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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 seo 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.
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ABSTRACT

Koretchko J. + Dr. Hajela . . . . . . Colt Industries

Dr's. Mixon F. + Orcutt J. . . . . Research Triangle
Institute

Dr's. Loth J. + Phillips B. . . ., . Consultants

A BENCH SCALE STUDY OF THE VACUUM FREEZING EJECTOR
ABSORPTION (VFEA) PROCESS.

Colt Industries; Power Systems Division;
Water and Waste Management Operation.

OSW Contract No. 14-30-2679.

The work effort consisted of: bench scale testing of
Ejector and Absorber system components, and a
mathematical process and system study.

Ejector development was conducted at the Aerospace

Lab, University of West Virginia under the direction

of Dr. John Loth. This effort consisted of an analytical
evaluation and a model test program. A 6,000 gpd
equivalent bench size ejector test facility was erected
at Colt's desalting laboratory at Beloit, Wisconsin.
Performance tests showed the ejector to be free of any
operating difficulties and projected* mass ratios were
obtained. A 6,000 gpd absorption system test loop

was also erected at Belg An absorber mass transfer
coefficient of 6#/hr-ft —mmHg was obtained during
testing. The coefficient was found to be a strong
function of the NaOH viscosity. Studies conducted
indicated that NaOH was the most suitable absorbent

for the process. The Research Triangle Institute was
retained by subcontract to conduct a mathematical study
of the VFEA process. The optimal cost of water pro-
duced by the VFEA process has been estimated at 30.46
cents per K gal. at the 1 Mgd level, exclusive of labor
costs. This cost was not strongly sensitive to changes
in operating conditions. A preliminary design of a
60,000 gpd pilot plant was completed.

¥ 1b. primary steam/lb. secondary vapor.
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I. INTRODUCTION

Colt Industries, through its Power Systems Division,
Water and Waste Management Operation, has conducted
extensive work in developing the Vacuum-Freezing
Desalting Process.

The Vacuum-Freezing process 1s based on several well
established physical phenomena:

1. When seawater is boiled, the wvapor pro-
duced 1s pure water.

2. When seawater is frozen, the individual
ice crystals consist of pure water.

3. The freezing point of seawater is
unaffected by reductions in pressure.

4, The boiling point of seawater varies
with pressure. By reducing the pressure
the bolling point 1s reduced until the
triple point is reached, (that point
where a substance is in equilibrium in
all three phases; vapor, liquid, and
solid.

5. To convert one pound of water into vapor
about 1070 Btu of heat must be applied.

6. To convert one pound of water into ice
about 144 Btu of heat must be removed.

Colt's development work started in 1959 under private
financing. The effort began with the study of the
basic process and techniques for freezing ice crystals,
compressing water vapor, cleaning ice crystals of
residual brine, and melting ilce crystals with com-
pressed water vapor. Equlpment was designed at the
Beloit, Wisconsin Research Center and a test unit

was built. The unit had a design capacity of

60,000 gpd. This unit underwent constant modification
throughout this test period in order to improve the
performance of all components.

In February of 1965, Colt Industries and the Office of
Saline Water concluded a contract for transfer of the
VFVC pilot plant at Beloit to the 0.S.W. test station
at Wrightsville Beach,North Carolina, for the purpose
of evaluating the freezing process in an actual sea-
water environment.



Operation of this pilot plant was extremely successful.
The plant capacity was nearly doubled to 111,000 gpd
and power consumption reduced by a third to 47 KW-
HR/1000 gal. Substantial improvements were made in
the vapor compressor, carryover separator, brine
drainage system, and heat removal system. Operation
of this pllot plant successfully demonstrated a lack
of corrosion and scaling, and an ease of operation

(the contrcl system was designed for unattended oper-
ation).

Also under 0.S.W. sponsored contract Colt designed,
constructed, and tested a 15,000 gpd portable pilot

plant on brackish feed water at the 0.S.W. test

station at Roswell, New Mexico. The operation of

the Roswell pilot plant had conslderable significance be-
cause it showed that the freezing process could de-

salt waters which were high in calcium sulphate with-

out any evidence of scale deposit.

A flex blade compressor was used to compress the vapor
from the freezer to the melter. The compressor for
the Wrightsville Beach pilot plant was ten feet in
diameter and had a falrly high moment of inertia for
starting. Larger compressors were contemplated for a
250,000 gpd plant and even possibly 500,000 gpd plants.
For larger desalting plants of perhaps five million
gpd and upward no practical compressor comblnation
could be foreseen.

Hence, in order to apply the advantages of freeze de-
salting to larger plants, it was necessary to seek a
different solution. This search resulted in a new
freezing process, hereafter called the Vacuum Freezing
Ejector Absorption Process (VFEA).

Schematic diagrams were prepared by Colt's desalting
engineers showing a freeze desalting system with an
ejector for accomplishing the compression of water
vapor. The ejector had the advantage of no moving
parts and was capable of being designed for larger
plants. The real novelty was in the fact that the
water vapor, or low pressure steam, was recycled
through the system to act as primary steam for the
ejector. The addition of heat, through the use of
external steam, was completely separated from the
process cycle and was a heat source only.

For a media to absorb water vapor, a solution of
sodium hydroxide was chosen as being most appropriate
to the pressures and temperatures in the new process.



It was also an inexpensive chemical 1n comparison
to alternate choices and was readily avallable in
quantities.

Continued engineering effort on the VFEA process re-
inforced opinions of the process advantages. Up to
this point, however, the evaluation done had been
primarily in house. Therefore, several consultants
were engaged to make an impartial evaluation of the
process.

Foremost of these was Professor Thomas E. Sherwood,
former Chairman of Chemical Englneering at M.I.T.
He was an active member of the Office of Saline
Water team for evaluation of freeze desalting.

The recommendations of Professor Sherwood were
pertinent since they pointed out the areas in VFEA
where state of the art did not provide information;
namely, the large low pressure ejector, the design
of internally cooled absorbers for sodlium hydroxide
solutions. These recommendations formed the basis
of Colt's projected development plans for the VFEA
process.

In April of 1970, Colt Industries and the Office of
Saline Water concluded a contract (14-30-2679) for
a bench scale study of the VFEA process.



II. SUMMARY

The Bench Scale Development of the Vacuum Freezing
EJector Absorption Process can be divided into the
following areas:

1. Ejector Development

Dr. John Loth was retained as the principal
ejector designer and consultant. Dr. Loth
is Director of the Propulsion Laboratory,
Aerospace Dept., University of West Virginia.

A subcontract for ejector development was
awarded to the Aerospace Lab., University of
West Virginia. The subcontract had these ob-
Jjectives:

a. The theoretical feasibility of an ejector
was analyzed using only quasl-one dimen-
sional conservation of mass, momentum,
and energy equations, and estimated
effects of wall shear and wall pressure
forces,

b. An ejector model test was conducted to ob-
tain experimental coefficient required for
design of large size ejector. West Virginia
University has only a small vacuum cap-
ability of 240 1lbs. per day of nonconden-
sible gas, but corrosive gases like steam
could not be handled. However, it was
anticipated that by electrically heating
nitrogen gas the proper veloclities and
pressure levels of a steam ejector could
be simulated. It turned out that the
nozzle total temperature required in
order to simulate the steam nozzle exit
velocity created some unexpected side
effects. The small size of the model
creates a high ratio of surface area
to volume ratio and the heat transfer
from the driving nozzle supply pipe to
the secondary flow was very large so
that the secondary flow density de-
creased in order of magnitude and
invalidated the predicted performance.

¢. The third aspect of the subcontract was
to write a numerical program for the
entire ejector flow field, so that the
behavior of the ejector could be com-
puted for a given geometry.



An equivalent 6,000 gpd bench size test ejector was de-
signed, constructed and tested at Colt's Power Systems
Division laboratories in Beloit, Wisconsin. The test

loop enabled testing the ejector at process conditilons,
using the same media (water vapor) as in the VFEA process.
The loop was designed such that the primary steam
pressure and temperature could be varied, as well as,

the suction and discharge pressure of the secondary

vapor flow. The test loop schematic is shown below:

EJECTOR LOOP TEST

BRINE TANK

VAGUUM
PUMP

OVERFLOW
MIXING CHAMBER [ —‘x‘j /
=

THROAT
DIFFUSER

BRINE
ORIVING CHILLE
STEAM—»
300 ww Hy

BRINE BRINE CHILLER

~ SUPPLY PUMP
PUMP
EVAPORATOR
BRINE RETURN PUMP.

-

Experimental testing was conducted with the primary
purpose to obtain minimum mass ratio. Testing was

also conducted to determine the operating character-
istics of the ejector at varying process conditions.

Results and Conclusions

a. Mass Ratio

The ejector mass ratio was found to ilncrease as
the outlet pressure increased by a relationship
as shown by the figure on the following page.
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MASS RATIO (PRIMARY/SECONDARY)

{CONDENSER PRESS) - (EVAPORATOR PRESS), mm Hg Abs.

Nozzle Efficiency

The nozzle efficiency was found to be 96%.
Diffuser Efficiency

The diffuser efficiency was found to be 95%.
Ejector Operation

The test ejector was extremely stable with
no back flow or stall over the operating

range.

No specilal procedures were needed for start-
up .

The eJector operated without any apprecilable
noise.

There was no freezing during testing.



Absorber Development

The objective of the development program was to
determine the optimum heat transfer coefficient
and design configuration for the absorber. A
considerable background of experience exlsts in
the absorption field; however, very little work
has been done at the low pressure contemplated
for the VFEA process, and at high capacities of
water absorption required for large plants.

Dr. Ben Phillips was retained as an absorption
system consultant. Dr. Phillips has had con-
siderable experience in the development of heat
operated cooling units for buildings and was
eminently qualified to give direction to the
development program.

An equivalent 6,000 gpd bench scale absorption
cycle test loop was erected at Colt's desalting
laboratories at Beloit, Wisconsin. The bench
scale test loop operated at actual VFEA process
conditions and component requirements. The loop
was designed for both open and closed loop
testing such that both component and system
evaluations could be accomplished.

The test loop schematic 1s shown below:

ABSORBER LOOP

VACUUM PUMP CONDENSER

CIRCULATING WATER

CONCENTRATE
PUMP
SHOP STEAM
CONCENTRATOR }
‘ COLD WATER
! GENERATOR
) ) __ +
— =
LD!LUTE PUMP
1] SHOP STEAM
0 | NaOH HEATER
T

NoOH MAKE-UP TANK

-



Test Results and Conclusions

a. Heat Transfer Coefficients

The heat transfer coefficient was found to be dependent
on the NaOH viscosity by a relationship of the form:

-7 300

200

Heat tranafer coefficient, NaoH side, BTU/hr ft? O

\
l
i
RE
..i =
v
l
1
i

100 " N L :_~

BREEI a
85756770 80 90
Mean Viscosity, Centipoinse

The heat transfer coefficlient was independent
on the NaOH recirculation rate, providing all
tube surfaces were wet. A recirculation rate
of 5 gpm/ft2 of top cross-sectional area was
found adequate to assure tube wetness.

Vertical tube spacing had no effect on the
coefficient.

Horizontal tube spacing was critical if the
distance between tubes was less than 1/2".

b. Mass Transfer Coefficient

Vapor side mass transfer coefficient of up to
6#/hr-Ft°-mn Hg have been obtained during
bench scale testing. The mass transfer co-
efficlent was found to be dependent on the



viscosity by a relationship of the form:

Z:';;;;}xﬂ ' X2 1Y { SN N
S T,
TR vlk 3

1

Mass transfer coefficient, lb/hr £t2 mmHg

Mean Viacoaity, Centipoise

The mass transfer coefficlent was independent
on the NaOH recirculation rate providing all
tube surfaces were wet.

¢. There was no carryover of NaOH solution from
the concentrator into the product condenser
during the entire testing period.

d. Carbon steel tubing was found to be adequate
for the absorber, while the concentrator re-
quired either stainless or 70/30 Cu Ni tubing.

NaOH was found to be the most suitable absorbent for
this process. If improvements are necessary, chemical
additives, properly selected, could improve the heat
transfer coefficient by as much as 25%.

3. Process Study

The Research Triangle Institure was retained by
subcontract to conduct a mathematical process
study. The work effort was conducted by Dr's.
Mixon and Orcutt of the RTI staff. Because of the
large number of variables involved in the process,
it was not feasible to make a optimization with-
out the use of computer programs. This study
included both steady state and dynamic analysis

of each individual process component.

451-332 O - 171 -2



A program for design optimization by digital com-
puter has been developed that searches over
possible design parameters to find the design
corresponding to minimum cost of water. Results
of computations using the program indicate that
the cost of water

a) decreases with increasing conversion
from 20 percent to 50 percent con-

version,
THE EFFECT OF CONVERSION
At P = 3,264 mn
i > N
, o,
T % \\
g 1 N
8 N
o,
32
20 30 40 50
CONVERSION

b) increases, but only very slightly, with
increasing freezer pressure from 3.1 to

3.25 mm Hg,
THE EFFECT OF PRESSURE
1 i

s - L__I_—-!——O-
» 32
~
<
- 31
8
o 30

3.0 3.1 3.2 3.3

PRESSURE

10



¢) decreases with increasing feed temperature
to the freezer from 31° to 33°F, with an
optimal point occurring slightly above 33°F.

THE EFFECT OF FEED TEMPERATURE INTO THE FREEZER

»d
3
x 32
~
<
P LN
2 ] I 0\0_
° 10 I B
31 32 33

FEED TEMPERATURE

d) increases significantly with increased
eJector ratio, and

THE EFFECT OF EJECTOR_PRIMARY TO SECONDARY RATIO

”~

32

31

COST, ¢/K GAL

L
R .45 ] .55
EJECTOR RATIO

30

e) decreases with increasing plant capacity.

THE EFFECT OF PLANT SIZE

-3

g T

5 .o\l I

¢ 30 O o
g | 1

8 29

© 1 2 3 4 5

PLANT SIZE, MGD
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The optimal cost of water produced by the VFEA
process has been estimated at 30.46 cents per
k gal at the 1 Mgd level, exclusive of labor
costs. This cost is not strongly sensitive

to changes in operating conditions.

A simulation by analog computer of the dynamics
of the integrated process has indicated that

the process is well behaved and should be
amenable to relatively simple control technigues.
No inherent instabilities were dilscovered.

Pilot Plant Design

A preliminary design of a 60,000 gpd pilot plant
was completed. The purpose of the pilot plant
is to evaluate the VFEA process more completely,
and to develop 1t to be commercially feasible
such that 1t produces water at a lower cost than
current desalting processes. The drawing on

the followlng page is a pilctorial flow dlagram
of the pilot plant.

12
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IITI. PROCESS DESCRIPTION

The VFEA (Vacuum Freezing Ejector Absorption) Process

is a freezing process in which the vapor is compressed
by a comblnation steam ejector and absorber loop, and
the primary energy source is heat rather than mechanical
energy .

The absorber loop raises a portion of the wvapor
evolved in the freezer to a level sufficient to
drive the steam ejector. The work done 1in the
eJector is, thus, reduced by the amount of pri-
mary steam used. Further, the primary steam need
not be removed from the system because 1t, along
with the secondary steam, is stolichlometrically
in balance with the melted 1ce.

The absorber, in raising the freezer vapor from

a level of slightly more than 3 mmHg, performs the
function of a compressor with less work input than
would be required for adiabatic compression.

The VFEA Process thus retains the advantages of
the freezing process; low corrosion; low energy
consumption; and minimal scaling.

Functional Description:

Sea water feed from a sultable intake system is flrst
pumped to a cold water vacuum deaerator of the packed
column type where the bulk of the dissolved air and
other gases are removed leaving a low residual .oxygen
content in the sea water.

This deaerated sea water is then pumped from the
deaerator through a heat exchanger where the sea
water 1s cooled by outflowing cold brine and pro-
duct water. The heat exchanger has sufficient
capaclty and performance to enable low approach
temperatures to be realized. From the heat ex-
changer the cold deaerated sea water flows into

the freezer where it encounters a vacuum. Air is
continually purged from process vessels to main-
tain the required vacuum. Here a portion of the
sea water 1is evaporated and as thls heat of evap-
oration is released from the sea water itself, ice
crystals are formed in the sea water. Ideally seven
and one half pounds of ice are produced for each
pound of vapor formed. The vapor 1s continuously
removed from the freezer enabling contlnuous vacuum
freezing to take place. The slurry of ice crystals
and sea water brine is continuously removed from
the freezer and pumped to a counterwasher where
ice/brine separation takes place. In the counter-
washer the ice is accumulated into an 1ce bed and

14



the brine is extracted through drain tubes immersed

in the bed. The flow of brine through the ice bed
creates a pilston-1like force on the bed causing the
ice-bed to be supported out of the brine where gravity
drainage of brine from the upper portion of the ice bed
takes place enabling relatively brine free 1ice to
appear at the top of the column. Here, a small flow of
eold product water i1s sprinkled as wash water onto the
ice displacing the remaining brine film from the 1ce
enabling brine free ice to be removed from the top of
the column by means of a mechanical scraper. In dis-
placing the adherring brine film from the ice a portion
of the wash water permeates the ice bed and is ex-
tracted with the outflowing brine. The harvested ice
passes from the counterwasher to the melter while the
cold brine 1is pumped through the heat exchanger and

the absorber where it 1s used for cooling incoming

sea water and the sodlum hydroxide absorbent.

A portion of the water vapor which was formed in the
freezer passes to the absorber where 1t is absorbed

on a concentrated solution of sodium hydroxide which

is sprayed over cooling colls. Outgoing brine and pro-
duct water as well as supplementary sea water passing
through these colls remove the heat of absorption from
the sodium hydroxide absorbent. The average vapor
pressure of the absorbent is malntained below the
freezer pressure to provide the driving force for
vapor absorption.

The dilute sodium hydroxide from the absorber is
pumped through an absorbent heat exchanger where

it 1s heated by the concentrated sodium hydroxide
and Iintroduced into the concentrator. In the con-
centrator the dilute sodium hydroxide 1s Iindirectly
heated by steam. The water vapor absorbed in the
freezer is now bolled off. Concentrated sodium
hydroxide which accumulates in the concentrator is
recycled back to the absorber.

A portion of the vapor bolled ¢off in the concen-
trator 1s excess water vapor generated from
mechanical and thermal process 1nefficiencies.
This vapor must be removed to maintain the pro-
cess 1n thermal equilibrium. The excess vapor is
condensed by outflowing product water in a direct
contact condenser where the vapor 1s recovered

as additional product water. The remainder of
the water vapor boiled off in the concentrator
flows as primary steam to a steam ejector nozzle.

15



In the eJector the remaining portion of the water
vapor evolved in the freezer enters as secondary
steam and 1s entrained by the primary steam flow
and compressed. From the steam ejector this com-
bined vapor mixture flows to the melter where
direct contact condensing of this vapor takes
place by impingement onto the ice which 1s accum-
ulated in the melter from the counterwasher. The
resulting continuous melting and condensing of
the 1ce and wvapor produces cold product water
having a salinity less than 500 ppm total dissolved
solids. This cold product water is pumped from
the melter through the heat exchanger to cool
incoming sea water and through the absorber and
direct contact condenser for cooling, then is
discharged from the process.

The following page contalns a VFEA dlagrammatic
drawing. The temperature, pressure, and con-
centration are typical for a desalting plant with
a 65°F feed temperature.

1€
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Iv. EJECTOR DESIGN AND DEVELOPMENT

The subcontract on ejector development with the University
of West Virginia, Aero Space Laboratory, had three ob-
Jectives, First, the theoretical feasibility of an eco-
nomic ejector was analyzed using only quasi-one dimen-
sional conservation of mass, momentum, and energy equations,
and estimated effects of wall shear and wall pressure
forces. These equations were used to show the theo-

retical feasibility.

Second, an Ejector Model test was conducted to obtain ex-
perimental coefficient required for design of large size
ejector. West Virginia University has only a small vacuum
capability of 240 1bs. per day of noncondensible gas, but
corrosive gases like steam could not be handled. However,
1t was anticipated that by electrically heating nitrogen
gas the proper velocitles and pressure levels of a steam
ejector could be simulated. It turned out that the nozzle
total temperature required in order to simulate the steam
nozzle exlt velocity, created some unexpected side effects.
The small scale of the model creates a high ratio of sur-
face area to volume ratio and the heat transfer from the
driving nozzle supply pipe to the secondary flow was very
large so that the secondary flow density decreased in
order of magnitude and invalidated the predicted perfor-
mance.

Without electrical heating this problem was eliminated,
but then the nozzle exit velocity was only 1/4 of the
required value and the obtainable mass flow ratio only
1 to 1 which corresponds to the predictions of the
theoretical model. Using different gases 1ike helium
and argon one can simulate the proper velocities and
pressures, but not the densities and a true ejector
performance could not be simulated.

The third aspect of the subcontract was to write a
numerical program for the entire ejector flow field
including a detalled analysis of the mixing zone
growth rate and the local turbulent shear stress so
that the behavior of the ejector can be computed for
a given geometry under varyling operating conditions.
This program uses an emperical constant for the shear
stress on the mass dividing streamline. The value of
the emperical constant was chosen to simulate the ob-
served behavior of the bench scale test ejector in
Wisconsin.

General Ejector Characteristics

Ejectors -are used for a wide range of industrial pro-
cesses where large volumes of gas or liguid need to be
handled. The isentropic compression efficiency is
usually less than that of a mechanical compressor.
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However, the installation, operating and maintenance
cost is usually lower than for mechanical compressions.
This depends on the availability of an inexpensive
high-pressure driving fluid. The absence of moving
parts greatly reduces the Ilnstallation and malntenance
costs.

The performance of most ejector configurations can be
accurately estimated using a quasi-one dimensional
control volume analysis which extends between the
inlet and the exit of the mixing duct. Conventional
forms of the continuity, momemtum and energy equations
are used for the performance analysis and the equation
of state can be used when one deals with compressible
fluids. Estimates of the wall shear stresses and
nozzle losses are sufficlent when one deals with a
constant area ejector. In case one deals with more
efficient converging mixing ducts, one has to make an
assumption for the wall pressure distribution which
is often done by assumlng it to vary linearly with
changes in cross-sectional area or linearly with dis-
tance along the axis. A detailed analysis of the
mixing process is usually not required unless one
operates with very small or very large mass flow
ratios. If the velocities of the primary and secon-
dary flows are indicated by Vp and Vs and that of the
ejector exit flow by Ve, then the kinetic energy loss
in the ejector is given by:

. .

AE = 1/2 [(wp + WS) Ve2 - (Wp Vp2 + WSVSE)]

The momentum equation for an ideal constant area
ejector with isothermal incompressible flow gives:

The kinetic energy loss reduces with a reductlon in
mass flow ratio and with a reduction in the velocity
difference Vp - Vg. Convergence of the mixing duct
also reduces this loss, but this is partially offset
by increased diffuser losses. The achievement of a
maximum compression ratio r = Pte/Pts i1s usually the
obJective 1in an ejector design for glven inlet
conditlions. Some general statements can be made:
The lower the mass flow ratlio the higher the com-
pression ratio. The higher the pressure ratio P, /Pg
the higher the compression ratio. Lowering the back
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pressure Pte usually 1ncreases the mass flow ratio
until the break-off point 1s reached which occurs
when the secondary flow becomes sonic at the maxlimum
expansion diameter of the primary flow. At this
point the secondary flow 1s choked and will not in-
crease further.

Al]l ejectors operate with subsonic secondary inlet
velocity. The primary flow can elther be subsonic,
sonic, or supersonic and the maximum efficlency is
obtained with sonic or supersonic nozzles when the
flow is fully expanded or Pp = Ps. The growth rate
of the mixing zone is a maximum when the primary
flow is subsonic. Then any local reducticn in the
primary stream tube acts as a venturi and lowers the
pressure there locally which increases the dis-
turbance causing a rapid turbulent mixing.

The higher the Mach number of the supersonlc stream
the more stable the core is, and the slower the
mixing rate. This can be seen by considering a local
restriction in a supersonic streamtube, which will
create oblique shocks and a pressure rise which tends
to eliminate the disturbance.

The pressure ratio in an ejector can be achleved
several ways. When the mass flow ratio is zero and
the primary flow is supersonlc, then the pressure
ratio is close to that obtained in a normal shock.
As the mass flow ratio increases, the angle through
which the supersonlc flow deflects reduces and the
pressure ratio comes close to the pressure rise in
the oblique shock. Further increases in the mass
flow ratio results in shock-free subsonic compres-
sion and the pressure ratios are obtained accurately
from the three conservation equations. For very
large mass flow ratios the application of the quasi-
one dimensional equations may be very incorrect due
tec the large flow nonuniformity at the cross-sectlons
where the equations are applied.

If a converging mixing duct is used at high mass flow
ratios then a constant pressure mixing would be
optimum if the diffuser losses are ignorable. How-
ever, in an actual geometry optimization, the dif-
fuser performance has to be included and one will
find the optimum configuration to be a constant
pressure converging duct followed by a constant area
throat in which the pressure rises.
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Ejector Design

The economical justification of the VFEA process depends
strongly on the ejector efficiency. The in- and outlet
pressures of the ejJector are controlled at all times by
the evaporator and condensor conditions and the optim-
ization conslsts in maximizing the mass flow ratio m.

Method of Calculations :

The desired ejector inlet conditions are specifiled.
Then for a chosen geometry, the exit pressure 1s com-
puted. Then the inlet mass flow rates must be adjusted
in order to obtain the desired exit pressure. The
geometry can be changed in order to minimize the re-
quired mass flow ratio.

The secondary flow is the cold-saturated vapor flow-
ing at subsonic velocity and which has speclfied:

mass flow rate mg
velocity Vg

static temperature Tg
saturation pressure Pg
density Qg

total enthalpy hgs

The density 1is found from the steam tables which is much
more accurate than using the perfect gas equation of

state to compute the density. The energy equation with

a constant specific heat should not be used to find the
total enthalpy, because the steam tables are more accurate.

The primary flow is the driving steam, which is hot and
superheated in the stagnation condition, but when ex-
panded at the nozzle exit it is saturated with moisture
and flowing at high supersonic velocity. Its static
pressure Pp equals Ps and the static temperature Tp al-
most equals Tg if the flow 1s close to thermal equllibrium.
The primary flow inlet condltions are specified as:

mass flow rate ﬁp

velocity of the vapor Vp

velocity of the condensate V,
percentage moisture %m

static temperature Tp
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static pressure Pp = Pgq

density @ b

total enthalpy htp

The same reasons as mentioned before explain the specif-
ication of the density and total enthalpy of the nozzle
exit flow.

The convergence angles of the mixing regions I, II, and III, Filg.
are specified as: @,, ©, , ©., ,and the length over dia-
meter 1s specified for the constant area region IV, also
called the ejector throat. The pressure and the average
velocity 1s computed at the exit of the throat and is used
together with an empirical diffuser performance equation,
to compute the resulting diffuser static exit pressure.
Several angles 8, and ©, are tried until the pressure at
region I and II is nearly constant. Next the angle 6, 1is
decreased until the resulting rate of static pressure rise
becomes so high, that the boundary layer might separate.
The convergence of sectlon III is continued for an as
short as possible distance, but not until the following
constant area duct, region IV, can be used without causing
boundary layer separation. The length of region IV is
selected such that the average velocity approaches closely
to the maximum center 1line velocity.

