of many
tubes in Effect XII.

® Effect XIV/Run Number 16. A U = 300 was recorded against
the design value of 502 in this run. Inadequate steam distribu-
tion, in-leakage of non-condensibles and ineffective venting
are stated to be the reasons for this low performance.
Frequent opening and closing of the effect required in
development-type operation perhaps weakens the effective
sealing of joints so that under very low (vacuum) pressure
conditions existing in this effect, the in-leakage of air is
serious enough to adversely affect the heat transfer rates.

Although in some cases, as noted above, the heat transfer perfor-
mance has been below that expected from pilot plant data, it is to be noted that
in quite a few runs the U values were more than expected. This can be seen
from the performance table (Table 4. 3) and also from the attached graphs
(Figures 4.7, 4.8, 4.9, and 4.10). The double-fluted tubes used in Effect XIII
in Run Numbers 15 and 16 yielded U values of 1180 and 1040 (Btu/hr ft% oF),
which are less than the design value of 1250 but almost twice as much as the
Run Number 14 smooth tube value of 555. Air in-leakage was attributed as the
probable cause for the less than expected performance of this effect.

C. EFFECT OF DISTRIBUTION DEVICES ON U

Each effect of a multiple effect system receives in its top water box the
entire amount of brine (or seawater) from the previous effect. In the case of
the Freeport Plant with its rated capacity as 1 million gallons per day, the sea-
water feed to the first effect is about 500, 000 pounds per hour. In a 12-effect
evaporator plant the last effect water box has a feed of about 192, 000 pounds per
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hour so that even though the amount of brine is decreasing from effect to effect,
it is still a large quantity to be properly distributed to some 350 to 500 tubes in
each effect. If this feed brine is not properly distributed, then the following
undesirable effects are obtained:

° Starvation of some or most of the tubes while flooding of the re-
maining tubes takes place.

° Scaling of starved tubes from solids deposition after the water
evaporates off. Since these deposited solids act as nuclei, addi-
tional scaling might result even if the normal feed rate were restored.
Scaling of tubes drastically reduces the overall coefficient U.

° Flooded tubes short circuiting some of the feed from the waterbox
directly (i.e., without being concentrated) to the sump. Capacity
and thermal economy are adversely affected.

Py Loss in capacity resulting from the uneven feed distribution and
reduction in heat transfer rate due to scale formation.

In short, the even distribution of feed brine to all the tubes in the water

box of an effect is essential for better capacity and efficiency, and smoother
operation of the plant.

1. Original Distribution Devices

As built Drawing Number 7 by Chicago Bridge and Iron Company
gives details of the distributor plate used initially at Freeport. Made from
carbon steel, the plate had 600 holes of 3/8 inch diameter. The uneven distribu-
tion of liquid on this plate is shown in Figures 3-4, 3-5, 3-6, and 3-7 in the
Third Annual Report (OSW R&D Report Number 123). Figure 4.11 (Figure 3-6,
Third Annual Report) is reproduced here to illustrate the flow pattern existing
in normal brine flow. Note the central area of the distribution plate where
horizontal brine velocity is very high and its thickness correspondingly low so
that most of these central tubes are starved. The peripheral tubes are, on the
other hand, being flooded at the same time as seen in Figure 4.11. Actual
individual tube outflow measurements (on Effect XI, see Figure 4.12 — OSW
R&D Report Number 479 — and Table 4. 4) confirmed this pattern.

Since the distribution plates alone were not efficient, V-notch or
triangular notch weirs were inserted in each tube of Effects X and XII as shown

in Figure 4. 13 for testing during Development Run Number 1 (February 1964).
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Figure 4.12, Tubes Sampled for Brine Flow Rate Distribution Pattern

The numbers inside the circles represent the

Note:

ratio of the actual tube flow rate to the average
obtained as total brine feed divided by the num-

ber of tubes.