Assumptions made to simplify the analysis:

a) a profile similarity will be used for all mixing
areas in regions I through IV of the type

R -9,
= F u - uj _
e L7 amd L =R )
where 9 is a dimensionless coordinate of a point
ras given by7 = r - ri such that 71 = 0 and

o - 1y
37o= 1.0. The density profile is assumed rather
than the usual temperature profile because the
density gradients are large and enter directly in
the contilnuity and momentum equations. The
usually estimated temperature profile cannot be
used to find the density because the equation
of state does not apply with moisture in the flow
as it comes out of the nozzle. Also, temperature
gradients are neglible with Tg = T, at the ejector
inlet, because both flows are saturated at the
same vapor pressure P, = P5. The velocity
U = U(r,x) and the centerline velocity U, = Ui(x)

the radia ri = ri(x) and ro, = ro(x) define the

inner and outer boundaries of the mixing zone
respectively. The mixing zone is also defined
by the dimenslonless coordinates4; and ¥4 The

dividing stream line coordinate;yDlocated at rp
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is defined such that the mass flowing inside the
area r&rp equals the mass flow rate from the

nozzle ﬁp. The veloclty and the velocity
gradient at rp define the shear stress?p along
the dividing streamline. It is the magnltude
of thils shear stress®p which controls the
spreading rate of the mixing zone. The angles
8, €, and ©,, can be used to compute the
radius of the wall ry = ry(x)- All flow angles

are assumed so small that the radial components
of veloclty, the shear stress, and the pressure
can be ignored.

The computer calculation is a step by step pro-
cedure, starting at the known ejector inlet
conditions and computing the flow parameters
downstream. JStarting at the crossection lo-
cated at xj and computing those at location
Xj+1l, etc. In each step the pressure P(j+1)

is first assumed equal to Py then the area
AX(J+1;S computed and compare% with the required
value from the specified wall contour. If the
specified area is different, then change the
pressure P(j4+1)by adding Pgiarie as shown:

2

= - [Ax(+ 1 P
AI}equired 1 L;dd 1) obta.ned x fdynamic obtained (1)
x(J+1) required at r

reference

This is derived by assuming only small changes
in pressure and negligible changes in density
so that the incompressible Bernouilll equation
applies. This method is only used in regions
I and II where the pressure should remain
nearly constant.
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Constant = Pggatic T Pdynamic

By addingbPgi.cq1. to P(j+1) the Paynamic 1s reduced by

BPrequired © (172¢ V2)J+1 - (1/2RQ V2)J+l
obtained required
or V(j+l)required = \/ - Preguéred
V(J+1l)obtained (1/2%Vv )J+1 obtained

from continuety find ﬁreguired -1 = (QVA)ifl required

Mobtained (®VA) 341 obtained
AP required
or Ax (§+1) obtained = Y(j+1) required ='\[1 " (1R
Ay (J+1) required V(j+1) obtained J*l obt.

solving for

2
A 2
AP . = |1 - {#x(J+1) obtained x (1/2%V°)
required EX(J+1) required j+1 obtained
at Tref

2
This dynamic pressure (1/2RV Jy+1 = denamic (3+1)
should be computed at a radial location rper,
where the flow 1s subsonlic and the iteration
converges most rapldly. A sultable location
seems to be the radius which divides the
tube into two equal areas or qr..% = 1/2Tr,2

or Ppref = rw]’1/2 (2)
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Basic Equatlons, using only x components of velocities
and shear stresses.

l Velocity Profile

\"I?'w Py W
4%%4@& Lhcy s,
=

. Ceet. | T
m\s _ *‘ ' ue
Uy — /J‘/”
G_L,/n/" Mixing Zone ”Txfd/’
—_— % Vo Mixing Zone
Nozz 50 R — 7 i =
P 9,
Xe® LI LYY x.;

Regilon I (left-hand side of equations contain known
flow parameters at section xJ)

Continuity
P r-" rd -
,”‘, . fe?ucz.ﬂrérﬁ- [Qu&“vc\r (3)
f " © v -
'
- . Cw ) .
a2y, = f puzwrdr & g R.M T wrdr )
= s Yo -
o
Momentum

(& \ ¢/ (A.

Lt ned > e wed > ofx u 2wedr -+

- (o <

fgf\.\‘ 2nrdy 4 ([ Qu zTwedy Zamyg, DQ, X
o '8

‘o LS 1 3
Sﬁu‘r_wvé\'] R - BT ("ol $iw ) ()
X, z

r. ‘ fw *
f euwewrdr }’ Rev,2Nvdr| + X amrr ox = T amrdx =
Y'D o [~] oy w

e Cw . . a .
feu‘anr&r . \,u.:r.n'rc\r] 1-'?\*\'?“&'&\ C - ": )j f("w""u_) ] (6)
% N

W
(A J+

—25-



Energy

YW . . k
f E‘\k\r\tz.nc\r UL AN (7)

-4

This equation will not be used inside region I, because
the mixing zone represents such a small region that an
error in the total enthalpy there can have 1little ef-
fect on the overall energy balance. However this
equation is used in the other regions in order to
determine the flow centerline density Ve and velocity
UQ to be used in the density and veloclty profiles.
Integrate the equations by substituting the proper
velocity profile functions €+(Re-®IFEIM) + 0 o

Uz (M- uIFl(m) + u
For the shear stress one has to insert the proper
function of the velocity and its first and second
derivative on the dividing streamline. The temper-
ature effect is given by the local density 99

AR AT AR AP LN N N A A AR

The wall shear stress is given by a friction coefficient
based on the local Reynolds number

v
2 = C %RV,
w fw

The pressure term is:

Momentun at j + PjAj= Momentum at j+1 +

. - A
B + 6 Pyt BCAy - Ay e )

t
% ! e or Momentum at j = Momentum at j + 1 +
-] KL 8!
A . -
’ s (Bye 1 = Pp)lay + Ays1)

I 2

xJ xs*\

451-332 O - 71 - 3



Contlnulty Egquation

Mo

Msg -zb (F;‘;i - F@U} f{ (0‘ *- u’.ﬂ)(£7d7+r;.d7)+(o’u.(r\:_r.t) (9)

% Sar
v=mbav; Ve Flew §= Fove
WASRE be Yert Ta U -l Q= o0,
-9 v + - -
"""\""\d”\*\"‘d’\ QU= 6 UG+ F v+ R UL+UQ

Momentum Equation

-_n

- - = - L
Pw=FF, U ¢ +aAFRF oUW v F R Q + aF,_wa;*F‘.eu."-»u;e;

Mo
Qf “:f.l +ah Y (e“&)(bn) do, + r,d,?):l - g‘ a rb& dx (10)

~ |ab g\ (Q u‘)&bﬂdn -H‘;A‘l) )+P‘ “:(Y:pf:) a—
Mo

J+M

YY) (11)

?‘}:;—:PJ [(\'“:- “;\; + L"\; ‘75‘ ) ]

The functions Fy, Fp, F3 and the friction coefficient

Cg are taken from the ljs.teratur'e like Schllchting and

others. The flow parameters at section x3 are used

in the left side of the equations, and should be known,

then the right side of the equatlons contain the four

unknowns (€ "Y\o s oo and 93 . which can be
3+
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computed from equations 3 through 6. Because the
pressure 1s nearly constant in regilon I, it can be
assumed that the density@¢ and the centerline
density @, =N remain constant.

Small variations in the pressure will be accounted
for by changes in velocity through the use of the
incompressible Bernouilli equation:

N - 2 -
u‘m f"s AN (12)

3

C
')
o

jq: - 2(R -°)

:\ Q FRA A\ (13)

L 4

Before one can further integrate these equations one
has to chose sultable functions for the veloclty pro-
“‘“l = i
file vt p;(,,\) , the density profile e-p; N F,(n\)
3
The dividing streamline shear stress Q0 -®,

)
G:E(5,5 K.5")

The wall shear stress 2 _
[ 7 g

3 .
¢, 7 4
7 5Pw Mw e ‘5@,’\,,) i(aw U,
Another problem 1s the starting value of the dividing
streamline shear stress 2;. The theoretical case has
zero boundary layer thickness for the flow inside and
outside the nozzle. When the two flows meet at x = 0,
which 1s the nozzle 1lip, then the velocity gradient
is infinilte and also the shear stress. Obviously
this 1s not a realistic starting value for
olxwe)

One method to by-pass this problem, which 1s caused by
ignoring the initial boundary layer, is to assume 7;
constant for the initlal length of the mixing zone.
This assumption 1is not bad because with an initial
boundary layer present the shear stress starts with
the value zero, then grows in a region of laminar

flow which eventually becomes turbulent within a
length less than one nozzle diameter.

Here it 1s assumed thatZ: remains constant over a

length of mixing zone which corresponds to a growth
of mixing zone width from 0 to 0.1 X rpgggzie.
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The magnitude ofzz over this range will be evaluated
at the middle of the mixing zone where? = 1/2. For
conputation steps downstream of this mixing zone width
the correct value of? will be used, which 1s the
dividing streamline.

The velocity profile chosen could be the error function

U=\

'\';—\;“' (“’ e('&ﬂ)) (14) as used by Korst and which is
L 2

an exact sclution for two dimensional mixing zones see
Schlichting's book on Boundary Layer Theory eq(23.30).
Another suitable form is the relation:

vew o (-mB)T )

“g\“t

also derived in this text as eq(23.37). It has been
shown by Peters in AEDC-TR-65-209 and by others that
very good results are obtained using a cosine velocity
and density profile or

V=W (- C.os'\T"]) = F where =r_—_rl._ (16)
T " >

and

€y (1-tum) s Bfy) ()
QO‘G\

This means that the profile is a cosine function which
has the advantage of producing a finite width of the
mixing zone with the first derivative equal to zero at
the edges of the mixing zone and also simplifies the
integration of the four previous equations.

’/(“I" q‘ )

?
Derivation: A, !f 'I;(M,"\"o) c.;nw)
t. 4, (7" |
. 7

Mixing Zone =——|—— AT 7

=
]
|
|
|
3 4
'

-29_



=4+ H4(4-4) + Z/Il,'—#.) CosTT 7
U- e (Uo-4) - Y (Ho-8) - 4(He-tt;)Cos Ty

H-d = (4-4;) %/ Ces7Y)
F:/?/: ‘%.—_,!' = 4% (7- Cos 771)
—ql'

For the shear stress on the dividing streamline one
can use Prandtl's model for turbulent flow, see
Schlichting, eq. 23.3.

.oy |2
- e[|

where R is Prandtl's mixing length. An extension of
this shear stress model i1s: eq. 23.4.

reott 2u @by

or  7aQc <ro-n)<~«c-u=s;7_3

(18)
where ¢ is an empirical constant. Peters has used
successfully the model

AW
?‘—QC.((O'“) (c l(ue = \K'A * “\ qT';, (19)

Region II is like region I except that ry = 0 and the
centerline veloclity and density are now variables and
must alsoc satisfy the energy equation (5). Then one
has 5 equations with as 5 unknowns

(fnc>'(3. u‘. gc:p) .

J i
Region III and IV are different as the pressure rise
there 1s significant and the variable r, has now been
replaced by the unknown nu.“. One could also carry
on with an imaginary value for r, to describe the

profile but rg will be located outside the duct.
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The simultaneous solution of the four unknowns from
the two continuity equations 8 and 9 and the two
momentum equations 10 and 11 1s greatly simplified
if one assumes a simple form for the veloclty and
density profile in the mixing zone.

It has been shown by others that for turbulent mixing
one needs to use a seml-empirical mixing length and
then the choice of veloclity profile does not greatly
alter the likelyhood for a good match between ex-
perimental and theoretical results. Here we choose
both the velocity and density profile function

/ -—
7= 4 (X4 4”(”}7}) where #/= ¢ represents the

inside of the mixing zone andz=1.0 represents the
outside of the mixing zone. he resulting required
integrals are listed in tablel , 2, and 3 where
the indefinite form is indlcated by a prime and this
integral evaluated at the dividing streamline or
1imit# =%, 1is shown without prime.

These integrals when evaluated over the inner
part of the mlixing zone carry I as second letter and
for the outer part of the mixing zone it carries an O
as second letter. The 1integral in continulty equation
8 can then be written as

»p %
262 [ 2 i) oy e 5] Oy #25

(P—‘t' f";/‘;)ff"//'ﬂ']‘é: 2E8%Tr 24/ HT

where C] and #J are only functions of the unknown ﬁo
variable

GI= 47 €14 (Pur ) DT + 4G %L
2
and

HIs 468 + (Pl ue ) Al 4 (37,
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LIMIT

INTEGRAL 2= i10 | 7= 0
fd7 . 7 /O o
[79 = 47" 4 °
f(Cos ™) 0/7 ’J/v”"y © °
f(co.szr'y)‘a’y ._;:7 +'.’1’ S 2Ty % e
I(CO.S ) 0’7 J/vﬂ7- 2 (S 774;) e ©
J?/CO.S”'V)'J'ys”—/T Cosayv”y‘;,v;;v - _;{_‘ ,",;,:_

/ ’
fﬁ[éo:livy) o’7= 2 _7:/.«:17-9 c'o.:m ;,;;" ;T:y-‘
f»y (coesmy) 0'7- 7 J/vap'ya / Cos WY
Jen°
*'3_7JIVM+£ Coes 7y -7 -2
<7 n® o7t o7

)

[/- los ”7]

L 2
Cos Ty » L (Cos my)
-

’
a

Bl

Z
s

L 8 3
- 3 cCe 2(Cos 1 - Lfos n
J cesmys eosmy) - F(ees 7y)

-32-




TABLE 2
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TABLE 3
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and continulty equation 8 simplifies then to

1;"" [(o‘ q/.y;‘.'*aé‘éf vabr 4T Jzm (20)
T
. Y 2 X -
or be ~0 HI v v o rd6L (7 w0 ) (214)
26T

where b = ro - ri , the width of the mixing zone.
Similarly continuity equation 9 simplifies to

: R :
”_;.s --/(% af, (ro*-(6+7) +26°Go rabn /'/°~Z,”’ (21B)

where GO=-—&F ED (Qu.'i-‘ae{\ho +- U_;_Sf "l\p"
and  Wp - 06 80+ (Bw+Te) Po+ Mei(i-my)

Rather than using an iterative solution for the
inner and outer radius rj and r,, it 1s easier
to work the tangent of the mixing zone spreading
angle®. This is called the similarity parameter
97 and @ so that

(R [ ]

ey Bgemn) T (Gra),,

and
Calivn) ~Togaamay) *+ QT“")J *n

- (1o or,") + AX(V:- @ )J"’\

)= O et
Jem-t Yo
TeBe=To
T B Tn'-
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These parameters vary little from station j = n-1 to
J = n and (AX)j =n 18 chosen and 1s not an unknown
varlable.

The momentum equations 10 and 11 can be more easily
handled in a numerical calculation 1f the control
volume is changed from J=n-1 and J=n to a large con-
trol volume extending all the way to the nozzle exit
plane. This will replace the expression for the
known momentum at statlion j=n-1 by the constant
value momentum at the nozzle exit plus a summation
of all the shear stresses and pressure stresses
experienced upstream of j=n-1
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Combining terms and solving for the unknown pressure P
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similarly equation 11 becomes w &(w)\\ co® T

BT(- ) » @A W) ¥ S (e (Zomg) s
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Equation 22 is used to replace the variable rp by D
and other variables. Equations 21 A & B and 23 A & B
give both the continulty and momentum equaticns as

a junction of the four unknown variables b, ri, My,

and Pj=n. However, these four equations can be re-
duced to two equations with only two unknowns, 9,
and ri by replacing b everywhere with the expression
shown in equation 21A and by eliminating Pj=n by
equating equations 23A and 23B.

The computation procedure is to assume a value for
P» and then itterate ri so as to satisfy the con-
tinuity, which is the combination of equations 21A
and B. Another value for r4i 1s then computed by
satisfying momentum which is the combilnation of
equations 23A & B. If the two values for ri from
continuity and momentum are equal, then the correct
% was assumed. The initial estimate of?’ -

4, °.,;.

ven Cyzmay
and from there small increment, in%, are used till
the difference in ri reached a satisfactory minimum.

The dividing line shear stress &, and the area on which
it acts in the region between J=n-1 and j=n 1is taken
from the known velocity gradient and radius rp at
cross-section j=n-1.

The emperical expression used for the turbulent
shear stress 1s the modified Prandtl's mixing length
which was given before in eq. 18 and can be written

as: .
2_ c 6&("“4%‘)<?‘{)
o= C p xr /g,
where cb2 isl‘2 which equals Prandtl's mixing length

and ¢ 1.0 and 1s determlned from experiments. -1,

is the average velocity gradient in the mixing zone and
s q“ R TH
T - Sid TN, — Ug-W | T T
(3'4/qr>‘n°‘ A.(4A. Uh) Y Ar e (\ - ‘)3__,b S 440

- 3 m .
or 2;._.(96(44. q,).’;_ S 77'70 (24)

The shear stress along the walls is a function of the
local Reynolds number based on the duct diameter. For
Reynolds numbers below 2000 we use the laminar form

Cf = 64/Rey
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For Reynolds numbers from 2000 to 100,000 we use
Blasius relation

Cp = 0.316
(Rey)l/”

At the nozzle exit the mixing zone width b=0 and the
resulting shear stress according to equation 24 will

be infinlte. This is because we ignored the initial
internal and external boundary layer on the nozzle.

To compensate for this the starting width of the

mixing zone b will be assumed 0.05 r, where r, is the
nozzle exit radius. This value will be used to compute
the initial and maximum shear stress ?;.

The energy equation 1s not required in Region I where
the centerline velocity 1s part of the inviscid core.
However, in Region II the centerline velocity u, and
density@{ must be computed each time so as to satisfy
the overall energy equation. To eliminate itterations
we use the known values of’{ and r, at station J=n-1
in order to compute the required centerline velocity
and density from the energy equation at station j=n.
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Ejector Model Testing

The flow inslde the ejector can be computed if one
uses the proper inlet conditions, the three con-
servation equations in integral form, and the
equation of state, where applicable. 1In addition,
one needs a realistic model of the velocity and
density profile in the mixing zone and a realistic
value for the turbulent shear stress on the
dividing streamline. The model used for the
turbulent shear stress at the dividing streamline
requires at least one experimentally-determined
coefficient. The magnitude of thils coefficient
determines the growth rate of the mixing zone

and the behavior of the ejector in general.
However, this coefficient 1s only a function of
the flulds, their temperature and velocity
differences and 1s independent of the size of

the ejector. Consequently, this method of
ejJector design 1s very useful for predicting

the behavior of large size ejectors from the
experimental results of a model test.

Model Description and Performance:

The vacuum faclility at West Virginia University can
handle only a non-condensable gas flow rate of

240 1b/day, and corrosive vapors such as steam
cannot be utilized. However, a small ejector

with a 2.71" inlet diameter, operating on argon or
nitrogen can be operated continuously with 4.9

mm Hg exit pressure. By electrically heating the
nozzle gas one can produce a nozzle exit velocity
equal to that of the steam ejector. Using Quasi-
one dimensional equations a computer program was
written for a perfect gas ejector, operating on
helium, nitrogen, argon, etc. This 1s shown as
Program 1. ¥ From the program it appears that using
the proper nozzle total temperature, one can closely
simulate all the pressures and velocities as they
occur in the steam ejector. Based on the results
of thils program a two feet long model ejector was
constructed. Static pressure taps were located at
one inch axial spacing and spiralling around the
perifery. The ejector was too small to permit the
installation of a pitot traverse without seriously
distorting the flow. The ejector was mounted 1n the
access door of a 2 feet diameter hypersonic arc
tunnel. The vacuum in the tunnel 1s provided by a
1500 cfm Stookes booster pump. The ejector nozzle
1s connected to a water cooled settllng chamber 1in
which a 78 KW Plasma Generator dlscharged heated
argon or nitrogen.

Helium could not be used in the Plasma Generator be-
cause of its high lonization potential. The nozzle

¥Figure 3.
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was machined out of a 3/8" diameter and 6" long steel
rod and can be moved axially in and out of the
ejector inlet. The nozzle was uncooled and the gas
temperature is limited by the melting temperature of
the nozzle material. The nozzle mass flow rate is
measured prior to the heating process with a rotary
flow meter. The nozzle total pressure was measured
by a 6" vacuum gage. The secondary flow was ad-
mitted through many small holes around the perifery
of the ejector upstream of the nozzle.

All the static pressures were measured with an
Alphatron gage, which was calibrated with a Stokes
McLoad gage. The pressure measuring instruments were
connected to a manifold and each pressure tap was
opened in turn when taking a reading. Some typical
static pressure distributions are shown in Fig. 4.
This graph shows that with electrically heating the
nozzle flow, the ejector did not work at all. The
pressure drop experienced was only due to the ventury
effect in the varying area duct. However, if the
electric heating is turned off then the ejector
operates under the required pressure levels at a mass
flow ratio of 1 to 1. This behavior agrees with the
prediction of program 1, using cold low velocity
nozzle flow.

Several phenomena were observed during the tests:

a) Some pressure taps had to be sealed off be-
cause of excessive leakage around the valve
stems.

b) The ejector did not behave as expected with
the electrically heated nozzle flow, this
is due partially to the adverse effect
that heat transfer and density gradients
in the mixing zone has on the entralinment
process, also the heat transfer from the
nozzle supply pipe to the secondary flow
reduces the performance. The conclusion
is that steam cannot be satisfactorily
simulated by a gas like argon. The use of
helium was not successful due to the ad-
verse density gradient in the mixing zone
and the unsuitable nozzle size.

¢) The diffuser behaved slightly better than is
predicted by the emperical formula, but the
assumption of constant pressure mixing in the
converging section of the mixing duct was not
materialized. For this particular model
ejector a better approximation would have

been by assuming Paverage = (po * p1)1/2.

A schematic drawing and photo of the Model Ejector test
block are shown as Fig. 2 and 5.
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PROGRAM 1 - TEST MODEL PERFORMANCE

1 REM "EJECTOR FLOW SOLUTION (TWO COMPONENT GAS FLOW)
S REM in the varliable name, the first letter defines the flow property, the second defines the
suffix

10 REM suffix '3' denotes the primary flow quantity

15 REM suffix '4' denotes the secondary flow quantity

20 REM suffix 'l' denotes the throat exlt flow gquantity
25 REM suffix 'm' denotes the mixed flow quantity

30 REM suffix 'e' denotes the diffuser exit flow quantity
40 REM p ® pressure in mm mercury

45 REM b = mach no.

50 REM t = temperature in rankine

55 REM r = gas constant

60 REM g = ratio of specific heats

65 REM w = molecular weight

70 REM s = speed of sound

75 REM m = mass flow rate in lb/hr.

80 REM a = area

85 REM v = flow velocity

90 REM c = constant# pressure specific heat

101 INPUT V1,M3,MU,W3,Wd,Q3,04

105 LET P3e3.222%2.785

108 LET PU=P3

110 REM po defines the primary flow total pressure
115 LET PO=8.9%2,785

120 LET B3=SQR{((PO/P3)%%*((Q3-1)/G3)-1)%2/(a3-1))

125 LET T4=530

127 REM to defines the primary flow total temperature
130 LET TO=530

135 LET T3=TO/(1+(G3-1)*B3%#82/2)

140 LET R=1546.32%32.2

145 LET R3=R/W3

147 LET RY-R/WY

150 LET S3-SQR(G3*R3*T3)

155 LET V3-B3%53

157 REM d3 is primary flow density
160 LET D3-P3/(R3%T3)
163 REM ee 1s a conversion factor for 1b/hr to slugs/seconds

165 LET EE=3600%32.2
170 LET Q=M3/EE
175 LET A3=0/(D3*V3)

dp 1s nozzle exit diameter
180 LET DP=12%SQR(4*A3/3.1416)
183 REM di defines secondary flow density
185 LET D4-P4/(R4%TY)
190 LET N=Mi/EE
193 LET Vvi-250
195 LET A=A3+N/(D4*Vy)
197 REM ds definee secondary duct diameter
200 LET DS=w12%SQR(4*A/3.1416)
202 LET C3=R3%*G3/(G3-1)
203 LET Ch=RU4®GU/(GU-1)
205 LET CM=(M3®C3+M4®CU)/(M3I+ML)
210 LET T1=(C3*M3®TO+CU®MURTY )/ ((M3+MU)*CM)
215 LET M=N+Q
220 LET WM=(M3*W3+MU®Wh)/(M3+M4)
225 LET RM=R/WM
230 LET GM=CM/{CM-RM)
235 LET X1=M®*RM®T1/V1-M®V1#(GM-1)/(2%GM)
240 LET P=.01
245 LET K=2
255 LET Al={X1+M®V1-N#V4_Q#V3I+L#PRKEMEV])/P3
257 REM dl defines throat dliameter
260 LET D1=12®SQR(4¥A1/3.1416)
265 LET VE=250
267 REM de defines diffuser exit dlameter
270 LET DEsD1*SQR{V1/VE)
275 LET ZM=2.5%3.1416/180
280 LET ZD=6%3.1416/180
285 LET LD=,.5%(DE/D1-1)*C0OS(2ZD)/SIN(2D)
290 LET LM=.5*(DS/D1-1)®*COS(ZM)/SIN(ZM)
295 LET PleX1/(A1%2.785)
300 LET S1=SQR(GM®RM¥T1-(GM-1)¥V1#%2/2)
305 LET Bl=V1l/Sl
307 LET YeGM/(OM-1)
310 LET PT=P1®(1+(GM-1)%B1%##2/2)8%Y
315 LET ET=.B846
317 REM cp defines diffuser pressure recovery factor
320 LET CP=ET*(1-VE/V1)
325 LET PE=CP#*M#V1/(2%A1%2.785)+Pl
330 PRINT USING 335, PT,Pl,CP,DP,DS,D1,DE,LD,LM
331 PRINT USING 336, B3,83,V3,B1,S51,T1
332 PRINT USING 337, PE
335 IMAGE

pt ®=.----, Pl ® =.e-=-,
336 IMAGE

bime,~==, B3 Secua.--, v3I =
337 IMAGE

pe = --
340 GO TO 101

EJECTOR MODEL
COMPUTER PROGRAM
FIG. 3
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EJECTOR INSTALLED IN TUNNEL

FIGURE IV-5 EJECTOR MODEL TEST FACILITIES

University of West Virginia
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V. EJECTOR BENCH SCALE TESTING

An equivalent 6,000 gpd bench size test ejector was
designed, constructed and tested at Colt's Power
Systems Division laboratories in Belolt, Wisconsin.
An evaporator and condenser formed the nucleus of a
closed cycle loop for testing the ejector. The test
loop enabled testing the ejector at process con-
ditions, using the same media (water vapor) as in
the VFEA process. The loop was designed such that
the primary steam pressure and temperature could be
varied as well as the suction and discharge pressure
of the secondary vapor flow.

Experimental testing was conducted with the primary
purpose to obtain minimum mass ratio. Testing was

also conducted to determine the operating character-
istics of the ejector at varylng process conditions.

Results and Conclusions

1. Mass Ratlo vs. Pressure Rise Across the Ejector

The ejector mass ratio¥ increased as the ejector
outlet pressure was increased. This 1is as ex-
pected because as the secondary steam is raised
to a higher pressure, more primary steam 1is
needed. The conclusion is that the ejector mass
ratio increased with increase 1n the pressure
rise for the secondary steam, i1.e., the condenser
pressure minus the evaporator pressure.

This relationship is well established in fig. 1.
The corelation 1s quite impressive due to the
fact that the data plotted included a wide range
of variables as shown below:

Evaporator pressure 3.02 to 3.35 mm Hg abs.
Condenser pressure 4,85 to 5.0 mm Hg abs.
Primary steam flow rate 83.2 to 92.5 1lb./hr.

2. Nozzle Efficiency
The isentroplc efficiency of the nozzle is defined
as:

Velocity at the nozzle outlet
Max. velocity at the outlet
of isentropilc nozzle

Nozzle efficiency =

#Mass ratio = Mass flow rate of primary steam
Mass flow rate of secondary steam

—47-



The nozzle efflciency was found to be of the
order of 96%. For a convergent divergent
nozzle of large pressure ratio (300 to 3.35
mm Hg abs.) this is a very good efficiency.

3. Diffuser Efficiency

Diffuser efficiency 1s defined as follows:

Diffuser efficiency = Lotal press. at diffuser outlet

Total press. at diffuser 1nlet

The diffuser efficlency varied from 84% to 98.5%.
Diffuser efficlency was greatly affected by the
velocity profile at the inlet of the diffuser. The
more uniform the velocity profile, the higher the
diffuser efficiency. For runs with a uniform
velocity profile, the average efficiency was 95%.
This trend 1s well established in technical liter-
ature*. Therefore, if care is taken in designing
the mixing cone, a diffuser efficiency of 95% is
obtainable.

4, Effect of Primary Steam Pressure

The effect of primary steam pressure on the mass
ratio of the ejector 1s shown 1n figure 2. Fig. 2
is based on data from test series #3. The optim-
ized performance runs were based on test series

#4 and #5 and hence the plotted data is not inter-
changeable without corrections. Fig. 2 shows that
the minimum mass ratio was obtained for a primary
steam pressure of about 300 mm Hg abs. This trend
was expected, since the nozzle was designed for
300 mm Hg abs. At other primary steam pressures
the nozzle was at off design conditions and oper-
ated under or over-expanded, with losses in
efficiency. It may also be pointed out that the
curves in fig. 2 are rather flat near the point

of minimum mass ratio, thereby indicating that
small fluctuations in the primary steam pressure
(+ 10 mm Hg abs.) will have very little effect on
the mass ratio, which 1s very desirable from pro-
cess control point of view.

5. Primary Steam Temperature

Primary steam is the motive force behind the
ejector. The energy content of the steam is
determined almost entirely by 1ts temperature
(not the pressure). Therefore, if the steam
is superheated to a higher temperature, lesser

¥Schlichting, Boundary Layer Theory, 6th E4.,
McGraw Hil1ll, P. 590-592.
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amount of primary steam will be needed to move

a given amount of secondary steam, 1.e., with
increase in the temperature of the primary steam
the mass ratio will decrease. This trend is
shown in fig. 3. It may be pointed out that the
nozzle was designed for 250°F steam, and therefore,
it 1is concelvable that if the nozzle was designed
for 265°F, a still lower mass ratio would have
resulted. A lower mass ratio will have a direct
effect on the size of the absorber, concentrator
and the absorbant heat exchanger and, therefore,
will be a factor of plant cost.

Ejector Operation - Stability:

The operation of the test ejector over the range
requirement of the process was extremely stable.
The test ejector did not operate in a stall
region or did backflow exist due to flow sep-
aration.

Ejector Operation - Start-up:

No special start up procedures were necessary
during startup. As soon as the evaporator
pressure gets below the primary steam pressure,
the ejector can be started. The ejector con-
tinues to draw the evaporator pressure down to
the operating level.

Ejector Operation - Droplet Carryover:

The test evaporator was designed without a droplet
carryover separator. Because the test loop
operated with a 15% NaCl solution a carryover of
high salt concentration was sucked into the test
eJector. Most of the salt carryover was de-
posited on the diffuser wall, from which it was
washed off periodically. There was no appreciable
degeneration of performance due to carryover during
bench scale testing.

Ejector Operation - Noise:

The test ejector operates without any appreciable
noise.

EJector Operation - Freeze Up:

During bench scale testing there were no instances
of ejector freeze up. At start up the nozzle is
cold and a portion of the primary steam condenses
and forms an icicle. This icicle then disappears
as the nozzle warms up.
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Data Reduction

The data was recorded after the ejector had reached
stable operation. The ejector loop was considered
to have stabilized when all pressures, temperatures
and flow rates reached a steady state.

The following pages show a typical raw and processed
data sheets. The data for pitot traverse #1 and #z
are not shown. Pltot traverse #1 1s a single read-
ing taken at the exit of the nozzle to determine

the velocity of the steam at the nozzle exit. This
data was used to compute nozzle efficiency. Pitot
traverse #2 was undertaken a few times in the early
stages of the ejector testing. This traverse was
done in the mixing jet growth region to develop some
insight into the pehnomena of viscous drag. Pitot
traverse #3 1is made in the ejector throat at the
entrance to the diffuser. This 1s used to determilne
the flow rate through the ejector (primary plus the
secondary steam) and to plot the velocity profile

at the entrance to the diffuser.

Static pressure traverse 1is done along the length of
the ejector to plot the static pressure (at the wall)
along the ejector.

Pitot Tube:

If the flow 1s supersonic, a locally normal shock would
occur at tip of the pitot tube and the pitot tube

will read the stagnation pressure after the normal
shock, poy. If the static pressure before the shock

is px, then the following equation¥* can be used to
compute the mach number before the shock, Myx.

1/(k-1
B/ = K + 1 M2 k/(k—l) oy M2 _ Kk - 1 /( )
oyTEX 2 x k+1 * k+1

Using a value of k=1.324 for steam, the above equation
reduces to
4,086

5 5 3.086
Poy/Px = (1.162 My) / (1.139 My - .1394)
The above equation is plotted in figure 6.

If the flow is subsonic, then the pitot tube reads
the stagnation pressure, pg, and 1f the static

pressure is p , then the free stream mach number, M,
can be computed using the following equation:

¥Holman, Experimental Methods for Engineers, eqn. (7-52)
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EJECTOR TEST DATA

Test No. 6-2

All pressures in mmHg Abs.

Dat

(Sample)

e

8/31/71

Static Press. Trav. Pitot Traverses
Evaporator 3.31 H1 Poy / P //
prd
1 -
#2 #3 Ejector Throat
2 -
Location Location P, = P
9 3 3.23
1]
]
< 4 3.24 1 ——
2 ‘
g 5 3.24 2
E
6 3.36 3
4
3.55
\7 S AN
s 8 3.63 ch 2.6a~.
2
° 9 3.90
- 5. 1.97
~ 10 4.23
(] 1,36
11 4.74
u 7 1.06
g< 12 4.88
ol 8 0.96
e 4.90
a 13
14 4.90
~N
Condenser
4.90
Steam pressure into the nozzle = 300 mmHg Abs.
Steam temperature = 265.5 OF
Pressure in desuperheater = - psig
Ap orifice = - in. H0
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- K/ (k-1)
po/p = (1 + S5% W)

for k = 1.324 we get

) 4,086L
Po/pP = (1 + .162 M)

The above equation 1is also plotted in figure 6.

For subsonic flows
Po = P = p (Pe/P -1)
(po - p) is plotted against M for various values of

p, in Figure 7.

Ejector Flow Rate:

Data collected includes (po - p) traverse at the
ejector throat and the statlc temperature at the
throat. From the pitot traverse readings the mach
number profile-is drawn and average mach number, M,
computed.

Velocity of sound, ¢, is given by

c = 60.47YT ft/sec

The above equation 1s plotted in Fig. 8,

So the avergge veloclity of steam at the throat
= 60.47 MafT

Density of steam at throat =§%—
So the mass flow rate of the steam at the throat
mey = W p2 60.47 M ’T b
3 - D 7 =

Where D = 7.75"

R = 1545.3/18 ft log/1by °R

Converting all quantities in convenient units, we get

Mgy = 2312 Hp /4T 1b,/hr
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Where p is in mm Hg Abs.
T is in °R
Mass Flow Rate Through Nozzle:

Mass flow rate through a chocked nozzle is given
by

(k + 1)/(k - 1)
mnoz =Cq A¥ % " i T %9
o

Where Cg 1s the discharge coefficient, assumed = .98

A¥ is the area of cross section at throat.

For nozzle #1, throat diameter = .61"

Po 1s the stagnation pressure at the inlet to
the nozzle. If the inlet veloclty is low,
the static pressure stagnatlion pressure.

T is the stagnation pressure at the nozzle
inlet. If the 1inlet velocity 1s low, the

static temperature stagnation temperature.

k

1.324 for steam
R

1545.3/18 lbp ft/1by °R

Substituting the values of A¥, k and R and converting
the equation into convenient units, we get

Moz = 8.2 po/1/55

The above equation is plotted in Fig. 9.

Mass Ratio:

Primary steam flow rate

Mass ratio = socoigary steam Tlow rate

= r.nnoz/(”.le;]"”'lnoz)

Diffuser Efficiency:

Total pressure at the diffuser outlet

Plffuser eff. = 7o¥21 pressure at the diffuser inlet

Total pressure at diffuser outlet = Condenser pressure.
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Total pressure at the diffuser inlet can be computed
from the pitot traverse #3, which gives mean (po—p)
and the static pressure profile, which gives p

So total pressure at the diffuser inlet

= (Po-P)/traverse #3 * Static press.
Thus the diffuser efficiency can be calculated.

Test Facilities

A test ejector was designed to be compatible with
a plant size of 6000 gpd. The eJector was tested
in a fashion, which vigorously duplicated the
actual operating conditions. The actual operating
conditions of an ejector are listed below wlth an
explanation of how these were simulated in the
bench scale test loop:

1. Primary Steam: The eJector is driven by pri-
mary steam at 300 mm Hg and 250°F. (design
condition) generated in the sodium hydroxide
concentrator. In the test loop, thilis steam
was generated in a special desuperheater pro-
vided with temperature and vacuum regulators.
The equipment was so designed and controlled
that the primary steam can be supplied at any
desired pressure and temperature, in the
neighborhood of the design point. Once the
controllers were set to the desired values,
the desuperheater operated automatically.

2. Secondary Steam: The ejJector removes secon-
dary steam saturated at 3.35 mm Hg Abs.
(design point) from the freezer. In the
test loop a brine evaporator was used to
provide the secondary steam for the ejector.
For ease 1n the test loop set up and
operation, the brine in the evaporator
was not allowed to freeze. This was accomplished
by usling a high concentration of brine
(15% NaCl solution). The secondary steam
provided by the brine evaporator simulated
the actual secondary steam pressure exactly
and the temperature within about 2°F. It
was estimated that this difference of about
2°F. in the secondary steam (between actual
and simulated) had negligible effect on the
ejector operation. The secondary steam
pressure was controllable and once set,
maintained itself automatically.
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Compressed Steam: The ejJector discharges comp-
pressed steam at 4.9 mm Hg abs. into the melter.
In the test loop a spray condenser was used to
maintaln a desired pressure at the elJector out-
let. The spray condenser absorbed the con-
densibles on the spray, and the non-condensibles
were removed by the air removal loop using
blowers, condensers and a vacuum pump. The
pressure in the condenser could be varied and
automatically maintained constant at any
desired value.

The plping schematic and the controls are shown in

fig.

4.

Controls

1.

Primary steam controls: When the desuperheater
tank was half filled with water, 1t was brought
to boiling by bubbling shop steam into i1t. The
steam generated in the desuperheater was almost
saturated steam regardless of shop steam quality.
This steam was then throttled to the desired
pressure by a vacuum regulator. The temperature
after throttling depended upon the pressure of
the saturated steam in the desuperheater. A
temperature controller was used to monitor the
steam temperature after throttling to control
the steam pressure in the desuperheater. With
proper settings on the vacuum and temperature
regulators, the primary steam could be supplied
at any combination of pressures and temperatures.

Brine supply temperature control: The brine
tank was maintained at a constant temperature

of about 23°F. The refrigerator had an
evaporator pressure regulator (back pressure
regulator) which was used to set the back
pressure of Freon at about 50 psia, saturation
temperature about 12°F. (15% brine freezing
temperature, 12.5°F). The temperature in the
brine tank was controlled by a thermostat which
could be set at any value in between 20 and 55°F.

Condenser pressure control: The condenser was
maintalned at a steady pressure of 4.9 mm Hg abs.
A pressure transmitter was installed to transmit
the condenser pressure to a multi-trol whilch in
turn controlled a valve to regulate brine flow
rate into the condenser.

Evaporator pressure control: The vapor pressure
of the brine in the evaporator 1s governed by
the concentration of the brine (kept constant at
15%) and the temperature of the brine. The
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temperature of the brine in the evaporator was
manipulated by injecting either the cold brine
(to lower the evaporator pressure) or the hot
brine (to increase the evaporator pressure).

The cold brine flow was automatically controlled
by a temperature regulator, see fig. 4.

The ejector bench scale test loop operated extremely
well. All the controls functioned properly.
Thermally, the loop was very stable, Once the test
conditions were set, the loop operated the whole day
without manipulations. This was a great asset for
data collection, which often took 30 to 60 minutes.

Instrumentation

The test loop was amply instrumented for the measure-
ments of pressure, temperature, flow rates, velocity
profiles and pressure profiles. See fig. 5.

1.

Flow rate measurements: The flow rates of brine
in various loops were calibrated for a sp. gr.

of 1.115 (15% NaCl solution at 32°F). No density
correction was needed as the brine concentration
was kept very close to 15.0% (+ .05%) and tempera-
ture was in the range of 24-32%F. This results

in a density change of less than 0.5%. Thus, the
brine flow rates were read off directly.

Steam flowing out of the desuperheater was
measured by an orifice-meter. Temperature and
pressure at the inlet of the orifice were
measured and used to compute the density. The
pressure drop across the orifice was measured
in inches of water by a differential pressure
gage and from this data the flow rate of steam
was computed.

The flow rate of the vapor at the inlet of the
diffuser was measured by a pitot tube tranverse.
The static pressure read off a tap on the duct
diameter and total pressure traverse was made
across the horizontal and vertical diameter of
the duct (Dia. = 7.75"). A 16 point traverse
was used, with pitot tube being placed 1.37,
2.37, 3.06 and 3.62 inches away from the center.

Temperature measurements: All temperatures
were sensed by copper-construction thermocouples
and recorded on a 24 point recorder.

Pressure Measurements: Pressure above atmospheric

occurred in the steam lines and brine lines and
these were measured by Bourdon pressure gages.
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Pressure below atmospheric but above about 25
torr were measured on Vertical Absolute Mano-
meters. Pressures below 25 torr were measured
on Inclined Manometers. The low pressure

ends of these manometers were maintalned at

10 microns or less so the readings were in
absolute pressure. These inclined manometers,
ranges 0-25, 0-12, 0-7 torr, were mounted on
a board and so set up that they could be used
either for the measurement of an absolute
pressure or a differential pressure (pitot
traverse).

4, Brine Concentration: Brine concentration was
measured by titration, and maintained at 15%.

All instruments functioned well. The data collected
was very reliable and repeatable.

-58-

451-332 O - 71 - 5



TARBLE 1 SUMMARY OF PROCESSED DATA

Pevap. Pcond. PRESS | MASS Pnozzle DIFFUSER
mm Hg. Abs.| mm Hg Abs. | RATIO | RATIO| mm Hg Abs. EFF. REMARKS
3.07 4.90 1.60 | 1.03 330
3.21 4.90 1.53 .86 330
2.99 4.8 1.60 .88 300
3.1 4.9 1.58 .98 270
3.26 4.9 1.50 .68 300
3.07 4.90 1.60 .84 301
3.25 4.90 1.51 .85 310
3.16 4.90 1.55 .82 250
3.24 4.90 1.51 .82 251
3.15 4.90 1.56 |1.0 272
3.25 4.9 1.51 .755 271
3.15 4.9 1.56 .89 251
3.1 4,9 1.58 .74 298
3.19 4.9 1.53 .67 296
3.11 4.93 1.58 .73 300
3.23 4.85 1.50 .65 300
3.3 4.97 1.50 .62 300
3.07 4.97 1.62 .76 330 97
3.27 4.93 1.51 .70 332 98
3.07 4,90 1.60 .99 270 98.5
3.20 5.0 .77 302 Effect
3.21 4.85 .61 302 of back
3.23 4.97 .79 302 pressure
3.18 4.9 1.54 .685 302 95.5
3.02 4.9 1.62 .79 310 95.6
3.20 4.9 1.53 .67 300 95.6%
3.35 4.9 1.46 .52 300 93.6%
3.26 4.9 1.50 .57 300
3.08 4.9 1.59 .65 300 95.0% | Temp=265°F
3.31 4.9 1.48 .47 300 89.4% | Temp=265°F
3.26 4.9 1.50 .64 300 95.3 Temp=235°F
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FIG.‘; PIPING SCHEMATIC & CONTROLS FOR

EJECTOR BENCH SCALE TEST COOP.

dumg

uIin3lay autag

autag

w9

I3UTRI13}S

oad .z

QuUTI

doo1
Teaouay ITY

IBTTOIFUOD uaniyay
198971 sutag

x03exodeaq

I0309(g xo3
wea3zs buratag

Iojeinbay
umnoeas

-63-



INSTRUMENTATION

F16. 9

Iaj3uouel TedTI3IDA =
a1dnooouxayy
PERECRhTe ¢

I339w 9013 1I0
I3jswouewl paulIdul
abep uopanod =

]

urn3yay
autag

]
OEOMBHDP

duing AVAM
uinisy autag AW

:puaba1

osIaaeal 330314

doo1

-64-



Fic. ©

PITOT TUBE

FOR
SUPERSONIC AND SUBSONIC FLOWS

~Fi5



Sx ww “(IISg - I%33) munssIUA OINVYNAA

~
—
e
1]
i .
n
.
~
.
d40
" -
| -

gt

66—



ot
. ™
." : s
= : reaal
.lr'
l/n ==
= o
RS —— H P53
— ¥ e ==
b -t + e .y
el & oy T
uulinm_. t .h..dz.ﬂ“
Ilurl.dm [t et o
%
“ﬁ@ N =
—— e = =]
— ‘- N
ey PR — . a =
£ == NG
e B e =
£ NG =5 =
=t 5 —
3 — .‘.’
e e B = *
: = — =
== S

F1c, 8

i

S0 AT

7

/
AR OF

Er]

—

¢ = a1
— i =N _
=3 = EemEas = =
= = = % GETiE

-67-

A
1
|

T

T

T
t




-68-



ASOTES

AOTED /NS 177 &£
CONCENTRIC _IITH
L GOF D/A. pIITHIN . OO3 77R

250/ AcL_over Excerr A3
ASOTTEO.

451-332 O - 71 (Face p, 71) Ne, 2

3
ALl /NTERAAL
SORFACES
Pz
, - o \..l..l_
(o%e)
#eS / \.Eﬂ.h
/ - |
e \ \ | +—
Y oos ~FOTNG f& 730 GRERF) goo

s AN - : - ; £97 zio

] 30" Srocx

! N /
-+
y N
s AT o i LOLT. FAFEKE Ly /N\n\\u D T BE
CLEF) TQUARLE L2 7TH AX/S
T8 EXL TAFER LG
788
P Jrock LErGTH

TEST EJECTOR
NOZZLE
FIG. 10

69



451-332 O - T1 (Face p. 71) No, 3

% oLQrET
. |Dasworeo sueraces rrusr S& Jovare
%xnh.ﬁ\%a\\bvr\kﬁ.ﬁ\ T CortE AXLT.

COoONE (L) REQD LOCATED A5 W
ASOTED hSECOT AT SE COATIII OIS
SHOIA,__CENTER COulinGS. S AC e \%ﬂlhr.a = <~

OvER MHoLET ¢ rhr/ELO.
B ALL INTERNAL B SELD TEAr1S 7O SE
RO, ALt IANTELASAL TR FACET
7O &S FLOEE OF BuRRd., TRArNIII70M
BETIIEE COre § CrEi/nOER /FrTT
BE Tr7007MH £ GRADCAL.

LA™ Nored
LLrrrE ALl OveER ACCoRO/inNG TD
EAIGR G InST PIOS -FIT.

ErrdtSr COAT IATIOE TREACE bst7H
BLATITE™ ELFOXYy FPOtrr7:/O T 75334
(IIHTE) ACCOROING ErnG G ISTT

7300 -£r.

2 >
uW Dot TR 7)) hdALe OF Core, 2

(Q) FEQD LOCATED AS SO .

CEAGTER COUFTLinnGT OvreER -

HOLES £ ~rEeO. 5
———— | \

EAs5 O
(esr)
hw )
T
|/
= —— = =&
_ Cer)
L .u.NlthDh_kn TR E2es - (B HOCES g rRE -
EQ. T Ot A /200 DA EC. \Q&Wﬁ\.\\» 220
CHOLO COMTEAIMTRIC bIITH : 2, s 7o A
7Z 75" OvA) - GEtO T O
S3 2t TATOOT A LADIIT
alo
7525

TEST EJECTOR
DIFFUSER
FIG, I

70



FIGURE V-12 EJECTOR NCH TEST FAC( ITIES
Steam Desuperheater, Steam Piping Controls
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Test Ejector and Spray Condenser
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VI. ABSORBER BENCH SCALE TEST

Experimental test work was conducted to determine the
performance of various absorber configurations for
achieving optimum heat and mass transfer with minimum
surface area. Various tube bundle core designs were
tested, of various configurations, tube spacing
arrangements and tube sizes. Analytical and ex-
perimental work was conducted to determine the
parameters effecting the mass and heat transfer co-
efficient at various temperatures and NaOH concen-
tration.

A 6000 gpd open and closed cycle bench scale test
loop was erected at Colt's Power Systems Division
Laboratory in Belolt, Wisconsin. The hydraulic

and mechanical operation of the test loop was ex-
cellent, with continuous six hours per day operation,
during eight months of testing.

Results and Conclusions

1. Heat Transfer Coefficients

The heat transfer coefficient was found to be
dependent on the viscosity by a relationship
of the form;

.-'75'

b, Y

one should note that the viscosity is a function
of the NaOH concentration and temperature.

The potential for heat transfer is based on the
log mean temperature difference between the
NaOH solution and the cooling water.

The heat transfer coefficient obtained during
bench scale testing is plotted in Fig. 1.

2. Mass Transfer Coefficients

Mass transfer coefficients for water vapor into
NaOH solution of up to 6#/hr.-Ft.°-mmHg have been
obtained during bench scale testing. The mass
transfer coefficient was found to be dependent

on the viscosity by a relationship of the form;
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As in the case of the heat transfer coefficlent,
the rate at which the NaOH solution is sprayed
over the tubes and the rate of absorption of
water vapor have no direct effect on the mass
transfer coefficient,é am

The driving potential for mass transfer 1s based
on the log mean difference between the pressure
of water vapor in the absorber and the vapor
pressure of the sodium hydroxide solution.

The mass transfer coefficient obtained during
bench scale testing is plotted in Fig. 2.

3. NaOH Carry Over

During the entire period of testing checks were
made periodically to determine if there was any
carryover of NaOH solution from the concentrator.
The steam boilled off in the concentrator was
condensed and the condensate tested by phenol-
phthalein indicator for the presence of any
sodium hydroxide in i1t. The tests were negative,
therefore, it was concluded that no carryover

of the NaOH occurred with the steam in the con-
centrator.

4, Vapor Pressure of NaOH Solution

The vapor pressure of NaOH solution is a very
important property, as this is used to deter-
mine the driving potential for mass transfer.
Vapor pressure is a function of the concen-
tration and the temperature of the NalOH
solution. Vapor pressure data is available
in literature, but the two sources of
information ¥ available did not agree with
each other. Therefore, vapor pressure data
was developed in the laboratory and is shown
plotted in Fig. 3.

The data generated in the laboratory agrees
with the data shown in the Caustic Soda Hand-
book in the entire range of interest and with
Perry's Handbook data within the range of
40-42% concentration. At concentrations
higher than 42% the lab data differed pro-
gressively with Perry's data.

¥]. Perry, Chemical Engineers Handbook, 3rd Ed., p. 173.
2. Caustic Soda Handbook, published by Diamond Chemical.
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All but one of the solutions used to measure
the vapor pressure were made from NaOH flakes
(these same flakes were used to prepare NaOH
solutlon for the absorber loop). In order to
determine if the NaOH solution which had been
in the loop for several months had different
vapor pressure properties than the freshly
made solutions, one of the samples tested for
the vapor pressure was taken from the loop.
It was found that this solution had the same
vapor pressure propertles as the freshly pre-
pared solutions.

Throughout this report the vapor pressure data
has been taken from Fig. 3.

Nozzle Spray Angle and Pressure Drop

Nozzles used 1n the absorber were square pattern
nozzle, standard and wide angle, purchased from
the Spraying Systems. It is important to know
the pressure drop across the nozzle and the
spray angle for various flow rates and for
various nozzles, as these were found to be
different from the published data (which was
supposedly for water). In general, the spray
cone angle was much narrower and the pressure
drops much greater than published. Also it

was observed that the spray was much wider in
spread and much more atomized when the absorber
was at atmospheric pressure than when the ab-
sorber was at operating pressures. The spray
nozzle characteristics are tabulated on the
following page.

It 1s recommended that wide angle nozzles be
used as these have wider spray angles. Material
could be steel, PVC or stainless steel.

Optimum Recirculation Rate

Recirculation rate did not appear to have any
direct effect on either the heat or the mass
transfer rates. Therefore, it is sufficient
to recirculate only as much of the NaOH sol-
ution as is necessary to keep all the tubes
wet. It was observed thaf a recirculation
(spray) rate of 5 gpm/ft.< of the top cross
sectional area of tube bundle was adequate.
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Tube Bundle Design

Horizontal spacing of tubes 1s very important
for proper drippling of NaOH solution. If this
spacing is too small the NaOH solution does not
drip over the tubes vertically below, rather it
sticks to the tubes diagonally below. This re-
sults in dry patches on the tubes. On the basis
of experience galned from the tube bundles
tested it is recommended that the horilzontal
spacing between the tubes be no less than 1/2".

Vertical spacing between the tubes is not
critical. Therefore, it can be determined

on the basis of the mechanical strength of the
end plates and the arrangement of headers, etc.

If the tube bundle 1s very wide and the vapor

has to go through a number of column of tubes

‘to reach the inner columns of the tube bundle

then the vertical clearance should be designed
to provide adequate free passage to vapor into
the tube bundle. In general, this requirement
is not critical.

8. Selection of Material
A guide for material selection is presented
below. No attempt is made to include all the
material that could be used, rather, this
gulde includes only those materials that have
been tried and found to be adequate. Also,
whenever possible, cheaper materlal 1s specilfiled
if 1t can be used.
GUIDE FOR MATERIAL SELECTION
Component Cold NaOH Soln. Hot NaOH Soln.
140°F Conc 50% 140°F Conc 50%
a. Piping Steel (prefer), Stalnless Steel
PVC '
b. Pumps All parts C.I. All wetted parts
or steel stalnless steel
or molded epoxy
c. Vessels C.I. or steel Stainless steel
with coal tar
epoxy
d. Heat Exch. Stainless Steel Stainless Steel
e. Absorber:
Vessel C.I. or steel -
with coal tar
epoxy
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GUIDE FOR MATERIAL SELECTION (Continued)

Component

Cold NaOH Soln.
140°F Conc 50%

Hot NaOH Soln.
140°F Conc 50%

Tubes

End plates &
headers

Nozzles

Bolts & Nuts,
ete.

f. Concentrator
Vessel

Tubes

- End plates &
headers

Bolts & Nuts,
ete.

g. Gaskets, seals,
packings, etc.

h. For sealing
threaded joints

Carbon steel

Steel

Steel

Steel

Nylon-Type 6,
Neoprene

Teflon tape
Locktite
Glyptol paint
(for vacuum
lines).
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Stainless Steel

70-30 Cu-Ni

Stainless Steel

Stainless Steel

Nylon-Type 6, up
to 300°F.