Table 4.4

‘Measurement of Brine Flow Through Individual Tubes

in Evaporator XI - Development Run Number 14

PDATE 1/4/68 1/10/68
FEED FORWARD FEED FORWARD
OPERATING MODE AND MAXIMUM AND MAXIMUM
RECYCLE RECYCLE
sump Temperatures, OF
Effect 10 Sump 182.8 180.7
Effect 11 Sump 174.6 171.2
reed Rates
To Effect 11 Top Water 300,000 270,000
Box, . LBS/HR
Average Tube Feed,
LBS/HR/Tube 950 850
Average Tube Feed,
GPM/Tube 1.8 1.7
NUMBER NUMBER,
OF PER~ OF PER-
RESULTS TUBES CENT TUBES CENT
Lless Than 20 Percent of 0 0 1 1
Average Tube Feed
20 to 40 Percent of 14 12 13 11
Average Tube Feed .
40 to 60 Percent of 30 25 30 25
Average Tube Feed .
60 to 80 Percent of 31 26 29 24
Average Tube Feed
80 to 100 Percent of 21 18 19 16
Average Tube Feed
100 to 120 Percent of 15 13 15 13
Average Tube Feed
More Than 120 Percent 8 6 12 10
of Average Tube Feed
TOTALS 119 100 119 100
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Figure 4. 13. Brine Distributing Weir Inserted in Tube
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The weirs were fabricated from sheet copper to close tolerances. The theory
of the notched weirs is based on the stilling effect of a liquid head on the tube
sheet and a sharp reduction of flow through any single notch with a reduction
in head. The sharp notch and square edges cause a very low velocity of fluid
at or near the bottom of the notch. This draws the stream to the tube metal
internal surface rather than spilling to the center. The 1 1/2 inch depth of the
notch was expected to provide even distribution of all expected flows without
flooding. The design capacity of single notch was reported (Development Re-
port Number 1) as 1.25 gallons per minute at a liquid head of 1 inch, or a
capacity of 3.75 gpm per tube. This rate was somewhat greater than the maxi-
mum possible flow rate per tube with the then available equipment.

For proper functioning of these weirs the tube sheet must be level,
and the height of all the notches above the tube sheet must be the same.

In the Sixth Annual Report by Stearns-Roger, the effectiveness of
these V-notch weirs was reported (page 15, paragraph 2-42). The overall
coefficient U was found to increase from 616 to 748 Btu/hr ft2 OF when these
weirs were installed in Effect I. Houston Research Institute did theoretical cal-
culations for Dow Company's "An Engineering Evaluation of the Long-Tube
Vertical Falling-Film Distillation Process'" (OSW R&D Report Number 139) to
investigate the effect of liquid maldistribution. In each of two cases studied,
the overall flow rate was maintained normal. However, for one third of the
tubes in the effect the local flow rate was increased; for the second third, held
normal; and the final third, decreased. The flow rate change was + 20% for
Case I and + 50% for Case II. Computer results indicated practically no change
for the two cases from the even distribution case. This shows that maldistribu-
tion per se does not affect the overall coefficient — what is indeed affected is
the possibility of scaling of the tubes. Those tubes which receive less than
normal feed rate but have the same rate of heat transfer will produce more
concentrated brine (than the tubes receiving the normal feed), thereby increas-
ing their scaling potential. Actual scaling patterns have confirmed this. An
increase of the tube feed rate by introducing a recycle of sump brine helps to
reduce this scaling potential (OSW R&D Report Number 139, Appendix , page
263).

2. Additional Distribution Devices

Since precision manufacturing and installation are required when using
the V-notch weirs, it was desirable to try other liquid distribution devices.
Swirl-vane weir (SVL weir) and porcelain spray nozzles were two such devices
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tested at Freeport. Two types of materials were used for SVL weirs — poly-
propylene and stainless steel (316L). Polypropylene weirs developed cracks
and some popped out of the tubes. The liquid distribution patterns are com-
pared in Table 4.5 for the two types of weirs used in Effect XI and for two
modes of brine transfer — feed forward and recycle or sump-to-sump modes.
The spray nozzle distribution is seen to be much more even than that of the
SVL weir. The spray nozzles, however, require a certain minimum flow rate
(and pressure drop) for their operation; hence, where wide fluctuations in flow
rates are expected, these nozzles may not be satisfactory. Higher-than-design
flow rates are better handled by the spray nozzles since there is no problem

of flooding. Effect XIII was equipped with 3 1/8 inch porcelain nozzles (supplied
by Knox Porcelain Corporation, Knoxville, Tenn.) prior to Run Number 15 and
their operation was satisfactory. The cost of these nozzles was approximately
1/3 the cost of stainless steel SVL weirs.