Teflon up to at
least 300°F.
Penton, below
250°F.

Molded or ex-
truded chloro-
prene (Neoprene)
up to 240°F.

Molded or extruded
Butyl (Isobutylene-
isoprene), up to
300°F.

Butadiene-
Acrylonitrite
(Nitrite), up to
250°F

Teflon tape
Locktite



Discussion

1.

Heat Transfer

Driving Potential:

The hot NaOH solution is sprayed over the tube
bundle and then it trickles down. The cooling
water enters at the bottom row of the tube
bundle and after a number of passes leaves the
tube bundle at the top row. As such it is
nearly a counter flow heat exchanger and over-
all potential for heat transfer shall be log
mean temperature difference, defined as

Mrp = (T1g9 - T3) - (Tg = Tp)
In((Tyg - T3)/(Tg = T2))

This LMTD is then corrected Tho

for the fact that the flow NaOH Soln.
is not truly counter current
and the correction factor ¥
was found to be about .95,
so

T3
Te

Cooling Water 2

Temperature

ATy = .95 (Ti0 - T3) - (T6 - T2)
In({Typ - T3)/(Tg - T2))

Overall Heat Transfer Coefficient:
It is defined as follows -

Haw = Uahga AT,

where Hgyw 1s the total heat ftransfer in the
absorber

computed as Haw = Qwa (T3 - T2)
where Qwa is the cooling water flow rate
(T3 -~ Tp) is the temperature rise of the

cooling water

Aa is the total tube bundle surface area
for heat transfer

¥Krieth, Principles of Heat Transfer, 2nd Ed., Inter-
national Textbook Co., Fig. 11-12
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Mechanism of Heat Transfer:

As the water vapor is absorbed on the exposed
surface of the NaOH solution film over the
tubes, the latent heat of vaporizatlion 1s re-
leased on that surface. This heat then flows
through the film of the solution by conduction
and by diffusion. The thermal diffusion is con-
trolled mainly by viscosity while the con-
duction is controlled by the thermal con-
ductivity of the solution and the thickness

of the film. Thickness of the falling film
of NaOH solution is controlled by the
viscosity of the solution. The convection of
heat from the solution to the cooling tube is
also controlled by viscosity via Reynolds
Number.

Tests were run without absorblng any vapor
in the absorber. The NaOH recirculation rate,
Qsps Was maintained at 13 gpm.

Qs
[
T3 TS
:> Qsc
W | ==
Cooling va
Water Tp Tg
Qsd

and the concentration of the solution in the
whole loop was at about 49% (no absorption or
regineration). The heat load on the absorber
was ralsed by changing Tg and Qg. and thereby
T10. Also Qwa was changed by setting different
values for T§.

All the tests were done on tube bundle #2.

Overall heat transfer coefficient, Ug, was
computed on the basis of tube surface area
using the mean tube diameter, l.e.,

(I.b. + 0.D.)/2. The conductive resistance
in the tube metal was neglected. Heat trans-
fer coefficient on the water side, hgy, was

then computed and from these the heat transfer
coefficient on the NaOH side, hgg, was computed
using the equation

1/Ug = 1/hgw + 1/hgas
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The summary of the data collected and the results
of computation are tabulated in Table 1.

Experimental data 1s plotted in Fig. 1. It shows
that the heat transfer coefficient is a function
of the mean viscosity, # of the NaOH solution
and can be expressed as

é“'o(%’-'7s

Apart from the viscosity various other physical
properties also have an influence on the heat
transfer rate, e.g., density, chemical con-
ductivity, etc. but within the operating

ranges of the temperature and concentration

in the absorber these properties do not change
very much, while the viscosity changes con-
siderably.

Mass Transfer

Driving Potential:

The driving potential for the masstransfer is

the difference between the wvapor pressure of

the NaOH solution and the pressure of the water
vapor in the absorber. The water vapor pressure
in the absorber is essentially constant every-
where because the velocities are very low. The
vapor pressure of the NaOH solution 1s a function
of the concentration of the solutlion and its
temperature.

As the NaOH solution flows over the tubes 1t
absorbs some water vapor and thus 1its con-
centration decreases. The temperature of the
NaOH solution also changes as it flows down the
tubes, as a result of cooling from the cooling
tubes and heating due to the absorption of the
water vapor. Due to the changes in the con-
centration and the temperature of the NaOH
solution the vapor pressure of the NaOH
solution also changes as it flows down the
tubes. It can easlily be shown by qualitative
discussion that the change in the vapor pressure
of the NaOH solution is unidirectional (i.e.,
either increases or decreases, but not both)
and continuous from the inlet to the outlet of
the absorber as follows:

The data has shown that the change in the con-~
centration across the absorber is small, about 1%,
and therefore the vapor pressure is almost
entlrely controlled by the temperature of the
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solution. The temperature of the solution tends
to 1ncrease due to the absorption of the water
vapor (vapor releases its latent heat) and tends
to decrease due to the cooling from the cooling
colls. The heating and the ccoling rates tend
to self adjust; if the temperature of the solution
is high the cooling rate increases because of
larger temperature potential and the absorption
rate (and hence the heating rate) decreases be-
cause of lower potential for mass transfer. The
converse 1s true too. In the absorber the
solution enters at high temperature (about 80-
100°F) and leaves at lower temperature (about
70-80°F). It is inconveivable that the temper-
ature of the solution would increase beyond the
entering temperature. The temperature of the
solution would be decreasing continuously as 1t
flows over the tubes.

The above point is established with only one pur-
pose, that 1is, to establish a criteria for overall
potential for mass transfer. Even though the
actual vapor pressure of the solution is not

known throughout its flow in the absorber, it

can be assumed that the vapor pressure changes
continuously from the inlet to the outlet.

Under these conditions the overall potential for
mass transfer will be taken as the log mean vapor
pressure differential, defined as

]Water Vapor Press.
3 Pva
APz = (Pyg - Psg) - (Pya - Psp) o tval 1|
Th((Pys - Psq)/Pys - Psp)) 2 Py _NaOH Soln. |
453
£ l Vapor Press. Psa
! l

L
Inlet Outlet
Mass Transfer Coefficilent:
Striking the analogy between the heat and mass trans-
fer, the overall mass transfer coefficlent in the
absorber, Ugm, is defined as follows:

my = Ugp Ag &Py

where ﬁv 1s the mass of the vapor absorbed in the

absorber Az is the total surface area (of the tube
bundle) available for heat and mass transfer.

Mechanism of Mass Transfer:

As NaOH solution flows over the tubes 1t absorbs
water vapor on its exposed surface. As water
vapor 1s absorbed the NaOH solution at the sur-
face becomes diluted and heated, and these in-
crease the vapor pressure of the solution,
thereby reducing the potential for further mass
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transfer. In order that the water be absorbed
continuously the water molecules must diffuse
into the layer of NaOH solution to raise the
concentration on the surface. This diffusion
is controlled by the viscosity of the solution.
In addition to the diffusion of mass the heat
must also be carried away from the surface
towards the cooling tube.

A number of tests were run for absorber per-
formance. The data and the results are
summarized in the Table 2.

Test #2 through #11 were made on tube bundle
#1 and the rest of the tests were made on

the tube bundle #2. In plotting the relation-
ship between the mass transfer coefficlent and
the mean viscosity only tests on tube bundle
#2 were used.

Various tests were conducted on tube bundle
#2 by varying the NaOH recirculation rate,
absorber temperature and rate of absorption.
Considering all these variations 1t is re-
markable that the mass transfer coeificlent
corelated so well with the mean viscosity.

Mean viscosity was computed on the basis of
mean NaOH temperature, i.e., (Tg + Tyg)/2,

and the mean NaOH concentration, i.e.,
(Cp + Cq)/2, across the absorber. Viscosity

curves were obtained from Caustic Soda Hand-
book, published by the Diamond Chemical Co.

The data for each run included, either the
determination of the concentration of the
NaOH solution samples by titration and
direct measurement of temperatures in the
loop, or, the direct measurement of the
vapor pressures and temperatures of the
NaOH samples from the loop. In each case
the vapor pressure curve was used to find
the vapor pressure of the NaOH solution

at the inlet and the outlet of the absorber.

The mass of the vapor absorbed in the ab-
sorber was computed from the mass of the

vapor boiled off in the concentrator at

steady state operation. Mass of the vapor
boiled off in the concentrator was measured

by timed weighing of the condensate of the
steam used to heat the concentrator. Con-
densate was collected 1n a can of known volume.
Another method available for finding the mass
of the vapor boiled off in the concentrator

was to measure the condensate of the vapor
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boiled off. The condensate was collected in a
gaging tank under vacuum. The vacuum pump re-
moved a porticn of this vapor (before conden-
sation) along with the non-condensibles from
the condenser. The amount of vapor removed

by the vacuum pump was not constant, nor known,
as this depended upon the operating temperature
of the vacuum pump and the condenser. This,
along with the fact that the gaging tank level
was hard to measure accurately, made this method
unreliable.

The mass transfer experimental data is plotted
in Fig. 2, 1t shows the coefficient is a

function of the NaOH mean viscosity,1ym, and
can be expressed as

Y, 2

-3 85
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Absorber Test Facllities

The absorber/concentrator test facilities were lo-
cated at Colt's Power Systems Division Laboratories.
The test loop and absorber/concentrator components
were designed to simulate actual VFEA process con-
ditions and component requirements. The heat trans-
fer surface areas were based on an equivalent

6000 gpd pilot plant requirements.

The test loop was designed to operate either on

open or closed loop so that modification could be
made without interrupting the test schedule. The
operation of the loop, hydraulically, mechanically,
and thermally was excellent. The test loop operated
6 hours per day continuously during 8 months of
testing.

Fig. 4 shows the absorber/concentrator schematic
along with the process controls and instrumentation.

Operation of the Loop:

Generator contains water which flashes off to produce
vapor which is absorbed in the absorber. In order to
prevent the water from freezing (due to evaporative
cooling) the circulating water coils maintain a tem-
perature of 35-40°F in the generator. This results
in a pressure of about 6 mm Hg abs. in the generator.
This vapor is led into absorber through a 10" pipe
(to keep velocity low) and a butterfly valve, photo
Pigure 5.This valve throttles the vapor down to the
pressure desired in the absorber (about 3.3 mm Hg abs.).
The absorber i1s thus filled with the vapor to be
absorbed by the NaOH solution.

The absorber contains a tube bundle through which cold
water is circulated to cool the NaOH solution which
flows over the coils, photo Fig. 6. Concentrated

NaOH solution enters the absorber at the top and is
sprayed uniformly over the cooling boils by three
nozzles. As the solution flows over the tubes it
absorbs water vapor and is kept cool by the colls.
Dilute solution is collected at the bottom.

A small amount of dilute NaOH solution (2-3 gpm) is
pumped by the dilute pump into the concentrator
through a heater. The heater ralses the temperature
of the solution almost up to its boiling temperature
in the concentrator. In the concentrator, photo Fig. 7,
more heat (by shop steam) is added and sufficient
amount of water boiled off to concentrate the sol-
ution. This concentrated solution is pumped by a
concentrate pump into a cooler where the solution 1is
cooled down to about 80-110°F. This cooled concen-
trated solution is then mixed with the dilute solution
from the bottom of the absorber and pumped by the
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recirculation pump into the absorber. This completes
the cycle for NaOH solution.

The steam boiled off in the concentrator is condensed
in a condenser and the condensate collected in a tank,
under vacuum.

A bypass line is installed which permits the operation
of the absorber or the concentrator alone, if so de-
sired. Most of the testing was done on a closed NaOH
solution loop, and thus the bypass line was not used.
A drain, for NaOH solution, is provided in the bypass
line, to drain off excess NaOH solution or to empty
the system. Drain is on the discharge side of the
dilute and the concentrate pump and thus the drainage
occurs under pressure.

A NaOH make-up tank is provided on the suction side of
the dilute pump to fill the system (or make-up) with
the NaOH solution.

Non-condensibles are removed from the Absorber, the
Concentrator and the generator (only during the start
up) by the vacuum pumps as shown.

Controls.

The temperature 1in the absorber, the generator, the
heater and the cooler were controlled by self con-
tained automatic temperature regulators. The level
in the absorber was controlled by a pneumatic level
controller. The level in the concentrator was not
directly controlled, as the amount of NaOH solution
in the loop was fixed and the level was controlled
in the absorber. A high and low level alarm was
used in the concentrator to warn the operator should
a malfunction occur. The butterfly valve in the 10"
line was manually controlled to maintain a desired
vapor pressure into the absorber. Once the loop
reached a steady state this butterfly valve needed
no manipulation.

Amount of steam used to heat the concentrator was
also manually set. This controlled the amount of
steam boiled off in the concentrator and under
steady state operations this was equal to the
amount of water vapor absorbed 1n the absorber. As
the rate of absorption was one of the variables
that was prescribed for a test the steam valve was
set for each run. Once set there was no need to
adjust it during a test.
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Instrumentation:

Figure 4 shows the location of instruments. All the
temperatures were sensed by Cu-Constanton thermo-
couples and recorded on a 24 point strip chart re-
corder, range 0-300°F. All the pressures (donated

by M or Figure 4) were measured by inclined mano-
meters reading absolute pressures (low pressure end
of the manometers was maintalned at a pressure of less
than 10 microns).

The pressure in the concentrator was measured by a
Vertical U-tube Absolute Pressure Mercury manometer.

Flow rates of NaOH solution were measured by stain-
less steel rotameters using a magnetic drive for
reading the float positions. Water flow rates were
measured by Fullview rotameters. The steam flow
rates were measured by collecting the condensate

in a can of known volume and measuring the time
needed to fill the can.

The rate of absorption in the absorber is equal to
the rate at which the steam is being bolled off in
the concentrator (at steady state) and thils is
approximately equal to the rate at which the heating
steam is being used in the concentrator. This is
true because the NaOH solution enters the concen-
trator at just about saturation temperature and the
steam used for heating has only a slight superheat.
Therefore, the rate of absorption in the absorber
was measured by welghing the heating steam conden-
sate in the concentrator. Rate of steam boiled off
in the concentrator could also have been measured
by gaging the condensate from the condenser. This
was found to be unreliable and not repeatable be-
cause of the difficulty in measuring the level in
the tank accurately (tank being of large dlameter
and sitting on the floor) and alsoc because the
vacuum pump was removing some steam wlth non-
condensibles and this amount varied with the
pressure and the temperature in the condenser.

Concentration of the NaOH solution was measured by
drawing a sample from the loop and titrating it
against standard HC1l solution (about 1.0 N). From
the measured concentration and the temperature

the vapor pressure of the NaOH solution may be
found, if desired using Figure 3. Conversely,

the vapor pressure and the temperature of the
sample may be measured directly, using the
apparatus shown in photo Fig. 9 and from this

data the concentration may be found or the wvapor
pressure found at a different temperature, using
Figure 3.
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ABSORBER LTS
Fig. 1 Effect of NaOH viscosity on heat transfer coefficient
(Heat transfer with no mass transfer)
Concentration = 49%
Recirculation rate = 13 gpm

Tube Bundle #2

300

200

Heat transfer coefficient, NaOH side, BTU/hr ft2 °F

100

10

Mean Viscosity, Centipoise

(Computed at mean NaOH soln. temp.)
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Fig. 2.

Mass transfer coefficient, lb/hr £t2 mmHg

ABSORBER RESULTS3

Effect of NaOH viscosity on mass transfer coefficient

Tube Bundle #2

(Recirculation rates 6 - 18 gpm)

8.0
7.0

6.0

1t 3.0
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IHmnmaIming

o
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1.0 -

Mean Viscosity, Centipoise

(Computed at mean NaOH soln. temp.)
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NaOH Solution vapor Pressure Data
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INSTRUMENTATION SYMBOLS
B- BOURDON PRESSURE / VACUUM GAGE

FIG 4
ABSORBER CONCENTRATOR LOOP

PIPING, INSTRUMENTATION & CONTROLS

G- SAMPLE OUTLET FOR CONCENTRATION b
MEASUREMENT CONDENSER
G- FLOW RATE MEASURED BY GAGING TANK Y
M- CONNECT TO INCLINED MANOMETER [
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FIQURE VI-6 ABSORBER BENCH TEST FACILITIES
Absorber and NaOH Make Up Tank
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FIGURE VI-7 ABSORBER BENCH TEST FACILITIES
Vertical Concentrator
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FIGURE VI-9 ABSORBER BENCH TEST FACILITIES
Apparatus for Direct Measurement of the NaOH
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LIST OF SYMBOLS USED

SYMBOLS EXPLANATION UNITS

Ag Heat and mass transfer area in rte
absorber

Co Conc. of NaOH soln. at the %
bottom of concentrator

Ce Conc. of NaOH soln. at the dis- %
charge of concentrate pump

Cq Conc. of NaOH soln. at the dis- %
charge of dilute pump

Cp Conc. of NaOH soln. at the dis- %
charge of recirc. pump

has Heat transfer coeff. on NaOH btu/hr.-ftg—oF
side in absorber

haw Heat transfer coeff. on water btu/hr.-ft2-°F
side in absorber

Haw Total heat transfer in ab- btu/hr.
sorber, based on water

My Mass of vapor absorbed in lbs./hr.
the absorber

Pa Press. of heating steam into psig
the concentrator

Pg Press. 1n the generator mm Hg abs.

Pgq Vapor Press. of NaOH soln. mm Hg abs.
at absorber outlet

Psp Vapor press. of NaCH soln. mm Hg abs.
at absorber inlet

Pya Pressure in the absorber mm Hg abs.

Pye Pressure in the concentrator mm Hg abs.

Pvp Pressure in the 10" vapor mm Hg abs.
duct after butterfly valve

APa Log mean vapor pressure mm Hg abs.
difference in absorber

Qce Heating steam (condensate) gpm

flow rate to concentrator

~-102-



LIST OF SYMBOLS USED

SYMBOLS EXPLANATION UNITS

Qse NaOH flow rate through concentrate gpm
pump

Qs g NaOH flow rate through dilute pump gpm

Qsr NaOH flow rate through recircu- gpm
lation pump

Qwa Cooling water flow rate through gpm
absorber

Qwd Water drainage flow rate between gpm
absorber and generator

Qv Absorption rate = steam boil off gpm
rate (measured as condensate)

T1 Generator water temperature °F

T2 Circulating water entering the °F
absorber

T3 Circulating water out of absorber °F

Ty Temperature of absorber (measured °F
near air removal)

Ts Circulating water out of generator °F

Tg NaOH temperature out of absorber °F

T7 Cooling water temp. entering °F
the cooler

Tg NaOH temperature out of the cooler °F

Tq Cooling water temp. out of the °F
cooler

T10 NaOH temperature entering the °F
absorber

T2 NaOH temperature entering the °F
heater

T13 NaOH temperature out of the heater °F

Ty NaOH temperature out of the con- °F

centrator
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LIST OF SYMBOLS USED

SYMBOLS EXPLANATION UNITS

T15 NaOH temperature entering the °F
cooler

Ti6 NaQOH temperature at the bottom °F
of concentrator

Ty7 Steam temperature entering the °F
heater

T1g Steam temperature entering the °F
concentrator

4T, LMID in absorber °F

Uy Overall heat transfer coeff. in btu/hr.-ft2-°F
absorber

Uam Overall mass transfer coeff. lb./hr.—ftz—mmHg

in absorber

Viscosity of NaOH soln. in
absorber, computed at con-
centration (Cp + Cgq)/2 and
temp. (T10 + Tg)/2
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VII. STUDY OF POTENTIAL ABSORBENTS

Absorbents for water vapor

Extensive investigations have been carried out over
many years in a search for an absorbent for water
vapor that would make it possible to air cool a
water absorption ("lithium bromide") air condition-
ing system. Sixty or more materials have been con-
sidered, some thirty of which have been listed in
publications. Others have been listed only in pro-
prietary in-house reports. A number of absorbents
have been developed which have substantially lower
vapor pressures than lithium bromide. These
materials have not been perfect absorbents, some
being corrosive, others unstable at high temper-
atures, etc.

In Figure 1 and Table 1 are given data on two of the
better absorbent combinations, compared to lithium
bromide and sodium hydroxide. These two are not
proposed as possible absorbents for the VFEA system
but are intended only as indicatlions of the wvapor
pressure reductions and absorption temperatures that
have been reached. As indicated in table 1, the
vapor pressure lines of figure 1 and the equilibrium
temperatures at 3 mm pressure are for solution con-
centrations having crystallization temperatures in
the neighborhood of 80°F. For binary salt solutions
there may be two saturation temperatures depending
on the direction from which saturation is approached.

Discussions with suppliers indicate that the cost of
the LiBr-LiSCN will be equivalent to that of LiBr.
While LiBr 1s listed in market publications at $1.70/
1b. in ton lots, we understand that 1t is being bought
at under a dollar a pound, and that the LiSCN would
also be in that range. While these are not high cost
chemicals, thelr costs are nevertheless some ten times
the cost of sodium hydroxide.

The lithium bromide-lithium chloride-zinc bromilde
solution was studied many years ago. This solution
is reputed to be very corrosive, requiring ceramic
or organic lined vessels. The importance of such
absorbents when used in water cooled systems 1s that
higher U@t products may result and/or that warmer
cooling water may be utilized.
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The following list indicates some of the published
materials which have been consildered or investigated
as absorbents for water.

Lithium Acetate

Potassium acetate-Potassium formate
Trimethyl phosphate

Triethyl phosphate

Ethylene Glycol

Propylene Glycol

Glycerol

Triethylene Glycol
Dimethoxitetraethylene glycol
Diethylene triamine

Dipropylene triamine

Triethylene tetramine

Tetraethylene pentamine

Sec-butyl amine

Triethanol amine

Hydroxyethyl ethylene diamine
Lithium chloride

Lithium iodide

Zinc bromide

Zinc iodide

Calcium nitrate-calcium chloride
Zinc chloride-potassium chloride-1ithium chloride
Zinc chloride-calcium chloride
Phosphoric acid

Sulfuric acid

Lithium bromide-1lithium iodide
Lithium bromide-ethylene glycol
Lithium bromide-lithium iodide-ethylene glycol
Lithium bromide-cesium bromide

Sodium hydroxide has among the best vapor pressure and
crystallization characteristics, and should form a
good basis for improved combination of absorbents.

The materials in the above and other 1lists may be
divided into classifications, such as: Organic,
inorganic; liquid, solid; single component, binary
or ternary mixture, etc. So as not to neglect any-
thing, solid absorbents, such as, silica gel,
molecular sieves, etc., should also be mentioned.

The organic materials have generally had the dis-
advantage that some decomposition may occur at boiler
temperatures. Decomposition rates which may be in-
significant in other fields can be excessive 1n a
sealed air conditioner intended to operate for fif-
teen or twenty years, often unattended.

In a municipal water plant of far larger size, less
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stringent specifications may be acceptable. As long
as the decomposition products are not harmful, elther
to the product water or to the equipment, low decom-
position rates may not be objectionable. If neces-
sary, means of removing the decomposition products
may be included and fresh absorbent can be added to
the system periodically. Hence, organic materlals
can concelvably play a larger part in VFEA systems
than they have in air conditioning concepts. As an
example, the addition of ethylene glycol to lithium
bromide solutions reduces the vapor pressure sub-
stantially. The only data available shows a re-
duction of vapor pressure from 7mm. to UYmm. by the
additicn of 18% ethylene glycol to the lithium bro-
mide solution. However, the measurements of the
vapor pressure of the lithium bromide solution made
in that series of tests, do not match the accepted
data from the literature. So, until better data

are found this can only be an indication of a poss-
ibility.

Unfortunately many of the organic materials will have
perceptible vapor pressures at generator temperatures
and would therefore be carried over into the product
water. This may be the major limitation to their

use in the VFEA system.

Inorganic materials are usually less subject to de-
composition than organics, but are more likely to

be corrosive. However, within limits, the same
approach may be taken. In air conditioners, cor-
rosion is a problem, not so much due to the thinning
or perforation of the metal, but because of the
effect of the hydrogen gas in the vacuum system.
Since in the VFEA system the vapor from the generator
goes to the ejector and the melter, instead of re-
circulating in the system, greater formation of
hydrogen can be tolerated. Corrosiveness may there-
fore be less of an objection than in air conditioners.

Liguld materials should have an advantage over solids
in that they should present no crystallization pro-
blems. However, they are more likely to have per-
ceptible vapor pressures at generator temperatures.
In addition, the only inorganic liquids in the 1list
are sulfuric aclid and phosphoric acid.

Thus we are led toward the solid inorganic materials

as providing a broader group of likely absorbent
materials. Data on the individual materials is

-107-



generally available in sufficient quantity for a
quick judgement of their suitabllity. Few are in-
dividually better than lithium bromide or equal to
sodium hydroxide.

Mixtures of absorbents take on speclal importance
because it is not uncommon for a binary or ternary
mixture to have better properties than any of the
individual components. There may also be valuable
flexibility in the relative proportions of the com=-
ponents. The mixtures high in thioccyanate have the
lowest vapor pressures. But the viscosity table
shows that the solutions high in Bromide have the
lowest viscositles. Since, at the lower vapor
pressures the rates of absorption and heat transfer
may be reduced by viscosity, a compromise between
the best vapor pressures and viscosities may give
the pest results.

Mixtures may therefore provide the best opportunities
to tallor the absorbent to the system requirements.
However, multiple salts are generally more corrosive
than the individual components, so compromises may

be required here also.

Additives

The additives that have come into use in lithium bro-
mide systems to enhance the overall performance are
generally alcohols of the seven and eight carbon
chain variety. 2 ethyl hexanol 1s commonly used.
There are other materials as well.

The term, additive, refers to materials used 1In low
concentrations, of the order of 200-400 parts per
million. They do not affect the vapor pressure or
the viscosity of the lithium bromide solution. The
surface tension is presumably affected, but the
effect differs from that of the usual surfactants;
the latter do not improve performance as the heptyl
and octyl alcohols do. The additives enhance the
kinetics or rate of absorption rather than the po-
tential for absorption.

A paper published by Burnett & Himmelblau is a good
review of the effect of this type of surface active
agent on the rate of absorption of a gas or vapor
onto a statlc liquid surface. It attributes the
acceleration in absorption to longitudinal variations
in the surface tension which produces visible tur-
bulence on the surface, the Marangonil effect. A

good bibliography is given.
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The Himmelblau paper gives data on the effects of
alcohol, amine and amide additives on the rate of
absorption of ammonia into water.

The procedure used to test the effect of additive
materials was to expose a shallow dish containing
the absorbent solution plus additive in a chamber
of water vapor. The rate of pressure drop in the
chamber was then timed. Some materials accelerated
the rate of pressure drop while others reduced it.
Materials such as eleven and twelve carbon chain
alcohols, ethylene glycol and others, slowed the
rate of absorption. Six, seven and eight carbon
alcohols accelerated absorption while those in
between had l1little effect. The best material
accelerated the rate of pressure drop several fold.
When the materials which showed up best in this
test were added to a lithium bromide unit devoid
of additive, they improved the refrigerating
capacity of the unit by 20-25%. Some tests showed
as much as 30% gain. It is also stated that units
with marginal absorbers are improved the most,
while those with ample or excess absorber surface
may show little effect.

The additives seem to affect the rate of absorption
by bringing about localized eddies or turbulence on
thick films. Thin films are apparently not affected.
The effects on static surfaces may be relatlvely
greater than on moving films.

In the water-lithium bromide system the molecular
structure of the alcohol seems to be important.
Normal octyl alcohol is not very good while its
isomer, 2 ethyl hexanol, is one of the best materlals.
The hydroxyl group should apparently be on a side
chain or on the second or third carbon atom.