D. EFFECT OF PROCESS AND DESIGN VARIABLES ON U

The overall coefficient U depends on the individual film coefficients Iy,
(steam side), hjy (brine side), and the tube wall coefficien’c(hc = %) When

noncondensible gases form a film on either (or both) steam or brine sides and
mineral scaling occurs, their resistances must be added to the other film re-

. (1 1
sistances

h + h ) The film coefficients are functions of Reynolds Number,
b d

Prandtl Number, interfacial shear § , and properties group y. Any (or all)
process or design variables which affect the value of these numbers would alter
the value of U. The following are the main design or process variables:

a. Tube diameter and length.
b. Tube spacing.

c. Steam temperature and brine temperature.

d. Brine flow rate per tube.

e. Vapor flow rate per tube.

f. Recirculation of sump brine.

. Viscosity, density, solids coneentration, specific heat, thermal

conductivity.
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Table 4.5
11 Effect Distribution Pattern

SUMMARY
Type Nozzles SVL Porcelain Spray
Date 1/10/68 1/31/69
Calculated Average Tube
Feed Rate, #/Hr./Tube 850 920
Mode of Brine
Transfer Feed Forward Sump- to-Sump
Tube Rate, Volume Fraction
of Average Tube Rate % of Tubes in Each Class

Less than 0.2 5 2

0.3-0.4 17 0

0.5-0.6 30 4

0.7-0.8 17 24

0.9-1.0 19 67

1.1-1.2 4 3

More than 1.3 _8 _0

100% 100%

1. Effect of Design Variables on U

Tube diameter and length, tube material, tube spacing, steam and
brine temperatures, and properties of brine and steam are the principal design
variables that affect the overall coefficient U.

a. Tube Diameter and Length — As discussed earlier (Section A)
the tube diameter and length should be optimized for each effect to obtain the
maximum heat flux (/A = UAT). At the Freeport Plant all tubes in the evapora-
tor effects were initially 2 inch O.D. and 24 feet in length. Later 2 1/2, 3, and
3 1/8 inch O.D. tubes 22, 20 and 11 feet in length were tested in the low
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temperature effects (XII to XVII). (See Table 4.2.) The 3 1/8 inch O.D. 11-
foot-long tubes were double-fluted, enhanced surface tubes installed in Effect
XIII. The effect of specific change in tube diameter and length on U has not
changed. However, theoretical calculations have been carried out by Houston
Research Institute under subcontract with Dow Chemical Company and are re-
ported in OSW R&D Report Number 139. The most dramatic influence on tube
diameter and length was seen in Effect XII (Table 4.6 and Figure 4. 14) as
expected. Changing to larger diameter tubes or shortening tubes (relative to

2 inches - 24-foot-long tubes) caused a marked lowering in surface area required
(Figure 4.14). At larger tube sizes, the effect of tube length becomes less im-
portant. Figures 4.14 and 4. 15 clearly show the minimum total surface area
for Effect XII to be attained when the tube diameter is approximately 4 inches,
whereas this minimum for Effect I occurs when the tube diameter is approxi-
mately 2 inches. This is due to the opposite effects on U of decreased tube
size and driving force AT. Interfacial shear gis increased due to decreased
tube size and the resulting increase in U is less than the decrease in AT due to
pressure drop. The net result is decreased flux and, hence, the 2 inch tube
appears to be the desirable diameter for high temperature/high pressure
effects.

b. Tube Spacing — Since the overall coefficient U depends on
both the brineside and steamside film coefficients, it is essential to improve the
controlling coefficient when the other has reached its highest limit. For ex-
ample, if the brineside coefficient is maximized by a suitable change in tube size
and flow rate, then the steamside coefficient is the controlling coefficient (in the
absence of non-condensibles and scale). Efforts must be made to increase the
steamside coefficient by increasing the velocity of steam past the outside of
the tubes. This can be done by decreasing the open cross-sectional area on
the steam side. Tube spacing may be decreased to decrease this open area.
Computer results (OSW R&D Report 139) indicated that the increased inter-
facial shear @ (and hence U) was negligible.