The hexyl, heptyl and octyl alcohols all have appre-
ciable vapor pressures at generator temperatures,
and boll off in the generator. In the VFEA system
they would be carried off in the product water. The
cost of continual replacement probably would not be
excessive; 2 ethyl, hexyl alcohol is listed at 11¢/1b.

Discussion
As a result of the above information a number of

tempting directions can be seen as means of reducing
absorber size and cost.
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Beginning with the additives; since additives are
more effective on thick films than thin, there
should be a good probability that they can improve
absorption in the viscous sodium hydroxide solutions
more than they do in lithium bromide. This
possibility should extend to other absorbents well
suited to the VFEA process, if we assume that there
will be a tendency to high viscoslity in all absor-
bents for use at 3mmHg vapor pressure.

Further, the Himmelblau paper, which showed that
amines and amides performed as well as alcohols,
indicates that other polar compounds, properly
chosen, may be equally good. This leads to the
consideration that the sodium salts of medium car-
bon chain organic acids may perform well. Such
salts should not only be far less obJectionable in
water but the amounts from vaporization should be
insignificant if vaporization occurs at all.

We may also question whether the 25% improvement is
a limit on the absorber itself or on the unit as a
whole., If the absorber has been the limiting factor
in overall unit performance, improving it will im-
prove unit performance up to the point that another
component takes over as the limit on the overall
system. The static tests indicate more than 25%
gain. It is possible that additives may cause more
than a 25% reduction in an absorber per se, While
the manufacturers may supply some Iinformation in
this regard a trial on the absorber test apparatus
will give a more direct and quantitative answer.

All in all however, there are good reasons to expect
that additives can be used in the VFEA water plant
and to assume that they may reduce the size of the
absorber substantially.

The next subject is that of the absorbents themselves.
It appears that low vapor pressures can be obtalned

in a variety of ways. Comblnations of absorbents

can result in much lower vapor pressures than those

of any of the components. It may also be possible

to improve viscosities in some cases. However, it

is likely that other characteristics such as corrosive-
ness, decomposition, health hazards, may become de-
cisive factors. Considering the requirements of a
water plant, sodium hydroxide has advantages over
lithium compounds both in vapor pressures and in
health factors. It may be desireable to modify it
with compatible materials to provide still lower vapor
pressures. Sodium and potassium hydroxides, car-
bonates, phosphates, nitrates and silicates may be
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good candidates for a low cost combination and likely
to be acceptable from corrosion, decomposition and
health standpoints. If 1t became necessary to in-
vestlgate the halides, the calcium, magnesium and
zinc combinations may be promising on all counts.

It is also possible that developments in the

organic chemistry field can be helpful.

This all leaves the opinion that 1f 1mprovements
over sodium hydroxide are necessary there are good
opportunities to achieve results similar to those
in figure 1, but with materials better suited to

a water plant.
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TABLE 1

Properties of Potentilal Absorbents

Equilibrium
Solution Viscosity Range Temperature Solution
at 3mm Hg Concentration
LiBr 3-6 cps 96°F 62% LiBr
NaOH 25-40 cps 119°F 54.5% NaOH
LiBr-LiSCN 10-20 cps 128°F Sat. at 86°F
LiBr-LiC1l- - 156°F Sat. at T7°F

ZnBro
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VIII PRELIMINARY PILOT PLANT DESIGN

Preliminary design drawings of a 60,000 gpd, VFEA

pilot plant are included 1n this section.

sign is based on the following concepts:

1.

All vessels and systems will be erected
and subassembled on skilds in our Beloit
Works. This wlll keep field erection
requirements to a minimum and will allow
the checkout of systems in our factory
and thus reduce plant start up problems
to a minimum.

Plant will be designed such that
individual component modification can
be made with minimum downtime.

Conceptual design of the ejector and ab-

sorber will be similar to the successful
bench scale unit.

The plant 1s designed such that the
following objectives can be achieved
during pilot plant testing:

General objective of the VFEA pilot plant
is to develop the process such that it

1s a commercially feasible process and
future desalting plants can be constructed
to produce product water at less cost than
present desalting plants.
Specific Objectives:

1. Evaluate the VFEA operational problems
which may be encountered.

2. Conduct an extended run at system de-
sign capacity for an overall system
evaluation.

3. Evaluate and test these individual
components

a. EJector

b. Absorber

c. Concentrator
d. Condenser

e. Single vessel counterwasher/melter

-114-
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IX. VFEA LARGE PLANT DESIGN CONCEPT

The following page contains a design concept for large
VFEA desalting plants. Although the component designs
are similar to thelr respectlve pilot plant component
design, the horizontal single vessel concept enables

the VFEA proces<e to be projected to plants of increased
size.
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X. PROCESS MATHEMATICAL 3TUDY

By Dr's. Mixon and Orcutt
Research Triangle Institute

SECTION 1. CONCLUSIONS

A detailed mathematical analysis of the VFEA process has been com-
pleted, including both steady state and dynamic analysis of each indi-
vidual process component.

A program for design optimization by digital computer has been de-
veloped that searches over possible design parameters to find the design
corresponding to minimum cost of water. Results of computations using
the program indicate that the cost of water

a) decreases with increasing conversion from 20 percent to 50 per-

cent conversion,

b) increases, but only very slightly, with increasing freezer pres-

sure from 3.1 to 3.25 mm Hg,

c) decreases with increasing feed temperature to the freezer from

31° to 339F with an optimum somewhere above 33°F,

d) increases significantly with increased ejector efficiency, and

e) decreases with increasing plant capacity.

The optimal cost of water produced by the VFEA process has been esti-

mated at 30.46 cents per k gal at the 1 mgd level, exclusive of labor costs.

This cost is not strongly sensitive to changes in operating conditioms.
Details of the optimal design are included in Section 2.7.

A simulation by analog computer of the dynamics of the integrated
process has indicated that the process is well behaved and should be
amenable to relatively simple control techniques. No inherent instabili-
ties were discovered.

Finally, the utilization of ejectors to reduce the refrigeration
capacity required in the absorption system is clearly highly advantageous.
We believe that the VFEA process represents a significant advance in freeze
desalting technology and strongly support construction and demonstration

of an integrated process by Colt Industries.
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SECTION 2. DESIGN OPTIMIZATION BY DIGITAL COMPUTER

In this section we give a discussion of the results and conclusions
of the digital design optimization. The effects upon the optimal design
of variations in several of the operating conditions are presented first.
There follows a detailed print-out of the computed optimal process design
including process specifications, equipment specifications, and process
economics (SECTION 2.7).

The detailed bases for economic evaluation are discussed in a later
section. We note here, however, that the present figures do not include
labor, brine disposal, water treatment, and land costs. These items
should not affect the optimization appreciably. They should be more or
less constant and, with the exception of labor, relatively small contri-
butions.

Finally, we give a discussion in general terms of the strategy fol-
lowed in performing the optimization calculationms.

The detailed print-outs of all cases studied are being transmitted
to Colt under separate cover. The results of Section 2. 7 are represen-

tative as to format and contents.
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2.1 THE EFFECT OF CONVERSION

It was planned to study the effect of conversion over the range from
20 percent to 50 percent at at constant value of the freezer pressure of
3.264 mm Hg. We discovered in doing this that at the higher levels of
conversion a lower freezer pressure is required in order to generate suf-
ficient driving force for freezer operation. The effect on optimal de-
sign of conversion over the range from 20 to 40 percent was investigated
at the higher pressure (3.264 mm Hg), and the effect of conversion from
40 to 50 percent was studied at a lower pressure of 3.075 mm Hg. The
results are summarized in Table 2.1.

It can be seen that the water cost decreases with increasing con-
version over the range investigated. This decrease is due predominantly
to the fact that a smaller main heat exchanger is required for the higher

conversions.
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FIGURE 2.1
THE EFFECT OF CONVERSION
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TABLE 2.1

THE EFFECT OF CONVERSION

At P = 3.264 mm

Run No. Brine Concentration Conversion Cost
K Gal
7 .0436 20% 42 .48
8 .0498 30% 34.49
9 .05800 40% 32.38
6 .05833 40% 32.34
At P = 3.075 mm
Run No. Brine Concentration Conversion _Lost
K Gal
11 . 05800 407 32.19
10 .0695 50% 30.46
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2.2 THE EFFECT OF PRESSURE

The effect of pressure on the optimal design is a relatively small
one as indicated by the results of Table 2.2. The lower cost at the
lower pressure results primarily from the fact that a smaller freezer is

required at the higher driving force.
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2.3 THE EFFECT OF FEED TEMPERATURE INTO THE FREEZER

Over the range of values of feed temperature into the freezer that
was investigated, the water cost decreased as the freezer feed tempera-
ture increased as illustrated by the results of Table 2.3. The decrease
in cost is due primarily to a smaller main heat exchanger.

As the feed temperature increases, there is an accompanying increase
in the amount of vapor which must be handled in the absorber loop. Con-
sequently, the cost of absorber equipment increases as the main heat ex-
changer cost decreases. The optimal balance occurs at a freezer feed

temperature that is apparently slightly in excess of 33°F,
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2.4 THE EFFECT OF EJECTOR PRIMARY TO SECONDARY RATIO

As is indicated in Table 2.4, the cost increases slightly as the

ejector becomes less efficient. This cost increase is the direct result

of the fact that slightly more of the freezer vapor must be diverted

through the absorber loop to the ejector primary. The absorber loop must

be correspondingly larger to handle the increased vapor load.
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TABLE 2.2

THE EFFECT OF PRESSURE

; _Cost
Run No. Pressure Conversion K Cal
11 3.075 40% 32.19
9 3.264 40% 32.38
TABLE 2.3
THE EFFECT OF FEED TEMPERATURE INTO THE FREEZER
i Feed Cost
Run No. Conversion Temperature i??i;f
12 50% 31 31.04
13 50% 32 30.70
10 50% 33 30.46
TABLE 2.4
THE EFFECT OF EJECTOR PRIMARY TO SECONDARY RATIO
; ; _Cost
Run No. Ejector Ratio X Cal
10 .45 30.46
15 .55 32.82
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2,5 THE EFFECT OF ABSORBER TEMPERATURE

We do not have available a table of data to indicate specifically
the effect of absorber temperature on the water cost. This is because
the optimization procedure automatically searches over values for the
absorber temperature and picks that particular value which leads to the
minimum cost of the entire absorber loop. From the results of detailed
print-outs of the individual steps taken by the computer in doing the
search, it has been obeerved that over the range of absorber temperatures
from 68°F to 72°F, the effect on the total absorber loop operating cost

is less than 2/3 percent.
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TABLE 2.5
THE EFFECT OF PLANT SIZE

; Cost

Run No. Plant Size X cal

10 1 MGD 30.46

17 5 MGD 29.88
FIGURE 2.5

COST, ¢/K GAL

31

30

29

THE EFFECT OF PLANT SIZE

!
| |""

PLANT SIZE, MGD
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SECTION 2.6 THE EFFECT OF PLANT SIZE

Over the range from 1 to 5 GMD, the economics are not strongly af-
fected by plant size. As expected, the cost per k gal is smaller in the
larger plant, but the reduction is only about a half cent per k gal, or
about 1.5 percent.

In still larger plants, it is reasonable to expect continued reduc-

tion in the cost of water.
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SECTION 2.7 OPTIMAL VFEA PLANT DESIGN FOR 1,00 MGD PLANT
RUN NO, 10
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ECONOMICS

L S e
- T/, WATER PL,0,100F 01 MGD
e C e mm oo X eAPACITY FACTORD 330 DAYS
INTEREST RATES_ SX__PLANT_LIFE:® 25 YRS _ DUTPUTE 330000, KGAL/YR _
- .
f CAPITAL ANNUAL WATER X
- . eosTs . _£08TS . eosY .
IN $1000 IN $1000 C/KGAL
_____ CAPITAL COSY CENTERS
1. DESALTING EQUIPMENT 269,61 19,13 5,80 19,0
RECURRING COST CENTERS
2. TAXES AND INSURANCE .34 1.62 5,3
{7 TOTAL ANNUAL FIXED €OSTS 28,47 7.41 24,3
OPERATION AND MAINTENANCE €OST CENTERS
3. MAINTENANCE LABOR 1.33 0.40 1.3
4, GENERAL AND ADMINISTRATIVE _0.46 0.14 0.5
S, SUPPLIES AND MAINTENANCE MATERIALS 1,33 0.a0 1.3
6, STEAM 62,48 18,93 62,2
7. ELECTRIC POWER 10,43 3.16 10.4
8, OTHER (PAYROLL EXTRAS) 0.0020 0,0006 0,0020
! TOTAL OPERATION AND MAINTENANCE COSTS 76,03 23,08 75.7
TOTAL FIXED PLUS O AND M COSTS 100.50 30,46 100,0
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ABSORBER

VAPOR RATE
L YEMPERATURE

0.18503F 05 LBR/KR
0,66200FE 02 DEGREES F._

PRESSURE

0.307S50E 01 MM G

CAUSTIC CONCENTRATION

MASS TRANSFER COEFFICIENT

L EQUILIBRIUM CONCENTRATION _  _  _0.80901E_00 _WT FRACTION

AREA REQUIRED_

ABSCRBER CAPITAL COSY

L FEETY OF 3/4«INCH TUBING, =

0.48000E 00 WT FRACTION

0,22142E 02 LB/HR=FT(SQRUARE)=DILUTION

" 0J48534E 04 SQUARF FEET

. _0J17649E 05 _FEET _ _ _ .

0.13625E 05 DOLLARS

L LOW YFMPERATURE HEAT EXCHANGER

ABSORBER TEMPERATURE

0,66200FE 02 DEGREES F

INTERMEDIATE TEMPERAYURE
L DILUTE CAUSTIC RATE

"0.14B13E 03 DFGREFS F
0.18133F 04 _LB/HR

CONCENTRATED CAUSTIC RATE

0.16282E 06 LB/KR

ABSORBER FEED TEMPERATURE

0.74853F 02 DEGREFS F

LOW CONCENTRATOR FEED TEMPERATURE 0.13200F 03 DEGRFES F

PRESSURE DRQP

HEAT DUTY 0.99387E 07 BTU/HR
NUVMBER OF PARALLEL FLOW CHANNELS 16,
SERIES PLATES PER PASS 3. _
PLATES REGUIRED 90,
END PLATES REQUIRED 9.

0.186481F 02 | B/SQUARE INCH

TOYAL cOsY

0.15360FE 05 DOLLARS

LOW TEMPERATURE CONCENTRATCR

VAPOR RATF

DILUTE CAUSTIC RATE

0.25365Z 04 LB/KR

0,18133F 06 LB/MR
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DILUTE CAUSTIC TEMPERATLRE 0,132006 03 DFGRFFS F
CONCENTRATED CAUSTIC RATE 0.17879E 06 LB/KHR
L CONCENTRATED CAUSTIC_TEMPERATURE. __  0,12932E 03 DEGRFES. F.__
REAT DUTY 0.32301E 07 BTU/HR
8TEAM TEMPERATURE FRNM WIGH CONCENTRATOR 0.20BROE 03 DFGREES F
L AREA OF TUBING REQUIRED - 0.75938€ 02 SOUARE FEET
FEET OF 1 1/4 INCH TUBING 0.17457€ 03 FEEY
CAPITAL COST OF CONCENTRATOR " 0.68116E 03 DOLLARS
MIGH TEMPERATURE HEAT EXCHANGER
LOW CONCENTRATOR TEMP 0.12932€ 03 DEGREFS F
L MICH CONCENTRATOR TEMP 0,.24880€ 03 DEGREES F_..__
DILUTE CAUSTIC RATE 0.17879E 06 LB/¥R
[ COMCENTRATED CAUSTIC RATE 0.16282E 06 LB/HR o
L_.___th_tDNCEKIRAIDR_EEEu_IEMEERAJURaggmgfmgnJ14613£d03 _DEGREES. F__
MIGH CONCENTRATOR FEED TEMPERATURE 0.22100E 03 DFGRFES F
HEAT DUTY 0.13654E 08 BTU/HR
L NUMBER OF PARALLEL FLOW _CHANNELS 16
SERIES PLATES PER PASS 2.
PLATES REQUIRED 80,
L END PLATES REQUIRED 6,
PRESSURE DROP REQUIRED 0.12427E 02 PSI
CAPITAL COST 10240,00 DOLLARS
HIGH TEHPERAYURE CONCENTRAIOR
VAPOR RATE 0.15966E 05 LB/HR
DILUTE CAUSTIC RATE 0.17879E 06 LB/KHR
DILUTE CAUSTIC TEMPFRATURE __0.22100F 03 DEGRFES F
CONCENTRATED CAUSTIC RATE 0,16282E 06 LB/KR
CONCENTRATED CAUSTIC TEMPERATURE 0,248B0E 63 DEGREES F
NEAT DUTY 0.26294F 08 BTU/HR
STEAM TEMPERATURE 0.30000F 03 OFGREES F
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AREA OF TUBING 0.13426F 04 SOQUARE FT
FEEY OF 1 1/4 INCH TUBING 0,33160F 04 FEET___

CAPITAL COST OF CONCENTRATOR 12940,40 DOLLARS

~-143-



l
L_

PUMPS IN ABSORBER LOOP

ABSOPRER PUMP

PRESSURE DROP

0.18641F 02 PSI

—— ——CAPACITY 0.18133F 06_ LB/WR.__.___
WCRSEPOWER 0.65333E 01 WP
cost 731,97 DOLLARS

[ LON CONCENTRATOR PUMP

L_____ERLASURikbnnP

0.12027E 02 _PSI _ .

CAPACITY 0.17879€ 06 LB/HR
HCRSEPOWER 0.51791€ 01 WP
cear 817,37 _DOLLARS _

—_HIGH CONCENIRATOR PUMP

PRESSURE DROP

0,31068E 02 PST

—— CAPITAL C0SY OF CONDENSER

CAPACITY 0.16282E 06 LB/FR
— —— MORSEPOWER 0./81668E 01._HP
cosy 862,05 DOLLARS
—__CONDENSER
VAPOR RATE 0.25365E 04 LB/KFR
DIMMETER 0.82386E 01 FT

1558,82 _DOLLARS

"M
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[

{___FREEZER=WASHER QUTPUT

FREEZER PRESSURE

DELTA P

PRCDUCTIVOLUME RATIO

‘L _ DELYATY .

e

0.13401E 03

3,075 MM HG
L20184F 00 MM MG T
.11921F 01 DEGREES F R

LB/FR=CURIC FEET

-145-

T 0.16373E 00 HOURS
L POCL._VOLUME_ __0J25900E 04 _ CURPIC FFET . ___
POOL MASS 0.16524E 06 LBY
POPULATION SIZE T0.16460E 09 NO, o
MEAN CRYSTAL SIZE ol 0a2SATSE 00 MM
2N, MOMENT 0.00822E 01 MM=SOUARED
SRD, MOMENT T 0.19000E 03 MM~CURED o
L FREEZER VESSEL_DIAMETER __0.30107€ 02 FEEY._ . . ____
FREEZER POOL DEPTH 0.36400E 01 FEET
FREEZER VESSEL COST T 13455, 24 s o
L AGITATOR_POWER 0.71154E 02 WP
AGITATOR €OST 3201,91 s
ICE RISE RATE 0.64459E 03 L(P/HR-FT SCUARE
WASHER VESSEL AREA 0,4942TE 03 SQUARE FEET
DIAMETER 0.25093E 02 FEET
HEIGHT 0.106000E 02 FEEY
cost 10724.314 s
SLURRY PUMP POWER 0,47327€ 02 WP
cost 2178,24 s
WASH WATER RATE 0.13883E 06 LB/KR
PUMP POWER 0.30934E 01 WP
cost 423,15 s
TOTAL POWER FREEZER-WASHER o 0.12157E_03 WP
cosy 15,24 S/DAY o
TOTAL F,W, EQUIP, COST 39658,04 s



AMORTIZED F, W, EQUIP, COST 19,63

r—w———lOIAvaREEZER-KASHER
L

OPy-COST oo SULBY - ..

MELTER OUTPUT (INCLUDES

EJECTOR, MAIN HEAT EXCHANGERS

FELTER PRESSURE

L MELYER.DELTA.T

5,760

S/DAY

S$/0AY.

e _._0,460B9E 0)y _ DEGREES F. ...

MELTER LI1GUID 0.33455E 06 LR/KHR
MELTER AREA 0.30526E 03 SQUARE FEET
L DIAMETER __0.19720€ 02  FEEY
HEIGHT 0.60000E 01 FEEY
PRCDUCED PUMP POWER 0.27604E 02 WP -
BRINE PUMP POHER 0 ,37870F 02 WP _
FEED PUMP POWER 0,45133F 02 HP
PRODUCT PUMP COSTY 1757,18 s
L. BRINE PUMP COSTY 1979,92 .8 _
FEED PUMP COST 2132,80 s
TOTAL HEAT EXCHANGER = PUMP €OST 7513,46 $/DAY
L 70TAL HEAY EXCHANGER = PUMP _POWER €OST 13,86 /DAY
HEAT EXCHANGER COST 23184,00 L ]
HEAT EXCHANGER OPERATING COST 28,25 S/DAY
L MELYER YESSF| €OST 6390,74 s
EJECTOR CAPITAL €OST 23797.25 s
MELTER/EJECTOR/HEAT EXCHANGER CAP,
: cOST__ 79039,50 s -
AMORTIZED
cOST 19,12 $/DAY
TOTAL OP,
£OSY 52,99 S/DAY

EJECTOR NOZZLE AREA

0.,27727E 00

SQUARE FEET

NOZZLE COST

3210,00
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EJECTCR

MASS RATE OF SECONDARY

PRESSURE AT NOZZLE EXHAUST

L MASS RATE OF PRIMARY

0,28243€E 05 LB/HR

o ._BJ12709F 05 LB/WR.___ .

0,30031E 01 MM HG

NCZZLE EXHAUST VELOCITY
L EXHAUST PRESSURE

0.31868E 04 FT/SEC

0,57400E 01 MM WG ..

EXKAUST VELOCITY

0.25000F 03 FT/SEC

YHROAT PRESSURF

0.28243E 01 MM PG

L. CAPITAL COSY OF FJECTOR

L THROAT_VELOCITY o 0.1a%18E 04 _ FT/SEC _ _
THROAT AREA 0.20254E 03 SOUARE FT
NCZZLE AREA 0.27727€ 00 SQUARE FT -

23797,25_ _DOLLARS

MISCELLANEOQUS

BRINE RECYCLE/FEED RATIO

0.13622€ 01

— FREEZER_VAPOR/FEED_RATIQ
FREEZER BRINE COMPOSITION

0.67340E-01

0.70632E=01 WY, FRACTICON

CONVERSION

FREEZER VAPOR TEMP

0.S0000E 00
0,23462F 02 DEGREES_F.

FREEZER VAPOR RATE

0.,a674SE 05 LB/MR

SLURRY RATE

RECYCLE RAYE

0.15930E 07 LB/KR
0.94561FE 06 LB/KR
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MAIN HEAT EXCHANGER

FEED INLET TEMPERATURE "0.70000E 02 DEGREES F
| FEED OUTLEY TEMPERATURE . _  __ ___ 0,33000E 02 DEGREES F .. _._ ___
BRINE TEMF, FROM WASHER 0.24772F 02 DEGREES F
PRODUCT TEMP, FROM WASHER T 770 36609E 02 DEGREES F
L FEED RATE 0.69447E 06 _LB/FR .
BRINE RATE 0,34708E 06 LB/FR
PRODUCT RATE 0.34708F 06 LB/HR
MEAT LOAD L _0.25684E 08 BTU/MR
PARALLEL FLOY CHANNELS 69
f SERTES PLATES PER PASS 2 T
L PLATES REQUIRED 216
END PLATES REQUIRED s
CAPITAL CDST 23184,00 s
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L
COST BREAKDDOWN
¢ NOTE: +INDIVIDUAL COSTS NOT CORRECTED FOR CURRENT COST INDEX,
IOTAL _AND AMORTIZED CAP, COSTS ARE CORRECTED FOR_CURRENY CCSY _INDEX.) . .
— FREFZER/WASKHER
FREEZER VESSEL COST « 1445S,24 ]
AGITATOR COST = 3201,91 $
——— SLURRY PUMP €NST » 2178,24 $
WASHER VESSEL COST = 10724,31 s
WASH WATER PUMP COST = 423,15% S
TOYAL F/W _EQUIPMENY €OST 39658,04 $
AMORTIZED COST 19,63 $/CAY
PONER COST 15,24 $/DAY
OPERATING COST 34,87 S/DAY

MELTER/EJECTOR/MAIN HEAY EXCHANGERS

MELTER VESSEL COST = $390,74 s
EJECTOR COST « 23797,25 s
NOZZLE COST + 3210.00 s
PRCDUCT PUMP COST 1757.18 s
BRINE PUMP COST 1979,92 s
FEED PUMP COST 2132,80 [}
TOTAL PUMP COST 7%13,46 ]
MAIN HEAT EXCHANGER COST = 23184,00 s
TOTAL CAP, €OST MELT/EJ/NTEX 79039,50 s
TOTAL AMORTIZED COST OF MELT/EJ/HMTEX 39,12 S/DAY
TOTAL POWER €OST 13,86 S/DAY
YOTAL MELT/EJ/HTEX OPERATING COSY 52,99 $/DAY

ABSORBER/REGENERATOR CDNSTS
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ABSORBER CAP, COST » 13628,96 [}
REG, CAP COST 7683,96 s
L CONDENSER_VESSEL COST s 1558,.82 -8
HT EXC, COST (H) 10240,00 s
MT EXC, COST (L) » 15360,00 s
10Y, MY, EX, £OST 8 25600,00 L s
Al PUMP €OST » 731,97 ]
R1 PUMP COST 617,37 s
L __R2 PUMP COST . 862,05 s
107, REG/ABS/COND CAP, COST $1298,32 s
AM. CAP, COST 25,39 $/DAY

YOYAL POWER _CO8TY

TOTAL STEAM COSTY

249 __  3/DAY

189,32

$/DAY

TOTAL ABSORBER OPERATING COST

217.21

S/DAY

END

-150~

451-332 O - 71 - 10



SECTION 2.8 OPTIMIZATION STRATEGY

In this section we wish to outline in non-mathematical terms the
general strategy followed by the computer in calculating and optimum pro-
cess design. The detailed formulations for the various process compo-
nents, together with the assumptions involved in their derivations, are
discussed in a following section. It is our purpose here to delineate
the ideas involved in the optimization.

In the first step, certain variables termed global variables are
read into the computer and assumed to be maintained constant through a
particular calculation., Their effect is then studied by varying the
input to the computer from run to run. These variables are the follow-
ing:

The design product rate

The reject brine concentration
The inlet sea water concentration
The product concentration

The freezer pressure

The slurry ice concentration

The net wash fraction ice loss

With these variables preset, it is possible, by taking heat and mass
balances around the freezer, to compute the conversion, the vapor rate
from the freezer, the freezer recycle ratio, and the salt concentration
in the freezer slurry. These results constitute starting points for fur-
ther calculations.

The next step is the optimal design of the absorber loop. The net
vapor from the freezer is comprised of two parts: a) that whose latent
heat is necessary to balance the latent heat of freezing, and b) that
whose latent heat is to balance the heat leakage into the process, the
sensible heat load resulting from heat exchanger inefficiency, and that
which enters the process by other means. To maintain the process in
thermal equilibrium, only the vapor of part a) should be returned to the
melter. The vapor in part b) represents excess above that which is re-

quired to melt the ice and, consequently, is to be removed in the absorber
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section, Thus, the total vapor required by the absorber section is that
required to drive the ejector plus that generated by the process ineffi-
ciencies. If the primary to secondary ratio in the ejector is specified
and the vapor requirement due to process inefficiencies can be estimated,
then mass balance calculations in the absorber loop will fix the flows

in that section of the process.

Considering that portion of the vapor to be rejected in the absorber
loop, a certain fraction (ALP) is to be vaporized in the No. 1 concentra-
tor. The balance (1 - ALP) must be vaporized in the No. 2 concentrator
along with the vapor required to drive the ejector. A heat balance around
the No. 1, or low temperature, concentrator determines this split.

In order to do the heat balance on the No. 1 concentrator, which was
just discussed, it is necessary to know the temperature into and out of
this vessel. These temperatures are determined as follows: The concen-
trator temperature is taken to be that which is in equilibrium at the
concentrator composition and the condenser pressure, which is assumed
known (a global variable). If two additional temperatures are assumed,
these are sufficient to calculate from heat balances the inlet and exit
temperatures of all streams in both of the absorber loop heat exchangers.
Thus, the number of transfer units required by each exchanger can be de-
termined. The computer is programmed to design by trial and error the
minimum cost heat exchangers to produce the required number of transfer
units. This is done by searching over the possible designs to select
the one particular design that minimizes the total cost of operation.

Having ascertained the best heat exchangers for assumed values of
the temperatures in the absorber-concentrator loop, the next step in the
optimization procedure is to search over the permissible values for these
temperatures, ascertaining those which produce the minimum cost for the
entire absorber loop. This cost is comprised of the heat exchanger cost,
the pumping cost, and the amortized capital cost of the vessels involved.

This portion of the optimization is contained in a subroutine desig-
nated "AOPCOS."

The next optimization is that of the melter-ejector combination.

The computer is programmed to search over a reasonable range of values

for the melter pressure to ascertain that pressure which results in the
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most economical balance between the melter and the ejector. A large
melter pressure results in a large driving force for melting and, thus,
a smaller melter. However, a larger ejector is required to produce this
higher pressure. The portion of the program which does the optimization
of the melter-ejector also contains the optimization of the main heat ex-
changer as a subroutine. The main heat exchanger is optimized in the
same manner as the absorber loop heat exchangers, as described previously.
In this study no optimization has been done on the freezer-counter
washer combination. The indicated balance would normally be between the
freezer size and the washer size via a search over the ice particle size
produced in the freezer. A larger freezer produces a larger particle
size which leads to a smaller washer. Operating experience has shown,
however, that the particle size produced in the freezer vessel is in the
neighborhood of 0.2 mm and is relatively insensitive to freezer operating
conditions. Therefore, the optimization calculations have been omitted

for the freezer-counter washer part of the process.
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SECTION 3. DYNAMIC STUDIES BY ANALOG COMPUTER

The analog computer simulation of the dynamics of the integrated
VFEA process has been mechanized, debugged, and subjected to critical
review by representatives of the Research Triangle Institute, Colt Indus-
tries, Electronic Associates, Inc., and the Office of Saline Water. This
review was accomplished during a working session at the EAI Computation
Center located at West Long Branch, New Jersey, on September 29 and 30,
1971.

The simulation appears to be a good one in that it now represents
the process dynamics in a way consistent with our understanding of the
behavior. The multichannel recorder tracings delineating the dynamic
response of the process were turned over to representatives of Colt
Industries at the termination of the working session. Analog computer
circuitry and wiring diagrams were forwarded to Colt under separate
cover a few days later.

It is anticipated that the analog simulation will be useful in in-
terpreting and evaluating the performance of the integrated, bench-scale
unit to be assembled and tested at Beloit. Subsequently, a revised
version of the analog simulation based on operating experience obtained
with the bench-scale unit should be of value in the design and evaluation

of control systems for full-scale operating plants.
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VFEA PROCESS

ANALOG COMPUTER PROGRAM

NOMENCLATURE

x @ kx Multiplication By A Constant

-x
x [> Inversion

+x ——‘\ = (%X+y+z) Summation
+y

+z -_——_—V///

+x R -/(x+y+z) dt
+y —_ Integration
+z
T/
y > Xy Multiplication of Variables

x > Logx Function Generation
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VFEA Process Control Study

Analog Computer Simulation Print Outs
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SECTION 4. STEADY STATE MODELS OF THE PROCESS COMPONENTS
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4.1 THE STEADY STATE ABSORBER

4.1.1 ASSUMPTIONS

In developing equations for absorber behavior, the following as-

sumptions have been made:

1. The gas pressure is constant throughout the absorber.

2. The liquid interfacial temperature is equal to the bulk
liquid temperature. This assumption will be defended in
a later section of the report and shown to involve only a
small error.

3. Sensible heat transfer to the vapor can be neglected for
several reasons; first, rates are slow because the film
coefficient is small; second, quantities of heat involved
are small because of the low vapor heat capacity; and third,
the absorption is liquid film controlled--only the gas
pressure (not its temperature) enters into the absorption
rate expressions.

4. The recirculation rate to the absorber spray nozzles is
sufficiently high that the absorbing liquid can be considered

as perfectly mixed.

4.1.2 ABSORBER EQUATIONS
With the above assumptions the absorber equations and calculation

procedure are the following:

CA = .44 E 4.1.1

_1-CA
XA = < E 4.1.2

E 4.1.1 states the operating concentration of the absorber to be 0.44
wt fraction NaOH; E 4.1.2 converts to a dilution. Find TA to maximize

the expression
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ABSORBER SCHEMATIC
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RABS = (MTC)[XEQ(TA,P) - XA] E 4.1.3

i.e., find the temperature to maximize the absorption rate per unit area,
where the mass transfer coefficient and equilibrium concentration are

found from E 6.1.9 and E 6.1.10, and the equilibrium dilution is

XEQUTA,P) = *—gpe™t E 4.1.4

TA should be around 70 to 80 to remain within the limits of the experi-
mental data.

The absorber area is then

fAWL
ABSA = TNTCTREQ(TA P) ~ EA] E 4.1.5
The estimated cost is
ABSC = ABCOA - ABSA E 4.1.6
The heat to be removed from the absorber is given by
QABS = WC - H(T4,CC) + wa; HVAP(T) - WA - H(TA,CA) E 4.1.7

4.1.3 DRIVING FORCES IN THE ABSORBER
Consider the local conditions within an absorber in which aqueous
NaOH is absorbing saturated water vapor. As vapor condenses, it liber-

ates as sensible heat at the vapor-liquid interface its latent heat of
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vaporization which must be removed from the interface by conduction or
convention mechanisms.

The necessity for the existence of a driving force for the removal
of this heat then causes the interfacial temperature to differ from the
bulk liquid temperature. The magnitude of this temperature difference
is important, since it directly influences the rate of absorption, as
explained in the following paragraph.

Assuming proper functioning of the deaerator, the vapor entering
the absorber is virtually air-free. If there are no non-condensibles
present, then there is no vapor phase resistance to mass transfer, and
one can assume that the interface is in partial equilibrium with the
vapor. By partial equilibrium is meant that the interfacial tempera-
ture may differ from the vapor temperature; but whatever the interfacial
temperature happens to be, the interfacial composition will be that
which is in equilibrium with the vapor at this interfacial temperature
and at the absorber pressure., Designating this interfacial composition,
expressed as a dilution, by X*(Ti,P), the driving force for absorber
mass transfer can be taken as X*(Ti,P) - X, where X refers to the bulk
liquid dilution. (X has dimensions of 1bm H20/1bm NaOH.) These remarks
are illustrated schematically in Figure 1, in which conditions in the
absorber are illustrated on an equilibrium diagram.

It should be clear that the interfacial temperature needs to be
elevated in order to calculate the mass transfer driving force. In the
following paragraphs it is shown that with only small errors the inter-
facial temperature can be taken equal to the bulk liquid temperature.

Begin with a heat balance at the interface:

Q(liquid to interface) + Q(latent, released at interface)

= Q(interface to vapor). E 4.,1.8

Inserting standard expressions for the Q's, and taking the latent heat

at 1000 Btu/lbm and the mass transfer rate to be
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N = k.nC , E 4.1.9

there results

- + = -
hl(Tl Ti) 1000 krAC hv(Ti Tv) . E 4.1.10
Expressing hV in terms of h1 by
h = c¢h, , E 4.1.11
v 1
then
h1
onklpCp[(Tl - Ti) - e(Ti - Tv)] = - 1000AC . E 4.1.12
From the usual j-factor analogies,
h 23
1 o4
= (@ E 4.1.13
pCpk1 D

where O and D are diffusivities for heat and mass, respectively. .In-
serting typical values and simultaneously converting concentrations to

weight percentages, there results

0.363A W = (T1 - Ti) - e(Ti - Tv) E 4.1.14
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where AW is the concentration driving force converted to weight percent.
The value of ¢, the ratio of the vapor to liquid h-values, can be

estimated as follows. For coexistent flow of two phases, liquid and

vapor, the shear stresses at the phase boundary must balance. This im-

plies that

1 20 .1 2
f(2 ov )1iq = f(zp v )vapor E 4.1.15

Since the friction factors are not widely different, equality of shear
stresses is provided, in the main, by velocity differences relative to
the interface velocity. Inserting typical density values into the above

equation, one gets, for the ratio of linear velocities

V. /v, = 550, E 4.1.16
vap liq

Since the friction factors in the two phases are about equal, so

also are the j-factors for heat transfer, defined as

. __h 2/3
iy = pCpr (Pr) E 4.1.17

Taking the ratio, vapor to liquid, and inserting typical physical prop-

erty data along with the velocity ratio estimated above, one finds that

=

€ = E! = .003 E 4.1.18

—

If this value of ¢ is inserted into E 4.1.14 above,
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0.363AW = (T1 - Ti) - .003(Ti - Tv) E 4.1.19

with AW = 5%
= [o)
T1 70°F
T = 30°F
v

the resulting Ti is approximately 68°F.

Under these conditions, which are roughly typical, the error that
results from taking the interfacial temperature equal to the bulk liquid
temperature is on the order of 3 percent. This is certainly sufficiently

accurate for our purposes and has been adopted in absorber theory.

4.1.4 ABSORBER NOTATION
ABSA = absorber area required
ABSC = absorber capital cost
ABCOA = absorber cost per unit area
CA = absorber concentration, wt fraction NaOH
CEQ = equilibrium concentration in absorber, wt fraction NaOH
waé = absorber vapor flow, 1b/hr ,
MTC = mass transfer coefficient, 1bm/hr-ft
P = absorber pressure
QABS = absorber heat load, Btu/hr
RABS = rate of absorption per unit area
TA = absorber temperature, °F
WA = caustic rate from absorber, 1b/hr
WC = caustic rate from concentrator, 1b/hr

XA = absorber dilutiom, 1b HZO/NaOH

XEQ = absorber equilibrium dilution
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4.2 THE STEADY STATE ABSORBER LOOP HEAT EXCHANGERS

In this section we shall outline some general results applicable to
both the absorber heat exchangers and the main heat exchanger. Subse-
quently we then adapt the general results to the specific application,
the absorber exchangers in this section and the main exchangers in

Section 4.6.

4.2.1 BALANCED HEAT EXCHANGERS, GENERAL RESULTS

The differential equations representing the behavior of a balanced,
two-fluid heat exchanger with (n/2) parallel channels each for both the
hot and the cold fluid are

dTl/dg -1 1 T1
dT2/d§ -1 2 -1 T2
dT3/d§ 1 -2 1 T,

= E 4.2.1

dTn_l/dg 1 =2 1 Tn-l
dT _/d¢ -1 1 T
n n
where
UAx
= E 4.2.
3 m Cp 4.2.2

with A = the area per unit length (or width) of a single sheet

the mass rate of one fluid in a single channel.

=}
[

This system is difficult to solve for arbitrary values of n; hence,

we give solutions for n = 2, n = 4, and n = » and conclude that in most
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situations of practical interest, the result for n = » is a sufficiently

accurate approximation to the actual performance.

A, Two Fluid--Single Chamnel. For n = 2 the equations are

dT
_1 -

: 1 1 T1

= E 4.2.3

dT
2 -
dat 1 1 T2

Approach _ 1 E 4.2.4

Spread 1 + NTU

where the spread is the difference in entering temperatures, i.e., the

inlet hot fluid temperature minus the inlet cold fluid temperature, and

NTU = +o= E 4.2.5
m Cp

with (AL) being the area of a single sheet.

B. Two Fluid--Double Channel. For n = 4 the equations are

dT
_1 -
t 1 1 T1
dT

2
at -1 2 -1 T2
dT3 = E 4.2.6
:E; 1 -2 1 T3
dT
_4
it 1 1 T4
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with the solution as follows:

T, 1
0
T, i 1
T, 1
0
T, 1
0
-1
+ (-1 + ;osh n)
-1
0
-1
) -1
-n + sinh q
+ AR
2 1
1
where n =2 3
- _MByp A8y,
Cl-out B11B22 . B12B21
AB . -AB
Tepoout = —2- L1 ~ 1721

11822 = B1aByy

-175~
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h-in
TCl-out
h-in

TCZ-out

E 4.2.8

E 4.2.9
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for

Al =T * (2NTU+H +2H) T E 4.2.11
Ay + T, + (NTU - H) T, . E 4.2.12
B, By (1+2 NTU + 20, +3H)  -(H +H,)
= E 4.2.13
B,y By, -(H) + H,) (1 + NTU + H,)
where B, = (T2 °°;hﬁ ) E 4.2.14
_ ,-n + sinh \/2 NTU
Hy = ( 3/2 ) E 4.2,15

2

Utilizing these results, it can be shown after some rather tedious
algebra that the performance of the two-pass heat exchanger can be rep-

resented by

Approach - 1 2 + 3 NIU + 4H1 + 6

L 2
Spread 2

T ) E 4.2.16
B11B22 7 BioByy

where the individual terms are as defined above.

C. Two Fluid--Infinite Number of Channels. For n = « the equations

are
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T
1 -
: 2 2 T,
= E 4.2.17
dT
-2
it 22 T,

As in the single-channel case, these equations are easily integrated,
the temperature profiles are linear, and the results can be simplified

to

Approach _ 1
Spread 1+ 2 NTU "~ E 4.2.18

At this point we can conclude that it is entirely proper to repre-
sent the end effect as a correction to the overall heat transfer coeffi-
cient, as is the usual Colt practice. This type of correction shows up
in our results as a correction to the number of transfer units which is
equivalent to a correction in the heat transfer coefficient.

Relative to the datum of an infinite number of passes, the correc-
tion to be applied for the single-pass case should be 50 percent; that
for the double-pass case and probably all remaining cases is somewhat

more complicated.

D. Three fluid--Large Number of Passes.
In the Colt three-fluid configuration, the process stream arrange-

ment is a repetition of the module

P, S, B, S, B, S

where P, S, and B represent product, sea water, and brine streams,
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respectively. The behavior of the six streams that comprise the module
can be simplified to equations describing only four streams as follows:
Of the three S streams, only two types need be distinguished--an S that

sees P and B, say S and an S that sees two B's, say S Furthermore,

1’
the B's are .all identical--each sees an S1 and an 82'

With this simplification, the modular arrangement then becomes

2

involving the four independent variables P, B, S., and &

1 2°
The differential equations describing the system are

dp

e -2 +2 P

dS1

- - - S

dt 1 +2 1 1
= E 4.2.19

dB

de 1 -2 1 B

ds

-2

dt 2 +2 82

The solution to this system with appropriate boundary conditions is

the following:

Let

-1 + cosh«/g £
3

- (-'\/?5_+ sinhﬁﬁ
Js 3

Ho = (

) E 4.2.20

) E 4.2.21
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Then

P 1 2 2
5, 1 0 12 -1
= +§
B 1 1 -2
0
B, 1 -2
2 0 -2 0 % 2 4
o 1 o -1 121
+H 1 0 1 o | ™My o2 4 -
0 -2 0 2 2 -4 -2
where
o _ MBap ~ ARy
1-out ~ B B, = BB,
S et s b3
2-out ~ B B, - BB,
with

>
I

+ -
1 sin (%11+ Bin) NTU + HZ(Pin Bin)

A = Sin + (2 Bin) NTU + 2H2(Bin - Pin)
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in

Sl-out

B,
in

S2-out

E 4.2.22

E 4.2.23

E 4.2.24

E 4.2.25

E 4.2.26



and

B B (L+2NTU + H

i1 12 1t 2y -(H) + 2H))

= E 4.2.27

By By -2(H; + 2H,)) (1+ 2 NTU + 2H + 48,)

As in the case of the two-fluid, double-channel exchanger, the
entire solution is moderately unwieldy. However, if one defines the
"Approach" and the "Spread" intuitively in terms of the average inlet

and outlet temperatures, i.e.,

2S + S - (P, +28B.)
Approach = l-out Z ou; L Ao E 4.2.28
3 S'n - (P, +2 B'n)
Spread = —= ;“ L E 4.2.29

then a bit of fairly tedious algebra produces the gratifying result

Approach - 1
Spread 1 + 2 NTU

E 4.2.30

This result leads to the conclusion that a 3-fluid heat exchanger
behaves identically to a 2-fluid exchanger in terms of the total approach
and spread provided that inlet and outlet streams are arithmetically av-
eraged. The conclusion, furthermore, is that Colt's method for sizing
and costing a 3-fluid heat exchanger is not approximate in a theoretical
sense but is rigorously accurate,.

Thus, this type of simplification has been used in simulation and

optimization studies.
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NOTE: 1In the preceeding material NTU has been based on the area of a
single sheet and the mass flow in a single channel. In terms of the

total area and the total mass flow of a single stream,

NTU = 1—; E 4.2.31

where AT is now the total area in the exchanger and M is the total mass
rate of a single stream.

This formulation is consistent with the results of section 4.2.1 A
and 4.2.1 C, as is evident from the following: The formulations are ex-
actly equivalent for the single channel case, and for the infinite channel

case, AT =2nA, M = 2né. Thus,

NTU(overall) = 2 X NTU(single channel) . E 4.2.32

Thus, if one considers NTU to be everywhere calculated from total

area and total mass flow, then NTU is uniformly given by

U AT
NTU = ﬁ_E; E 4.2.33
and (APP/SPR) is uniformly given by
APP 1

SPR - 1 % NTU ° E 4.2.34

4,2.2 UNBALANCED HEAT EXCHANGERS, GENERAL RESULTS
The system of differential equations for steady operation of an un-

balanced heat exchanger is
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H = - NTU(H - C)
a@
L
d
C = m NTU(H ~ C)
a@
L
with boundary conditions
H(0) = HIN
c(L) = CIN

where NTU the number of transfer units based on the hot fluid

m = the ratio of WCp for the cold fluid to that for the

The solution to this system is the following:

£(NTU,m) = exp [(1 - m)NTU] -1
and
H._-C
APP(HOT) _ 1 _ _IN OUT
SPR 1+ —£ Hiy = Cin
1 -m

H -C
APP(COLD) _ V., , _f  mf | _ _OUT _IN
APP(HOT) l1~-m 1 -m HIN - COUT
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E 4.2.35

E 4.2.36

E 4.2.37

E 4.2.38

flow rate

hot fluid.

E 4.2.39

E 4.2.40

E 4.2.41



This result can also be expressed in matrix-vector form as follows:

1+ 61 -m

IN

IN

E 4.2.41a

It is convenient and instructive to develop a linearized perturbation

form for this solution.

This is done by expanding the above matrix-vector

equation about a balanced state in terms of perturbation values for the

number of transfer units in the hot stream and the cold stream.

After the required algebra, the result, in terms of perturbation

values, is

where N

af, Ag

™
H
OuT
) ] 1
Cbﬂ 1+N
ouT

the number of transfer units for a balanced exchanger

the product of the approach for a balanced exchanger by

E 4.2.42

the perturbation in the number of transfer units for the

hot and cold fluids, respectively.

4.2,3 DESIGN EQUATIONS FOR THE ABSORBER HEAT EXCHANGERS

Figure F 4.2.1 shows the flow schematic and designates the stream

notation for the
changes to adapt
high temperature

equations become

heat exchanger design calculations.

the general results of the preceeding sections to the

With notational

and low temperature absorber exchangers, the working

the following:
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Heat Exchangers

WA

WC1

WCII

MH

AOSH

FH

NTUH

AOAH

T3

AOSL

Wl = WC(1 + XA)
W2 = WC(1 + XCI)
W3 = W4 = WC(1 + XCII)
WA
Wh
W2
WCIT
TCII - T2
TCII - TCI
1 _ 1
(zosq - MBI~ 1 + gy
In[1 + FH]/(- 1 + &
MH
1 - FH — FH .
(- 1+ ﬁﬁ MH(~- 1 + ﬁﬁ

AOCAH(TCII - T2) + TICI

I3 - T1
3 - TA
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4.2.43

4.2.44

4.2.45

4.2.46

4,2.47

4.2.48

4.2.49

4,2.50

4,2.51

4.2.52

4.2.53



FL

NTUL

AOAL

T4

(gosT - 11ML(-

L
L+3D

1n[1 + FL]/(- 1 + &)

FL

FL

1..
L 1
(- 1+ gf)

+ 1
ML(- 1 + ﬁf)

(T3 - T1)AOAL + TA

E 4.2.54

E 4.2.55

E 4.2.56

E 4.2.57

Since the areas are doubly effective, replace NTUH and NTUL by (NTUH/2)

and (NTUL/2), respectively.

Heat Exchanger Design

= .
]

W

Pick integral values for {gﬁ] such that

Calculate

2000 < M/ PH,
PL

< 10,000 .

M
UH(PH

yoMH

i

)

M
ULGr

UOML =
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where the heat transfer coefficients, corrected for viscosity are

97.0 + .053 X

VH(X) = T R[97.0 + .053 X] E4.2.62
_ 58.6 + .0322 X
VL) = T R(58.6 + 0322 X] E 4.2.63
.0001
R = .0003
. 0005
for the high and low temperature exchangers, respectively.
_ NTUH _1
SH =30 UoMH E 4.2.64
_NTUL _1
SL = ~30 UOML E 4.2.65
. SH _ ,SH
Select smallest integer > L = {SL .
. PH, _BH
Select smallest integer > {PL} = BL
15
Heat exchanger cost
1) = crerCH BH + 1y + cosChy 2 BH . BH, E 4.2.66
L ST/ *BL SL PL BL i
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Total Cost = Cost H + Cost L

Total pressure drop; high, is
-8 M.2 —
TPDH = (6 X 10 )(fﬁ) SH

(constrained to be < 35)

- -8y My 5H
TPDL = (6 X 10 ") (3) SH

(constrained to be < 35)

BHP per pump is

M (TPDH, __ 144
> 'TeoL’ 60(33,000)

for p = 94.0

Total Cost = Absorber

+ Heat Exchangers

+ Regenerators

+ Pumps

Search over Tl and T2 to minimize.

E 4.2.67

E 4.2.68

E 4.2.69

E 4.2.70

E 4.2.71

The rationale for the heat exchanger optimization is as follows:

For assumed values of the inlet and outlet temperatures and flow rates,

one can then calculate the number of transfer units required.

The total

flow to the exchanger must be divided into an integral number of parallel
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paths so that the flow through each path does not exceed, say, 10,000 lbm/hr.
Having chosen an integral number of parallel paths, then one must select

an integral number of series paths so as to provide sufficient area for

the required number of transfer units.

Having determined tentative values for the required numbers of paral-
lel and series paths, a constraint is introduced that for every fifteen
parallel paths (or remaining fraction thereof), one must install an end
or bracer plate for structural stability., From this constraint, the
number of end plates and interior sheets can be determined and the capi-
tal cost based on the unit cost per plate or sheet.

In the optimization the cost factors used must be the amortized
cost factors that reflect the relative contributions of the various
process components to the total operating cost. One must thus include
factors for debt service, operating costs, and power costs as well as

the capital equipment costs.

4.2.4 HEAT EXCHANGER NOTATION
AOA = approach cold end/approach hot end
AOS = approach over spread, hot end of exchanger
B = number of heat exchanger sections
CPEP = cost per end plate
CPS = cost per sheet
F = function of NTU
-H = the high temperature exchanger
-L = the low temperature exchanger
NTU = number of transfer units, (UA)/MCp(HOT)
P = number of parallel passes required in heat exchanger
R = resistance factor in heat transfer coefficient
o = Mass density
S = number of series passes
S = rounded to integral
TPD = total pressure drop
U = overall heat transfer coefficient
UOM = U over mass rate

W = mass rate at designated point
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NOTE: A change during report preparation has been to deduct the costs
of the heat exchanger end plates. Colt has advised that there is in-

cluded in the plate cost an allowance for end plates.
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4.3 THE STEADY STATE CONCENTRATORS OR REGENERATORS

In the digital design optimization a two-stage concentrator is de-

signed as is indicated in the flow schematic F 4,2.1.

4.3.1 DESIGN EQUATIONS

The design equations are

Preliminary calculations:

CA

CCII

XCII

WC =

REJ

SEJ

VAP

the following:

CA

1 - CA

1 - CCIT

CCII

£.W!

= 0,45

'
wap

-191-

__Ap
(XA - XCII)

- 1
REJ(1 fA)Wp

- SEJ

4.3.1

4.3.2

4.3.3

4.3.4

4.3.5

4.3.6

4.3.7

4.3.8



The following set of equations is to be solved for ALP. Set PPRI

Enthalpy balance, low temperature regenerator:

WC(1 + XA)h(T1,XA) + (1 - ALP)(VAP)DHVAP(PPRI)

= (1 + XCI)h(TC1,XCI)WC + ALP(VAP)HVAP(TC1)

Mass Balance

XCT = XA - ALPWg\éAP)

Tl is a search variable, to be varied later for optimization.

Thermodynamic Functions for Above Equations from Section 6.

Enthalpy of Caustic Solutions

570

h(T,X) = -222.3 + .833 T + ———

1 +X

Enthalpy of Water Vapor

HVAP(T) = 1060.06 + .452 T

Enthalpy of Vaporization

DHVAP(P) = 1054.5 - .2091 P

-192-

= 300.

E 4.3.9

E 4.3.10

E 6.1.9

E 6.1.7

E 6.1.8



Also, Equilibrium Relationship

TCl = -10838 - 460

8.96
[1n PC - 25.3848 + T+ XCI]

Possible Procedure

1. Pick a condenser pressure

2. Assume ALP

0<ALP <1

3. Compute XCI, mass balance

.4. Compute TCI, equilibrium relationship

5. Compute h(TCI,XCI)
HVAP(TCI)
DHVAP(PPRI)

6. Solve enthalpy balance for ALP, and adjust ALP for convergence.

Heat loads, temperatures, etc.
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STRT = (1 - ALP)(VAP)
QRI = (STRI)DHVAP(PPRI)
TCII = -10838 g5 - 460
In PPRI - 25.3848 + 1+ XCiT

Choose T2, later to be varied for optimization.