C. Tube Material — Although high values of tube material thermal
conductivity are desirable, the possible improvement in U is small. This is
true because the tube wall resistance is small relative to individual film re-
sistances on the brine and steam sides, so that a decrease in an already small re-
sistance does not improve U. For example, consider the case of 90:10
copper-nickel alloy, which has thermal conductivity k = 26 Btu/hr ft °F, and
aluminum brass, k = 58 Btu/hr ft OF. If these tubes are used in an effect
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where U = 500 Btu/hr x ft2 °F, then the overall resistance is = 0.002.

=

Therefore, the tube wall resistances would be:

(. 065)(100)
(12) (26) (. 002)

=10.41% for copper-nickel alloy

and

(. 065)(100)
(12) (58) (. 002)

= 4.66% for aluminum brass

These percentages would be still smaller if individual coefficients (hy = 1250 and

hq = 1008 approximately) were used. Even if the tube wall resistance were smaller,
the tube material selection would have to be based on the material's corrosion and
erosion resistance, structural strength, and cost. Initially, carbon-steel tubes
were tried at Freeport, but their corrosion rate was high; so, the tubes were soon
replaced with those of arsenical aluminum brass. Other tube materials tested
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were: 304 stainless steel, 306 and 316L stainless steel, titanium, C.D. A. alloy
194, and CuNi 90:10 alloy. More details on these are given in Chapters 2 and 6.

d. Steam and Brine Temperatures — The effect of absolute values
of steam and brine temperatures on U is through their influence on the physical
properties of steam and brine. The principal physical property affected by
temperature is viscosity of liquid water (steam condensate) and brine films on
the outside and inside surface of the tube. Increase in temperature significantly
reduces the viscosity of water and brine. This results in thinner, viscous sub-
layers on the tube wall and, hence, an increase in heat transfer rates. Figures
4.2 and 4.6, where U has been plotted against brine temperature, illustrate
this point. Since it is observed that increasing steam (or brine) temperature
is conducive to an increase in U, a natural question arises regarding the limit
to which a designer can raise this temperature. In a multiple effect plant only
the first and last effect steam (and brine) temperatures are really under the
control of the designer. In the intermediate effects, steam and brine tempera-
tures are automatically fixed once the end values (first effect and last effect)
are fixed. Now the limits on these end values are imposed by the scaling
tendencies of seawater and the temperature of cooling water available. Corrosion
rates are also accelerated at higher temperatures. The highest brine tempera-
ture (in the first effect) attainable without scaling has been found to be approxi-
mately 268°F for normal seawater.

2. Effect of Process Variables on U

The important process variables are:

a. Brine flow rates.

b. Vapor flow rates.

c. Recirculation of sump brine to top water box.

a. Brine Flow Rate versus U — The plant capacity determines the

seawater feed rate to the first effect (amongst other things such as extraction
ratio). Brine feed rates to other effects are determined by the amount of evap-
oration in the previous effects. The operator has no control over these flow
rates. Brine feed rate per tube is then determined by the number of tubes in
the evaporator (assuming adequate brine distributing devices such as spray
nozzles or SVL weirs are provided on the tubes). The brine flow rate per tube
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determines its Reynolds Number in the tube as follows:

. 4wy,
e =
L xDpu
where
WL = brine flow rate per tube
D = internal diameter of tube
and . . . .
M = viscosity of brine

Increased flow rates per tube directly increase the brine
Reynolds Number. The effect of Reynolds Number on the brineside coefficient
hy is given in Figures 7 through 9 of OSW R&D Report Number 74. These
figures are reproduced here as Figure 4.16, 4.17, and 4.18. From these
figures it is seen that up to a Reynolds Number of about 1000 there is actually
a decrease in the brineside heat transfer coefficient. For Rep,>1000 and
for low values of interfacial shear 8 there is a slight increase in the coefficient,
but at high values of 8 again there is a decrease in the coefficient with Reynolds
Number. Thus, an increase or decrease in brine flow rates has only slight

influence on U. This theory assumes that brine distribution is even, at low as
well as at high brine rates.

Development Runs 14-6, 14-7, 14-8 and 14-9 were conducted
to study the effect of reduced plant capacity on overall plant performance. Test
capacities were set at 80, 60, 40 and 25 percent of design capacity. Blended
brine feed rates were 412, 000, 270,000, 204,000, and 120,000 lb/hr. Table
4.7 gives the overall coefficients along with effect steam temperatures for these
reduced rate operations. Although at first sight it appears that the overall
coefficient. U is reduced at reduced brine feed rates, this is in fact not true.

In Figure 4.19, these coefficients are plotted for 80 and 40 percent capacities
against steam temperatures. It is seen from this figure that the coefficients

for the two capacities fall in approximately the same region except for two points
for Run 14-8. This means that the coefficient for a given effect is reduced due
to the reduction in the steam temperature (or brine temperature) rather than

due to the reduction in flow rates. As discussed above, theory predicts such

a behavior. The reduction in coefficient can also arise partially due to reduced
vapor (i.e., steam) rates, thus decreasing the steamside coefficient. The data
of Runs 10-3 and 10-A5 (OSW R&D Report Number 253) where the latter run was
at 60 percent of design rate can be viewed in the same light.
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Figure 4.19. U at Reduced Capacities
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b. Vapor Flow Rate versus U — The overall coefficient U de-
pends on steamside coefficient hy,, as is evident from Equation 4.1. This
coefficient depends on the interfacial shear 8 which in turn depends on the
vapor velocity. Vapor flow cross-sectional area and volume of vapor flowing
determine the vapor velocity. Since vapor seeks the path of least resistance,
proper arrangement of tubes and vent locations is essential if high values of
Iy, (and hence of U) are to be secured.

Prengle, Dukler and Crump, Inc., showed (OSW R&D Report
Number 74) that the steamside resistance is usually of the same order as the
salineside resistance. Under conditions where, through high interfacial shear
and brine recirculation, the saline side coefficient is increased significantly,
the steamside coefficient becomes controlling. It then becomes necessary to
look for means to raise this coefficient. In addition to methods which use
grating type surfaces, some use should be made of interfacial shear 8 to im-
prove this coefficient in order to move closer to the operational limit for this
system. Tube spacings must be decreased and open area blanked with dummy
tubes in order to increase vapor velocity on the steam side. As with vapor
inside the tubes, the pressure drop resulting from high vapor velocity will de-
crease the driving force AT. However, operation with zero interfacial shear
does not result in the optimum heat transfer fluxes (4/A = UAT).

Individual coefficients are hard to determine and this is
especially true in plant size operation such as at Freeport. Effect of vapor
velocity on the coefficient has to be indirectly inferred. For low production
runs (see subsection D. 2. a above) the amount of vapor generated is less and so
is its volume, so that its velocity through the same original tube and shell geo-
metry is reduced. As mentioned earlier (Table 4. 7) the observed coefficients
are lower partly due to this reason. Decline of performance (heat transfer) in
Run 10A-5 at 60 percent design capacity is attributed (page 118, paragraph 6-
119, Fifth Annual Report by Stearns-Roger) to the poor steam distribution in
this run. Many tubes were removed from the tube bundle when it was noticed
that there was excess surface in some effects. Steam distribution was also
not satisfactory in the five-effect module.

c. Recirculation Rate of Sump Brine versus U — Brine recircu-
lation from the sump of a given effect to the top water box of the same effect
was initiated early in Freeport Plant life with the idea of securing better brine
distribution to all the heating element tubes to reduce or eliminate scaling
arising from insufficient feed. The following excerpt from the Second Annual
Report (OSW R&D Report 100, page 1I-20) is pertinent:
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"It has been felt that the tendency of effect XII

to become scaled is due to either one or a com-
bination of the following: High concentration
factor (in excess of 3.5); high vapor velocity
through the tubes (this being a function of steam-
ing rate and specific volume of the vapor); poor
distribution of brine flow in the tubes; and
insufficient 