E 4.3.11

E 4.3.12

E 4.3.13

QR2 = WC(1 + XCII)h(TCII,XCII) + [(1 - ALP) (VAP) + SEJJhVAP(TCII)

- (1 + XCI)h(T2,XCI)WC

- QR2 ) _
ATl = 356(T8T - Te1) & 15T = 250
AT = QRI

T 356(TCII - TCI)

Capital Cost of Regenerator = RCPA(AI + AII)

- r2

Primary Steam to Process = 945

4.3.,2 CONCENTRATOR NOTATION
Al = area of regenerator I

ATI

area of regenerator II
ALP = fraction of VAP produced in regenerator I
CA

absorber concentration, wt fraction NaOH
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CCII

DH VAP(P)
h(T,X)
hVAP(T)
PC

PPRI

QRI

QR2

RCPA

SEJ
‘STRI
T1
T2
T3
T4
TCIL
TCII
TST
VAP

we

XCI
{CII

ditto for concentrator IT

enthalpy of vaporization

enthalpy of NaOH solutions

enthalpy of vapor

condenser pressure, mm Hg

primary pressure, i.e., that to ejector, mm Hg
heat load, concentrator I, Btu/hr

heat load, concentrator II, Btu/hr
regenerator cost per area

primary to secondary ratio for ejector
primary stream flow to ejector

steam to concentrator I, lb/hr

feed temperature to concentrator I
feed temperature to concentrator II
temperature between heat exchangers
feed temperature to absorber
temperature in concentrator I
temperature in concentrator II
temperature of steam to regenerator II
vapor produced in concentrators that does not go to the
ejectors

mass rate dry caustic, lbm/hr
dilution, 1b H20/1b NaOH in absorber
dilution in concentrator I

dilution in concentrator II
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4.4 THE STEADY STATE EJECTOR

The equations to be used for ejector design in the digital optimi-

zation program are taken from the Loth model and are the following.

4.4,1 STEADY STATE EQUATIONS
Assume that rates (lbm/sec), temperatures (OF), and pressures are
given for the primary and secondary streams into the ejector. The cal-

culation then proceeds in the following sequence:

Primary nozzle area required, calculated via isentropic expansion from

regenerator conditions to sonic velocity in the nozzle throat.

m_ ~Tp + 460
L ____

A(sa £8) = = G6234 7 E 4.4.1

Density of secondary, computed from the ideal gas law at secondary condi-

tions.

P

= - s
Py = 0.03245 Ts ¥ 460 E 4.4.2

Pressure at nozzle exhaust, computed assuming a pressure decrease cor-

responding to a secondary acceleration to 250 ft/sec.
P =P - 348.47 p E 4.4.3
o s s
Entropy of primary stream, Btu/lbm.

hp = 1052.14 + 0.452(Tp + 460) E 4.4.4
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- -1 - - -
Sp = 2-212[1n(hp 1052.14) 0.2429 Pp 0.2035] E 4.4.5
Enthalpy of primary after expansion, assuming isentropic expansion.
1n(hé - 1052.14) = 2.212 Sp + 0.2429 1n Po + 0.2035 E 4.4.6

Enthalpy change and nozzle exhaust velocity, assuming complete conversion

of enthalpy to kinetic energy.

Ah = h; - h E 4.4.7

/2

<
]

217 (a0t E 4.4.8

Enthalpy of secondary stream.

hS = 1052.14 + .452(TS + 460) E 4.4.9

Choose exhaust pressure, Pe’ and velocity, Ve, and solve the following

simultaneously for Pl’ Vl’ and A

1

a) Momentum

= - E 4.4.10
mpr + mSVS 1.04(mp + ms)V1 + 89.68 Al(Pl Po) 4.4
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b) Energy
m m P1 A1 v
778(m o hS + ——— hp) = 12.067 e
s P s P s
c) Diffuser recovery
\Y P - P1
.846(1 - =%) = 179.35 S—=
V1 V2
Ps "1

1
p

+ .01553 vi E 4.4.11

E 4.4.12

It is assumed that the ejector cost can be expressed in terms of

the primary area, Ap, and the throat area, Al'

4.4.2 THE EJECTOR AREA

Mixing Section

The ejector surface area is calculated from the following geometric

relationships.

IM =7.8D E 4.4.13
Large R = Small R + LM TAN 2.5° E 4.4.14
D
Small R = E E 4.4.15
) 2
A. Area = g(Large R + Small RY\/(LM) + (Large R - Small R) E 4.4.16
Diffuser Section

LD = 4D E 4.4.17
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Large R = Small R + LD TAN 5°

Small R =

N

B. Area = y(Large R + Small RY\J&LD)Z + (Large R - Small R)2

Throat

C. Area = 2,1D2

Total Ejector Area = A + B + C

The ejector cost is based on this total area.

4.4.3 EJECTOR NOTATION

!

Ap

= throat area required, ft2

= primary nozzle area, ft2

= enthalpy of primary stream, Btu/lbm

= enthalpy of primary stream after expansion, Btu/lbm
= enthalpy of secondary stream, Btu/lbm

= mass rate of the primary stream, 1lb/hr

= pressure in throat of ejector, mm Hg

= ejector exhaust pressure, mm Hg

= pressure at nozzle exhaust, mm Hg

= pressure of secondary stream, mm Hg

= density of secondary stream, lbm/ft3

= entropy of primary stream Btu/lbm, °r

. o
= temperature of primary stream, F
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TS = temperature of secondary stream, °F
V1 = velocity in throat of ejector, ft/sec
V, = ejector exhaust velocity, ft/sec

Vp = nozzle exhaust velocity, ft/sec

NOTE: A late modification to the ejector design equations, introduced
after preparation of the report at Colt's suggestion, was to design for

a

Static Pressure at Exit
Total Pressure at Throat

Diffuser Efficiency = = 96%

Pthroat - Po

Mixer Efficiency = IS 95%
throat o
inviscid
v 2
Nozzle Efficiency = (V__QEEEQL__) = 90%
isentropic

The net effect of these changes is to replace the 1.04 by 1.00 in
E 4.4.10 and to replace E 4.4.12 by

- 1 2
P, = .90[.05 P + .95 P +5pV]].
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4,5 THE STEADY STATE FREEZER

4.5.1 STEADY STATE HEAT AND MATERIAL BALANCES

When the process is operating at steady state, heat and material
balances must be satisfied, and certain dependent variables can be cal-
culated provided that other independent quantities are known or assumed.
From the design-optimization point of view, a convenient set of quanti-

ties for which values can be assigned is

= product rate, gal/day, or Wp, 1bs/hr

XZ = product salinity, TDS
XB = reject brine salinity, TDS
Xg = sea water feed salinity, TDS
€ = weight fraction ice in slurry
fc = net fraction wash water loss (Colt definition)
Tg = sea water inlet temperature, °F

P = freezer pressure, mm Hg

From Colt's process calculations it is noted that the wash water is

defined on the basis of the total product formed in the freezer. That is,

w1'3+w = —B2— E 4.5.1

]

where Wé product vapor from freezer, lbs/hr

W. = ice from freezer, lbs/hr

The effect of the net wash loss on the salt concentration of the
freezer brine can be found by appropriate balances around freezer and
washer., 1If the recycle brine has the same salt concentration as the re-

ject brine, X then salt and ice balances around the freezer together

B)
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with the definition of the net wash loss, the freezer brine concentration

can be expressed as

X + R X))
_ 1 € S B
X, = p =D —_ E 4.5.2
(—— - B
1 - f R
C X

where Rx = WP/WS = ratio of product to feed
R' = W!'/W® = ratio of vapor to feed
p p s
X - Xg
R -

s
= (/%)
X XB Xp

A further result of these calculations is an expression for the

vapor/feed ratio, Ré, which is

Rt = —1 h

— [__.__._X - e(1 + R)] E 4.5.3
P 1-el-f

An enthalpy balance around the freezer at steady state can be made
to include the effect of wash loss on the freezer brine concentration.
This enthalpy balance can be solved for the recycle ratio, R, if the en-

thalpies are known as functions of temperature and composition. The re-

sult is
R A toe
—_x - -
[(1 - fc) €](‘%“f“€) (Ao + €)
R = E 4.5.4
[ag + e+ (I—§—Z)Cﬁg +e)]
where Ag = (hg - hz)/(hz - hs)
= o _ -
A (hg hz)/(hz hs)
= R _ -
Ap < (hz hg)/(hg hs)
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and hg = enthalpy of water vapor at freezer temperature, Ts’ Btu/1b
hz = enthalpy of brine leaving freezer at temperature, Tg, and

Btu/1b

Btu/1b

salt concentration, Xg,

h, = enthalpy of ice at T,

h% = enthalpy of recycle brine at concentration XB and the appro-
priate temperature from the washer, Btu/lb
hz = enthalpy of feed sea water at entrance temperature and salt

concentration, Btu/lb

The brine enthalpies have been expressed in terms of empirical equa-
tions which were fitted to the h-T-X-charts in the OSW Saline Water Con-
version Data Book (Chart 12.30).

The empirical formulas for enthalpies are as follows:

Vapor enthalpy:

hy = 1052 + 0.452(T + 460), Btu/1b . E 4.5.5

Brine enthalpy:

For 32 < T < 90 °F and 0 < X < 0.08, wt fract TDS

hz =200 + (T - 32) + (76.5 - 1.10 T)X, Btu/lb E 4.5.6

For 32 - 1046 X < T < 32 and 0 < X < 0.08

hz =200 - 1.395(32 - T) + 52.0 X, Btu/1lb E 4.5.7
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For brine at temperatures below the equilibrium freezing point at

the given salt concentration, 0 < X < 0.08,

_ 13,500
h = h_+ (250 + 35 1)X, Btu/lb E 4.5.8
where hS = ice enthalpy
= h, exp[-b(32 - T)] E 4.5.9
and hj = 59.4
b =o0.01121f 0<T=<30

hg = 200
b=o0.619 | 0=Ts3

The equations for R, R', and X, satisfy both heat and mass balance
requirements for the freezer. Observations of freezer operation have
shown that the exit brine is normally at the equilibrium temperature of
the triple point at the exit brine composition, which is given quite

closely as
*
Tg = 32 - 104 Xs . E 4.4.10

On OSW Chart 12.30, the brine enthalpy along the equilibrium curve is

given in terms of X alone as

hl = 200 - 62.5 X, Btu/lb. E 4.5.11
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Therefore, equation E 4.5,11 will be used to compute exit brine enthalpies
in the usual steady operating cases.
The vapor pressure of brine at its freezing point is given by the em-

pirical formula

*
P =4.58 - 18.45 X, mm Hg. E 4.5.12

Since the pressure, P, maintained in the vapor space in the freezer must
*
be less than P for vaporization to occur, the pressure driving force can

be taken as

AP = P* - P mm Hg. E 4.5.13

The temperature of water vapor in equilibrium with ice at pressure P

can be approximated closely by

- 4839 -
\ 10.4969 - loglOP

460, °F E 4.5.14

T

P given in mm Hg. The temperature driving force can then be taken as

AT=T§-T F E 4.5.15

where T; is the triple point temperature at the freezer exit brine salt
composition.

The computations required to obtain R, R}, and X; must be done by
an iterative procedure, since they are non-linear because of the empiri-

cal enthalpy formulas. The procedure may be outlined as follows:
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S’
known or available).

1) Assign values for TO Xg, Xps P, €, f,, and Ry (all presumed

2) Calculate the vapor temperature, Ty, from E 4.5.14.

3) For the first trial value of X, select Xs,j = Xp.

4) Calculate all enthalpies and values of R and Ré from equations
E 4.5.3 and E 4.5.4.

5) Calculate the improved value Xs,j from equation E 4.5.2.

6) Using the improved value of Xs’ begin again with step (4) and

repeat until agreement of successive values of X  is obtained.

The corresponding values of R and R! are then available as the final
values at steady state, as well as the values of AP and AT.
This method converges very rapidly, and usually requires only two

iterations to reach agreement in X values of less than 0.0001.

4.5.2 STEADY STATE CRYSTAL POPULATION EQUATIONS

The steady values of the variables representing the crystal popula-
tion have been derived by setting time derivatives of the dynamic popu-
lation balances (Section 5.5) to zero and solving for the moments of the
size distribution. These moments are needed to estimate the mean crystal
size and the weight fraction ice in the freezer slurry. These are given
in terms of the mean freezer holding time 1 = M/WS, the freezer pressure

driving force AP, and three empirical parameters a, B and y,, which are,

o’
respectively, the particle collision frequency, the nucleation rate, and
the initial nucleus size.

The moment equations at steady state are

eyl TE 2
Hp =5 t 35 VB 7 " 7o E 4.5.16
Ho = uy/T9 Byy, E 4.5.17
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If Y, 1is small, then

In these equations My

.

H2
H3
N

3
Hy = T/p.2® Boyg T 3aNup, E 4.5.18

2(u2¢ Byt - 1)

N = E 4.5.19
T
LA —i— E 6
By 2¢B°T 4.5.16a
oy = p1/1¢ B,7, , as before E 4.5.17a
K3 = 6ui/¢¢ Bo7§ E 4.5.18a

= first moment = mean crystal diameter, mm
= second moment of size distribution, mm2
= third moment of size distribution, mm3

= number of crystals in the population

o = 2.78 AP/pSL

The third moment

= slurry pool depth, ft
= slurry density, lbm/ft3

is related to the mass fraction ice in the slurry,

= ]
Me = k'p Ny, E 4.5.20
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5
o
[a]
o
=
it

mass of slurry in freezer, 1lbm

weight fraction ice

m
]

p; = ice density, 1bm/ £t3

=
I

/6, if spherical particles

The total ice production rate can be expressed as

W

_s R
o Me = T Ko Ny, . E 4.5.21

Combining equations E 4.5.21, 16 a, and 18 a with E.4.5.18 gives the fol-

lowing expression for the ice production rate

1
3k PI

WI = ‘———3—3——5 , 1lbs/hr. E 4,5.22
a(oBo) Yo T

This expression in turn can be combined with equation E 4,5.1 to

give the product rate, Wp, as a function of the nucleation rate

1/4
33
a(eBg)" 77 R o V
= 0 = ( TR
P 3k'pp (1 - £)°1+R - Ry

) , lbs/hr. E 4.5.23

where V = freezer pool volume, ft3.

Estimation of ¢

In order for vaporization to occur, the pressure at any slurry depth
must be less than the equilibrium vapor pressure. The depth at which

vaporization ceases must therefore be given by
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*
P + psz =P

where P = pressure in vapor space
p*

]

equilibrium vapor pressure

If P and P* are in mm Hg, and £ and pg are in English units, £ is
given by

o9

1 14.7 X 44 % o _2.78
o, X ———736—-—(P P) = =— AP, feet .

Ps

£ ===x

&L
If the mean depth of the slurry is L, the £/L is the fractiom of

the slurry within which vaporization and nucleation will occur; and there-
fore

C.AP
2.78 AP
o = AF - L - E 4.5.24
pS pS
<1

Substituting for ¢ in E 4.5.23 gives

W = —-——aBgyj(C—lfl £yl i p/4 E 4.5.25
P | 3kTo; Lo a-£) (1+R-RI',) A -2-2

which predicts that the product rate should vary as AP3/4. Colt's data

shows the product rate as a linear function of AP, but the range is rela-
tively small and a significant difference in goodness of fit between a

linear function of AP and AP3/4 would probably be very difficult to prove.
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At any rate, E 4,5.22 is not inconsistent with the facts as found by
Colt's freezer data.

An equation of the type
3/4
= E 4.5.26
Wp CIAP

has been fitted to Colt's operating data of Wp vs. AP with the result
3/4

that CI was found to have the value 115 X 103 1b/hr (mm Hg) From
typical operating conditions and the further assumption that T = 8.1 microns1
and that the mean crystal size was 0.2 mm, the values for Bo and a could

be estimated. They are as follows:

3.0741 x 104 s no./(mm)zhr

=]
]

3.5673 x 10°° , hrs !

o
1]

These values have been used to estimate freezer performance for steady

state operation.

Computational Procedure

Steady state material balances require a value for ¢ which is speci-
fied. Solution of the moment equations give ¢ in terms of N and u3;-and
therefore, the population equations need to be solved subject to the agree-
ment of the calculated ¢ with the specified value. There are four moment
equations plus the relation E 4.5.20 from which to obtain five unknowms,
His Hos Hgys N, and 1. This solution can be effected by an iterative pro-

cedure, This is best done as follows:

1 Final Report, OSW Contract No. 14-01-0001-960, June 1968.

-210-



1) Express E 4.5.16a in terms of the specific product rate using

the definitions for 1 and ¢, giving

W 2C.B_RAP
By ___—lox 2
(¥ % " +R- R;)L (ul)j E 4.5.27

where (Wp/V% = specific product rate, 1b product/ftShr
L

slurry pool depth, ft

j trial index, j =1, 2, . . .

2) Calculate (Wp/V)_for a trial value of (ul).
J
3) Calculate

PsRy

Tj = wp
L+ R - RY

4) Calculate (u,), (uy) , N.,
2 i 3J ]

\')
M. = (7)) W p
W/,

] P P’s

and

G. = k'p_N, M, .
i 1 J(”3)j/ j

5) Compare ej with the specified value of ¢; make an appropriate

adjustment to (ul); and repeat until some agreement criterion

-211-~



is satisfied. The final values are then used to compute the
costs associated with the size of the freezer vessel Vj and
the size and power requirements for the counter washer as af-

fected by the mean crystal size, By

=212~



4.6 THE MAIN HEAT EXCHANGER

The formulation of the design equations for the steady state opera-
tion of the main heat exchanger follows the result of Section 4.2, par-
ticularly E 4.2.30

s s — E 4.2.30

With inlet and outlet temperatures assumed, one calculates the NIU re-
quired to produce this heat exchange and then proceeds according to the

following design algorithm.

4,6.1 DESIGN EQUATIONS

Assuming as known the mass rate per stream, M, and the NTU required

(calculated from E 4.2.30 above), choose integral values for P such that

2000 < 3 < 10,000 E 4.6.1
Calculate
M
v
M
P
where
100 + .055 X

UX) =

1 + .0003(100 + .055 X) ° E 4.6.2
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Calculate

g = NIU 1
'40[UMP]'
M/P

Select smallest integer > § = s.

Select smallest integer > f% = B.

Heat exchanger cost is
$1000(S) (B + 1) + 84(S)(2P - B) .
Total pressure drop is

TPD = (6 X 10~8)y(M/P)%5

(Constrained to be < 35) .

BHP per pump is

M 144
- (TP) 55733, 000

at 100% efficiency .

The final value for P is taken at that which minimizes the cost of

the heat exchanger and pumps.
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4,6.2 HEAT EXCHANGER NOTATION
BHP = brake HP per pump
M/P = flow per path
P = parallel paths
S = series paths
E(B + 1) = end-plates required
§(2P - B) = plates required
TPD = total pressure drop

U(M/P) = heat transfer coefficient

NOTE: A change during report preparation has been to deduct the costs
of the heat exchanger end plates. Colt has advised that there is in-

cluded in the plate cost an allowance for end plates.
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4,7 THE STEADY STATE MELTER

Colt's procedure has been followed in formulating the equations for
estimating the size of the melter. The cross-sectional area of the ice
pack required to melt (condense) a given hourly mass rate of ice (vapor)
is found by dividing the required heat load by the product of an empiri-
cal heat transfer coefficient and the temperature driving force based on
the melter water outlet conditions. The heat transfer coefficient was

found by Colt to depend on the partial pressure of inerts in the melter

vapor.

Let

Py = total pressure on the melter, mm Hg
Py = partial pressure of inert gases, mm Hg
APL = pressure losses throughout the melter.

The temperature driving force, AT, is then taken as

where T, is found as the equilibrium temperature at the pressure P,

where

B, = Py - (PA + APL)

The heat load on the melter is found as the product of the vapor
rate and the difference between the inlet vapor enthalpy and the exit
water enthalpy at T,,. The inlet vapor enthalpy is as that of the ejector
exhaust steam. If this total heat load is QI, then the melter cross-

sectional area is found to be
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AM = h AT E 4.7.1

: 2
melter cross-sectional area, ft

where AM

M = effective melter heat transfer coefficient, Btu/hr ft2 oF

=2
[

The value for hy at a partial pressure of inerts of 0.08 mm Hg

is 30,000 Btu/hr ft2 OF,
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4.8 THE STEADY STATE COUNTER WASHER

Equations describing the behavior of the counter washer have been
adapted from our previous work, '"The Secondary Refrigerant Freezing Pro-
cess: A Mathematical Study," Final Report to the United States Depart-
ment of the Interior on Contract No. 14-01-0001-960, June 14, 1968.
Slight modifications were necessary, since the equations as previously
derived were for drained filter screens, and flooded screens constitute

the configuration of present interest.

4.8.1 GENERAL RELATIONSHIPS
Consider as input variables to the washer the slurry rate, composi-
tion, and particle size. These variables are then converted to washer

variables utilizing the following equations:

Slurry feed velocity

vy = oA E 4.8.1

Free drain velocity (ft/hr for D, in mm)

v, = 385D E 4.8.2
o e

(for ¢, = 0.5)

B

Internal dimensionless velocities

E 4.8.3
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vV, = \ E 4.8.4
i 1 - ¢ s
B
v =l y E 4.8.5
b € s
B
1 -¢
b s B s b
= + - .8,
Vb Vb ( & )(V1 Vi) E 4.8.6

4.8.2 DESIGN EQUATIONS

The maximum velocity that the ice can have is of necessity equal to
the free drain velocity of the bed. At this point, the interstices will
be filled with fluid, and washing will no longer be effective. Thus,

one should normally operate at

E 4.8.7

<
[
<| <

o I~
IA
—

For preliminary design, the value of 0.9 has been selected. Then, by
E 4.8.4

1 - €
VS =g (0.9) E 4.8.8
v =V v E 4.8.9
s s 0

where v, is calculated from E 4.8.2.

Then the area required is

A = E 4.8.10
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The ice rise rate is

IRR =

"]

E 4.8.11

4.8.3 WASHER NOTATION

washer area

Q £>

= volume fraction ice in slurry
€ = mass fraction ice in slurry

€, = bed voidage

pg = slurry density

= slurry feed velocity

s
¢ = non-dimensional slurry velocity
(all capital V s are dimensionless)
Vi = velocity--sub ice, super steady state
V; = velocity--sub brine, super steady state

Vi = velocity--sub brine, super in the bed
The following identities are valid:

1
1-¢°1
1+ ( )
€ DB

py = Opp + (1 -Ot)oB

Pp = 0.92 X 62.4 = 57.4

Pp = 65.8
o]
L. 0.871
Py
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SECTION 5. DYNAMIC MODELS OF THE PROCESS COMPONENTS

The preferred procedure in dynamic simulation is to derive the dif-
ferential equations representing the transient behavior of the process
and then to proceed directly to the analog mechanization and simulation.
In many cases, particularly those involving the dynamics of temperature,
concentration, and flow rate interactions, the equations as originally
derived are highly non-linear and require excessive analog hardware for
mechanization. In these cases it is convenient to develop linear ap-
proximations to the non-linear equations by expanding them about some
convenient reference state.

The procedure is to replace each dependent variable by its refer-

ence value plus a perturbation and to do the indicated. algebra, neglect-
ing terms of squared and higher order in the perturbation variables.
The resulting approximate equations are linear and thus especially well
suited to analog computation. Typically, if the reference state is well
chosen, the linearized system is entirely adequate for a dynamic simula-
tion control system design.

In this section of the report are presented, for each process com-
ponent, the non-linear differential equations as originally derived, the
linearized or perturbation form of the equations, and a tabulation of
the reference state about which the perturbation was developed.

The notation convention is to utilize capital letters for variables
in the non-linear equations, the same capital letters for the reference
value of the variable in the perturbation equation, with small letters

designating the time dependent perturbation. Thus, the notation

MABS = MABS + mabs

is taken to mean that the mass content of the absorber can be taken as

the reference value MABS plus the perturbation value mabs.
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5.1 THE DYNAMIC ABSORBER

The absorber mass balance is
L[MABS] = WC + VAB - WA . E 5.1.1
The absorber caustic balance is
'dd—t[MABS'CA]‘=WC-CC - WA- CA . E 5.1.2

The enthalpy balance on the absorber is

%[MABS - HC(TA,CA)] = - Q(ABS) + WC - HC[TCHE,CC]
E 5.1.3
- WA - HC[TA,CA] + VAB - HVAP(TA) .
The vapor rate is
VAB = MTC[CEQ(TA,P) - CA] E 5.1.4
where
MIC = 37.7 exp[- 8.82 + .148 TA] E 5.1.5

and the equilibrium relationship is
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1

-1
[In P - 25.3848 + 10838 (460 T TA)] . E 5.1.6

8.96

CEQ(TA,P) =

5.1.1 THE LINEARIZED ABSORBER
The linearized versions of the equations of the preceeding section

are the following
Mass balance
j%(mabs) = wc + vab(ABSA) -~ wa E 5.1.7
Caustic balance
j%[MABS- ca + mabs *CAl = + WC+cc +we+ CC - WA-ca -wa-CA E 5.1.8
Enthalpy balance

é%[MABS(.833 ta + 570 ca + 86.81(mabs)] = - qabs + WC[.833 tche + 570 cc]
+ we(140.30) - wa(86.81) - WA[.833 ta + 570 ca]

+ ABSA[(3.73)(.452 ta) + 1376.46(~ .2046 ta + 6.017 p + 176 ca)]

E 5.1.9
QABS = (UABS)(ABSA)[70 + ta - TS] = (UABS) (ABSA)[(AT) + ta] E 5.1.10
qabs = (UABS) (ABSA)ta E 5.1.11
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Absorption rate

VAB = 3.73 - .2046 ta + 6.017 p + 176 ca E 5.1.12

The following relationships between the reference values of the

variables must be satisfied:

o
]

o
]

o
]

WC + 3.73(ABSA) - WA

WC

- (UABS) (ABSA) (AT) + WC - 140,30 - WA - 86.81 + ABSA[(3.73)(1376.46]

*CC - WA-CA

E 5.1.13

E 5.1.14

5.1.2 REFERENCE VALUES AND NOTATION

ABSA
CA
MABS
P
QABS
TA
TAHE
TC
TCHE

TS
UABS
WA
wC

]

(.713 x 104) = absorber area, £t2

(.44) = absorber concentration

(10,000 1b) = absorber mass content, lbm

(3.264 mm) = system pressure, mm

absorber heat load, Btu/hr

(70°) = absorber temperature, °F

(220°) = temperature of absorber effluent after heat exchange,

(250°) = concentrator temperature, °F

(100°) = temperature of concentrator effluent after heat
exchange, °F

sea water temperature, °F

(70) = absorber heat transfer coefficient, Btu/hr ft2 OF

(.262 X 106) = absorber mass rate, 1bm/hr

(.235 x 106) = concentrator mass rate, lbm/hr
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5.2 THE DYNAMIC ABSORBER LOOP HEAT EXCHANGER

A few preliminary results are needed prior to the absorber loop

heat exchanger formulation.

5.2.1 BALANCED OR UNBALANCED HEAT EXCHANGER--TRANSIENT OPERATION
The set of differential equations describing the transient behavior

of an unbalanced heat exchanger can be written as

L
" T T HT®E-O E 5.2.1
2
X 1 92
= = - E 5.2.
S0 = NH 5(5 C+ (H - C) 5.2.2
L
with boundary conditions
H(0,8) = HIN(G) E 5.2.3
c(1,8) = CIN(G) E 5.2.4
where 6 is non-dimensional time,
t
6= —S—F_" E 5.2.5
A pCp

U A,

with Ag the cross-sectional area

the heat transfer area per unit of length.

=
1]
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Thus, 6 is equal to time divided by a scale factor having dimensions of
time and resembling a heat path length (Ac/Ah) divided by a diffusion
velocity for heat (U/pCp).

By standard techniques, the first-order solution to this system

representing the long-time approximation to the response is given by

N N
Hour . 2 2N -2 - N(1L+8) N Hin
“ T 201+ MQ + Ns) ) A
COUT 2N 2 N 2 + N(1 + 8) cIN
Af

rg

E 5.2.6

where N is the number of transfer units for the balanced exchanger and

Af and Ag are as defined in the preceeding section.

5.2.2 GENERALIZED RESPONSE OF UNBALANCED HEAT EXCHANGER

The generalized response is developed as a perturbation about some
steady response of a balanced heat exchanger as follows: Defining the
perturbation variables as the deviation of the transient, unbalanced

variable from the steady, balanced variable, i.e.,

“—
Bour] Bour Hoyr
- . E 5.2.7
c Cc Cc
OUTJ pans OUTJgrpany OUT
Hyy Hry Hry
- + oL E 5.2.8
C C C
N rraNs IN-q rmADY IN
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NTU £

HOT
- + E 5.2.9
NTU N g
COLD TRANS STEADY
The balanced steady response is given by
r
HOUT t N HIN
= i E 5.2.10
COUT ' ! N 1 CIN
STEADY STEADY

And the transient perturbation variables are given (in the S-domain) by

A
Bout 1 T2 2N -2 - N(1 +8) N Hry
N = |
2(1 + N)(1 + NS)
COUT :_2N 2 N 2 + N(1 +58) cIN
NE
Ja¥-;
E 5.2.11
These results are to be applied to the heat exchanger configuration
given in F 5.1.
5.2.3 THE GENERAL HEAT EXCHANGER FORMULATION
With the notational changes as indicated in F 5.1, the general for-
mulation for the absorber heat exchanger is
tche 1 2 10 -2 - 5(1 + s) 5 te
tahe 2001 *38) (15 -5 2+5(1+s)| ta
30 nh
30 nc
E 5.2.12
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where

_ «rWA - WC wc _ we
nh = 5[™5ug wel [l - yic
_ <rWC - WA wa wa.
ne = S[50 - walll - sl

E 5.2.13

E 5.2.14

Here s is the transform of dimensionless time, related to real time

TR
VOL
2.5(VOL RATE)

T NOND =

5.2.4 THE LINEARIZED HEAT EXCHANGER RESPONSE

E 5.2.15

In this circumstance a portion of the linearization has been done in

deriving the approximate solution to the differential equations.

The bal-

ance of the linearization involves only the perturbation transfer units,

nh and nc. 1In the linear approximation they are

WA - WC WA + WC, wc

nh = 50050 ) - Cowe ) we

WG - WA, WC t WA wa,
2WA 2WA /WA

ne = 5[¢(

5.2.5 REFERENCE VALUES

WA
see Section 5.1
WC
TA = 70°F
TAHE = 220°F
TC = 250°F
TCHE = 100°F

VOL/2.5(VOL RATE)

0.01 hr
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5.3 THE DYNAMIC CONCENTRATOR

The overall concentrator mass balance is
ad?[MCON] = WA - WC - SEJ - WVC . E 5.3.1

The concentrator caustic balance is

[MCON - CC] = WA - CA - WC - CC . E 5.3.2

The enthalpy balance is

ft—[MCON “ HC(TC,CC)] = QCON + WA~ HC[TAHE,CA]

E 5.3.3
- WC * HC[TC,CC] - (SEJ + WVC)[HWV(PC)]
where the heat flow into the concentrator is
Q = UA(TST - TC) E 5.3.4
and TST is a control variable.
The thermodynamic relationships are the following:
HC[T,C] = -222.3 + 0.833 T + 570 C E 6.1.9
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HVAP[T]

1060.06 + 0.452 T E 6.1.7

In PC

25.3848 - 10838(;z5ir) - 8.96 C E 6.1.10

for P in mm Hg, T in °F, and C in wt fraction.

The steam flow to the ejector is given by

_ NOZA(0.06324) (3600) BC
N 460 + TC

SEJ E 5.3.5

where NOZA is the ejector nozzle area in square feet.
5.3.1 THE LINEARIZED CONCENTRATOR

The linearized versions of the equations of the preceeding section

are the following:
Mass balance

j%(mcon) =wa - we - sej - wve E 5.3.6
Caustic balance

j%[MCON' cc + mcon - CC] = WA-ca +wa- CA - wc+ CC - WC+ cc E 5.3.7
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Enthalpy balance

é%[MCON(.SBB tc + 570 cc) + 265.25 mcon] = - (UCON) (ACON) tc
+ WA[.833 tahe + 570 ca] + 211.76 wa - WC[.833 tc + 570 cc]
- 265.25 we - [(NOZA)(153.76 pc - 33.34 tc) + WVC](1173.06)

- 47,329 NOZA(.452 tc)

E 5.3.8

The following relationships among unperturbed variables must be

satisfied:
0 =WA - WC - SEJ E 5.3.9
0=WA-CA -WC-CC E 5.3.10
0 = (UCON) (ACON)AT + WA(211.76) - WC(265.25) =~ 2629.4 NOZA(1173.06)

QCON

QCON + gqcon = (UONC) (ACON) [AT - tc] E 5.3.11

5.3.2 REFERENCE VALUES AND NOTATION (see also 5.1.2)

ACON = (2,650) = concentrator area, £t2
MCON = (10,000 1b) = mass content of concentrator, lbm
NOZA = (0.5620) = nozzle area, £t2

PC = (307.8) = concentrator pressure, mm Hg

SEJ = (.266 X 10°) = steam to ejector primary, lbm/hr
UCON = (400) = heat transfer coefficient, Btu/hr ft2 °F
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5.4 THE DYNAMIC EJECTOR
It is assumed that the ejector responds instantaneously and delivers

a. constant primary to secondary ratio, REJ. In the analog simulation,

REJ is taken to be 0.6.
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5.5 THE DYNAMIC FREEZER

Since the freezer is a central component of the system, its descrip-
tion should be as complete as possible so that practical simplification
will retain the features most important to optimization and simulation.

Unlike the secondary refrigerant process, simulation of the vacuum
freezing process freezer does not need to be concerned with accounting
for the effects of a second immiscible phase. This simplifies the prob-
lem considerably not only from the standpoint of eliminating several
equations, but also by simplifying the crystal growth equations.

In the secondary refrigerant process, the presence of vaporizing
refrigerant is believed to be responsible for local temperature gradi-
ents much larger than probably exist in the vacuum freezer, From this
belief and the practical observation that the mean crystal size in the
vacuum freezer is insensitive to operating changes, it will be conjec-
tured that the mechanism for crystal growth is by agglomeration rather
than by additions to the crystal lattice and depends only on particle
collisions and not on a temperature driving force. Nucleation is as-
sumed to occur at a rate proportional to the surface area of the crystals
and only in that portion of the freezer at which the total pressure (vapor
pressure plus hydrostatic head) is low enough to permit vaporization.

With these and the further assumption that the freezer vessel is
completely mixed, ordinary non-linear differential equations may be de~

rived for the change in time of the following dependent freezer variables:

X. = brine salt concentration (mass fraction)
T, = freezer temperature, °F
Wy = mean crystal size (diameter), mm
Hy = mean squared crystal size, (mm)2
k3 = mean cubed crystal size, (mm)3
N = crystal number

M = mass of slurry in freezer, lbs
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The weight fraction ice in the slurry is related to M, N, and M3 by

]
. k' pINu3
€ M

where k' n/6 if the crystals are assumed spheres

pp = ice density, mass/volume

The differential equations are as follows:

Salt balance

1 W (X, -X) X
o _ RB S S
e)(xs Xs) + M(1 - €) + M(1 -

r ' ‘v (LN
E)ste + Wp + k pI(p3N)] E 5.5.1

where X, = dX_/dt

Wg = sea water feed rate, mass/time

W, = freezer draw down rate (including recycle brime), mass/time
W, = water vapor removal rate, mass/time
M = freezer slurry inventory, mass

Xg = sea water salt concentration, mass fraction

The term k'p1u3 N can be interpreted as the dynamic effect of the freezing
on the composition change and is in fact equal to the rate of change of

the ice in the system deM/dt as can be seen from the definition of e.
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Enthalpy balance

A oh. : 0, 0
MC Ty + (1 - e)M(ax)X Xg = Wo(h] - h)) - eWg(hg - h))

S

a _ . - _ _ ' i
+ wR(hZ hz) WF"(hg hl) hS hl)k pI(HSN) E 5.5.2

where = de/dt

Q>+

=
=0T ®
|

= mean specific heat of the slurry, heat units/mass - °F
= enthalpy of entering sea water, heat units/mass

hi = enthalpy of recycle brine, heat units/mass

h1 = enthalpy of brine in freezer, heat units/mass

= enthalpy of ice in freezer, heat units/mass

hy = enthalpy of vapor leaving freezer, heat units/mass

(g%) = differential enthalpy of mixing at concentration X_,
X

s heat units/mass--concentration units,

With the assumption that the brine leaves the freezer at equilibrium at

the triple point, equation E 5,5.2 is not required.

Overall mass balance

M=wg+wR-ws-wI', E 5.5.3

where M = dM/dt

31
[}

brine recycle rate, mass/time
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Population balance equations

In addition to the preceding equations, population balance equations
must also be written to describe the crystal growth which in turn influ-
ences the concentration and enthalpy equations through the terms involv-
ing Mgy and N, In the population balance equations the nucleation rate
is assumed to depend only on the surface of the exposed ice, and can be

written as follows:

N_B _aN 1
NN - E 5.5.4

where N = dN/dt
N = number of particles in the population
B = total nucleation rate, particles/unit time
a = an empirical agglomeration rate constant (t:im.e)-1

T = M/Wg, mean holding time of a particle in the population.

Mean crystal size

B 1 N
= = - = 4 = .5.
™ N 7o “1(1 N) E 5.5.5
where Yo = crystal nucleus size.
Second moment

] 2 1,.XN
= N 7o + aNul - HZ(T + N) E 5.5.6
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Third moment

B3 1.X
= Yo + 3aNp1|_12 p,B(T + N) E 5.5.7

= o

H3

Suppose the nuclei production occurs only within a subcooled region
of the freezer (i.e., some portion near the surface), and that the rate
is independent of the amount of subcooling but depends on the surface
area of ice in the region (secondary nucleation). If the vessel is well
stirred, the surface area in the nucleation region will equal nuzN times
the fraction of the vessel occupied by the region, and the nucleation

rate will be

B = ﬂuzN X nucleation rate = Nd)Bo

where By = (specific nucleation rate ) X 5, number/unit area-time (if

spherical crystals are assumed)

<
]

fraction of the vessel occupied by nucleation zone

Pressure equations

In order to simulate the response of the freezer pressure to other

dynamic quantities, the following equation has been derived

. . UA_AT
M P R _“F ,
- —=)P = — - - + E 5.5.
(VT 5 )P : M 18thg - b Wpc]('rv 460) 5.5.8
s s £
where P = dP/dt = change in freezer pressure with time, mm/hr
M = dM/dt = change in freezer mass contents with time,

(cf equation E 5.5.4), mm/hr
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Vr = total freezer vessel volume, f£t3
pg = slurry density, 1bm/ ££3
AT = freezer temperature driving force, °F
T,, = freezer vapor temperature, r
W! = freezer vapor production rate, corrected for sensible heat
in the sea water feed, lbm/hr
V = effective freezer heat transfer coefficient, Btu/hr ft2 p
hg - h, = enthalpy change on condensing water vapor, Btu/lbm

R = gas constant, ft3-mm Hg/1lb mole °r

Equation E 5.5.8 is a dynamic statement of the perfect gas law which
accounts for the change in vessel pressure due to changes in vapor spare

volume. Momentum effects have been neglected.

Linear dynamic freezer equations

For the convenience of analog computer programming, several of the
equations describing the freezer dynamics have been linearized about the
steady state. The temperature equation, E 5.5.2 has been omitted since
brine temperature changes will be small and can be neglected. The salt
balance, E 5.5.1, the mass balance, E 5,5.4, and the pressure equation,

E 5.5.8, have not been linearized since their simple form does not require

it.

Population balance dynamics

The following definitions relate the time dependent variables to

the steady state variables and the dynamic perturbatioms.

N = N + Ny'
up =ty
My = Hp +uy
M3 = T3 g
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where the overbars represent steady values, and the

primed quantities

are the perturbations assumed to be small enough so that all products

and derivatives of hicher order than one are vanishingly small.

When

these are substituted into the population equations and non-linear terms

expanded in Taylor's series about the steady state,

linear differential

equations result with coefficients given in terms of the steady values.

These equations are

Population size

1 — ws M ws
= - — ' ' —_) (— - ==
—Y—dt ¢Bou2 . hy(18.45 X! + P') + (39 (S =
M W
s
Mean crystal size
du’ c1 W
— - ! - - _
T 0B oMa oL oY o(18.45 X1 + P') - (uy g )(
S
Second moment
du' W C

—_2 _ 2 _ /.8 o1 2 -
at - By - 1) p L Mpyo (18.45 X1 + PY)

_— dv' 2ot .
Hy ¢ T (aMy' + 2a(u,Nyy
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)-u
3 1

dv! _

dt

E 5.5.9

W
(—M—)ui

E 5.5.10
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Third moment

dug C W W

- 3 N 1 3 o _Sy(S _ M
75 = [eBy, + BaNpl]ué "L Ho7o(18.45 X! + P') + 3aNuut - (uq M)(W —)
- ay' _ 8y 1
T3 gt (Fug + Gapu,Ny
E 5.5.12
Ice fraction
u 1
=24y b X E 5.5.13
Mg M

Note that at the steady state all perturbations are zero and Wg = W;,
M = M so that all time derivatives are zero, and €' = 1. When numerical
values based on a steady state were assigned to the coefficients, it was
determined that the coefficients of the term (18.45 Xé + P') were very
small except in equation E 5.5.9 and could be neglected. This indicates
a negligible direct effect of brine composition and pressure on the mean
size and second and third moments. There will be an interaction effect

owing to the y' terms in these latter equationms.
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5.6 THE DYNAMIC MAIN HEAT EXCHANGER

The responses of both of the main heat exchangers are given in lin-
ear form by identification of the variables with the general result of

Section 5.2.

5.6.1 THE FEED-PRODUCT EXCHANGER

The transient relationship is

tswf2 2 20 - 12 - 10 s 10

1
2 — X
tpf 22(1+108) |, -10 12 + 10 S
tsw
tp
(3.45) (- —HE2—)
.52 x 10
(3.45) (— ) E 5.6.1
.52 x 10

S is the transform of 100 t (t in hours).

5.6.2 THE FEED-BRINE EXCHANGER

The transient relationship is

tswfl ) [2 20 -12-10S w0 |
= e ——————— ] X
I
tbf 22(1 + 10 5) Lzo 2 -10 12 + 10 S |
tsw
tb
—wfl
(4.09) (—)
.77 x 10
~wb
(4.09) (—=) E 5.6.2
.77 x 10
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S is the transform of 100 t (t in hours).

5.6.3 NOTATION AND REFERENCE VALUES

TB
TBF
TP
TPF
TSW
TSWF1
TSWF2

WF2

25 = brine feed temperature, °r

65.91 = brine discharge temperature, °F
32 = product temperature, °F

66.55 = product discharge temperature, °F
70 = sea water temperature, °r

29.09

35.45 = sea water discharge temperature from feed product

sea water discharge temperature, feed-brine exchanger, oF

exchanger, °F
.77 x 108
.77 X 106 = sea water feed to feed-brine exchanger, °F
.52 x 106

brine feed rate, lbm/hr

sea water rate to feed-product exchanger, lbm/hr

]
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5.7 THE DYNAMIC MELTER

The melter equations have been derived to express the dynamics of
the melter pressure and ice pack level as a function of the total vapor
rate to the melter. Momentum and pressure-enthalpy effects were neg-
lected, and the pressure variations were assumed to be those due to
changes in the vapor spare volume caused by variations in the net total
mass flow.

Applying the perfect gas law to the vapor volume results in the

equation for the pressure change with time:

1
dPM - 1 . PM dMT RTV(W i h'M%’[AT)] E 571
dt M, “18p, dt 18 “vi A <he
c
(VT - '5—)
s
where VT = total melter volume, £t3
Mp = mass of ice pack, 1lbm
pg = density of ice pack, lbm/ft3
T, = vapor temperature, %R = T, + 460
W,; = inlet vapor rate, lbm/hr
A. = enthalpy change on condensation, Btu/lbm

R = gas constant, 555 mm Hg-ft3/1b mole °R

The term in square brackets represents the net change in
vapor as the vapor volume changes when condensation occurs.
The mass of the ice pack My is given by a mass balance on the ice

plus condensed water vapor as

dM, hMAMAT

T
= =W (1 +m - W+ n E 5.7.2

dt
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where Wi = ice rate to the melter, lbm/hr
m = ratio of liquid to ice in slurry from washer, 1lbm water/lbm ice
Wy = rate of withdrawal of melter product, 1bm/hr

Ay = enthalpy change on melting, Btu/lbm

The temperature driving force, AT, is taken as Tv - 32 where

- 4839 ) o
Ty = 10,4976 - Tog, P 460 , °F E 5.7.3

and PM = melter pressure in mm Hg.

Normally, the melter is under level control by sensing the pack
level and regulating the liquid withdrawal rate, WM. The controller
equations can be represented as follows, assuming a two-mode controller:

e = Mp - Mg E 5.7.4
6 =k [e, +— [F edt] E 5.7.5
c ct™ 1, ‘o M the
and Wy = Wyl + = o] E 5.7.6
M

In these equations €y represents the error between the observed level
Mt and the control point ﬁ&. This error is converted to a control signal
by the action of the controller ( E 5.7.5) having both proportional and
reset action, the proportional band width given by k. and the reset rate
by l/Tc. The controller action in turn influences the valve through
equation E 5,7.6 where WM represents the design flow and C; represents

the linear valve characteristic.
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5.8 THE DYNAMIC WASH SEPARATOR

A total material balance together with an ice material balance gives

the following relationship for the location of the bottom of the ice plug.

aVS - (1 - eb)Vi

dB
ab E 5.8.
dt (1 -¢)-a >.8.1
_ b
where « = volume fraction ice in slurry
Vg = slurry velocity, ft/hr
S bed void fraction
Vi = ice velocity
The linearized version of this equation is
4B _ 1, 1 ]
dt = 31Le4.5 aC-19 + .976 W, - .5 V,] E 5.8.2

where A = washer area

V; = ice velocity, a control variable
= perturbation value of slurry density, about .17
W, = washer feed rate, 1b/hr
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SECTION 6. THERMODYNAMIC AND RATE DATA

In this section are collected the thermodynamic, kinetic, and cost

data utilized in the study.
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6.1 THERMODYNAMIC DATA

6.1.1 WATER VAPOR--FUNDAMENTAL THERMODYNAMIC EQUATION
In the low pressure, low temperature range of interest, thermody-
namic data for water vapor appear to be well represented by the funda-

mental equation

In(h - 852.14) = 2.212 s + 0.24291np + 1.1619 E 6.1.1

where h = enthalpy, Btu/1bm
s = entropy, Btu/1lbm-°R
p = pressure, psia

This equation is fundamental in the sense that all other thermo-

dynamic data can be derived from it via the relationship
dh = Tds + vdp E 6.1.2

Of interest in freezer modeling is the vapor enthalpy in terms of
its temperature and pressure. This is found as follows: Differentiate

equation E 6.1.1 partially to get T(s,p), i.e.,
h
T(s,p) = (g;) E 6.1.3
P

or

0.2429
P

T(s,p) = 7.0704 exp(2.212 s) E 6.1.4
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Eliminating s from equations E 6.1.1 and E 6.1.4 then gives

h = 852.14 + 0.452 T E 6.1.5

where T is °R. This equation agrees with the Keanan-Keyes data and must
be augmented by 200 Btu/lbm to agree with the caustic data, which have a
different reference state.

Note that the vapor enthalpy is a function only of temperature in
the region of applicability of this equation. That this behavior is
reasonable in the desired temperature and pressure range is confirmed by

a quick glance at the Mollier diagram for water.

6.1.2 ENTHALPY, SATURATED WATER VAPOR

h Btu/1lbm = 1268.2 + 2.008 P - .0384 P2 E 6.1.6

for P in mm Hg. Also

h Btu/lbm = 1260.06 + .452 T E 6.1.7

for T in °F.

6.1.3 ENTHALPY OF VAPORIZATION

Ah = 1054.5 - .2091 P E 6.1.8
vap
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6.1.4 ENTHALPY, AQUEOUS CAUSTIC SOLUTIONS

h Btu/lbm = -223.3 + .833 T + égﬁ E 6.1.9
for T in °F and C in weight fraction.
6.1.5 VAPOR PRESSURE, AQUEOUS CAUSTIC SOLUTIONS
In P = 25.3848 - 8.96 C - 10838(;55 7 ) E 6.1.10

for P in mm Hg, C in weight fraction, and T in OF. This equation fits

Colt laboratory data for commercial-grade caustic.
6.1.6 BRINE ENTHALPY

The brine enthalpies have been expressed in terms of empirical equa-
tions which were fitted to the h-T-x charts in the OSW Saline Water Con-

version Data Book (Chart 12.30). These empirical formulas (also given in

Section 4) are as follows:
For 32 < T < 90°F and 0 < X < 0.08, wt fract TDS

hz = 200 + (T - 32) + (76.5 - 1.10 T)X , Btu/lb E 4.5.6

For 32 - 104 X < T < 32 and 0 < X < 0.08

hg = 200 - 1.395(32 - T) + 52.0 X, Btu/lb E 4.5.7
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For brine at temperatures below the equilibrium freezing point at

the given salt concentration, 0 < X < 0.08

13,500

37 - T)X , Btu/lb

h = hy + (250 +

where hg = ice enthalpy

h, exp -b(32 - T)

and h, = 59.4
b =o0.01121 | 0=T=30
h, = 200 F
b=o0.619 J 0=T<32
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6.2 MASS TRANSFER COEFFICIENT

In the absorber the mass transfer coefficient is taken as

MTC = 8.33 exp[-8.82 + 0.148 T] E 6.2.1
where MTC = 1b/hr-ft215X
X =1b H20/1b NaOH
T = °F.
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6.3 HEAT TRANSFER COEFFICIENTS

For the individual heat exchangers the heat transfer coefficients are
given as functions of flow rate in the respective parts of Section 4.
The design optimization is programmed to select optimum heat exchangers

based on both pressure drop and heat exchanger area.

6.3.1 CONCENTRATOR

Btu
Concentrator Heat Transfer Coefficient = 400 hr-f£t2-OF
6.3.2 ABSORBER
Absorber Heat Transfer Coefficient = 70 —— o
sorber Heat Transfer Coefficient = hr-ft2-OF
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6.4 ESTIMATION OF PROCESS COSTS FOR OPTIMIZATION PROGRAM

In order to determine the optimum operating-design variables, the
computer program minimizes an operating cost made up of energy costs
plus amortized capital costs. The following is a summary of the formu-
las used to determine the operating costs for the different sections of

the process.

6.4.1 CAPITAL EQUIPMENT COST ESTIMATION
Pumps. Pump (including electric motor drives) cost has been esti-
mated from the following empirical formula as a function of the re-

quired horsepower.

For HP > 10

dollar
cost

Log; 4 (To00 ™)

0.176 - 0.255 1og10HP + O.21(10g10HP)2 E 6.4.1

For HP < 10

dollar
cost

Log s (1500

0.733(10g10 HP - 1) E 6.4.2

Individual pump horsepower has been estimated from the process head
loss requirement by assuming a pump efficiency of 0.75 and a motor drive
efficiency of 0.91 (overall combined efficiency of 0.68).

Vessels. The dollar cost per pound of carbon steel, unfired pressure

vessels is a function of the total vessel weight, w, according to

cost per pound = 1.9658 - 0.7395 lo%i)w + 0.07466(1og10w)2 E 6.4.3
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The total weight in pounds for cylindrical steel vessels with dished

heads can be approximated by
w = 136 D(H + 0.8 D) (t + x) E 6.4.4

where D = vessel diameter, feet

H = height of vessel shell, feet
t = shell thickness, inches
x = contents factor (0.15 for simple construction)

For estimating the freezer vessel cost, H is taken as the pool
depth plus 6 feet to allow for inclusion of the absorber, concentrator
tubes and ejector mixing zone. A factor of 1.1 was used to compute the
added cost of the counter washer vessel to accommodate the scraper and
drainage tubes. No vessel costs were included for the absorber-

concentrators, since they are included in the freezer vessel.

Heat Exchangers. As Colt instructed, the following costs per unit

surface have been used:

Feed-product-brine Sheets: $2.10/ft2
exchangers:

NaOH heat exchangers: Sheets: $4.00/£t2

Absorber tube cost: $0.77/1ineal ft

Concentrator tube cost: $2.20/1ineal ft

Agitators. As Colt instructed, agitator cost was taken at $45 per

brake horsepower.
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Ejector. The cost of the ejector has been estimated from the weight
of the steel according to the vessel weight-cost relationships given pre-
viously. The weight was computed from the throat diameter assuming a mix-
ing section angle of 8.5° and a diffuser angle of 5°. Throat length was
taken as 4 times the throat diameter. Assuming 1/4-inch wall thickne:s,

this gives for the ejector weight

ejector weight = 836 A1 , pounds E 6.4.5

where A; = throat area, £e2,
The cost of the nozzle has been estimated from Colt information to

correspond reasonably well with the formula

nozzle cost = 3,21 ng , dollars E 6.4.6

where W, = fresh water product rate, gallons/day.

6.4.2 COST INDEX RATIO
All capital costs have been adjusted for the current Chemical Engineering
Plant Cost Index (1957--1959 = 100), by multiplying capital costs by the
ratio (current cost index)/100. The current cost index for April 1971 is
128.

6.4.3 POWER AND STEAM COSTS
Electrical power costs have been estimated at 7 mils per KWH. Steam

costs have been estimated at 30(:/106 Btu.

6.4.4 CAPITAL EQUIPMENT OPERATING COST FACTOR
The contribution of capital cost to the operating cost can be esti-
mated by multiplying the cost of the capital equipment by a factor which

contains allowances for certain fixed charges. This factor has been
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computed from the OSW procedure with slight modification by Colt as

follows:

a) Essential plant cost. Based on cost of principal items of equip-
ment (PIE).

z
1) Erection and assembly 0.30 (PIE)
2) Instruments 0.08 (PIE)
3) Equipment 1.00 (PIE)
4) Essential plant cost 1.38 (PIE) 1.38 (PIE)
b) Capital Investment
5) Engineering, 5% of 4) 0.069 (PIE) 1.449 (PIE)
6) Interest during construction, 0.137 (PIE) 1.586 (PIE)

9.5% of Z
Therefore, capital investment = CPI = 1,586 (PIE)

c¢) Fixed operating costs

7) Supplies and maintenance, 0.0015% of CPI
8) Maintenance labor, 0.0015% of CPI

9) Payroll extra, 15% of 8)

10) G & A, 30% of 8) + 9)

11) Taxes and insurance, 0.006% of CPI

0.00374 CPI
100

d) Amortization rate. This rate has been calculated at 5% interest
compounded annually for 25 years to give a fixed amortization rate
of capital plus interest of 7.095% per year or 0.0215% per day
(330 operating days).

Fixed operating costs, 7) + . . . + 11) =

e) Total fixed operating cost. The sum of ¢) and d)

- 0.00374 CPI + 0.0215 CPI _ 0.03124 CPI
100 100 100

Since CPI = 1.586 PIE, then

.03124
100

(P1E) = 22493 (p1Ey . dollars/day.

total fixed operating cost = 1.586 X 100

The operating cost to be minimized by the computer program is the
quantity [Power cost + (0.0495)/100 (PIE)], dollars/day. Note that labor
costs are not included.
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