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

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

FOREWORD

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

tion of sea and other saline water.

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

the Department of the Interior.
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I. INTRODUCTION

Pratt & Whitney Aircraft has conducted an applied research program for the
Office of Saline Water, U. S. Department of the Interior, to demonstrate the
concept of a compact factory-assembled disposable reverse-osmosis cartridge.
Three major activities were carried out, These were: 1) a search for suitable
membrane supporting structures and materials during which the hydrodynamic
characteristics of a number of potential materials were evaluated, 2) the evalu-
ation of reverse-osmosis membranes cast directly on support materials and on
reinforcing materials, and 3) the design, fabrication and testing of a small re-
verse~osmosis cartridge.

The concept of a disposable compact cartridge reduces capital costs and oper-
ating costs, Capital costs are reduced by minimizing the high-pressure volume
of the reverse-osmosis plant and also the size of the pumping facilities. The
operating costs are reduced because the replacement cost of the membranes
is minimized, labor cost for membrane replacement is minimized, and the
energy cost is minimized because the brine-side pressure drop is low, The
primary objective of these investigations was to identify components and proc-
esses that would be adequate for the demonstration of the cartridge concept.
The investigations were not exhaustive and were generally terminated after a
successful approach to a cartridge component had been demonstrated. Some
of the approaches that were not carried out to a successful completion could
probably be demonstrated with additional effort.

All investigations were performed with solutions of NaCl in water. For the
most part tap water was used, although distilled water was used in a few cases.



II. SUMMARY

Two compact cartridges were fabricated and tested. The first cartridge con-
sisted of three ""composite membranes' and had a total membrane surface area
of 2.4 square feet. This unit operated at a recovery factor* of 8 percent on a
NaCl feed of 10, 000 ppm; the performance of this unit was 23 gallons per square
foot per day at 93 percent salt rejection. The second unit consisted of 10 com-
posite membranes with a total surface area of 8.0 square feet. This unit oper-
ated at a recovery factor of 50 percent. The performance of this unit on 5, 000
ppm NaCl would be 30 gfd at a salt rejection of 95 percent. Concentration
polarization effects on these cartridges were minimal,

A process was developed for manufacturing reverse-osmosis membranes re-
inforced with nylon cloth. The performance of these membranes under the
standard test conditions established by OSW for brackish water is 25 to 30 gfd
at a salt rejection of 98 to 95 percent.

During a 500-hour test the performance of three membranes decreased from

25 gfd at a salt rejection of 97 percent to 23 gfd at a salt rejection of 93 percent.
Either a linear or a logarithmic function of time is consistent with this data.

The decay rate is low enough for the design of practical reverse-osmosis systems,
only if the decay is logarithmic. The data does not support a conclusion with
respect to the type of decay, and 1, 500-hour tests are recommended to resolve
this question which is crucial for any reverse-osmosis membrane or device.

The hydrodynamics of a number of porous support materials and structures
were evaluated.

A grooved plastic support plate for use with reinforced membranes was selected
for the cartridge demonstration. The combination of a plate grooved on both
sides and supporting membranes on both sides is referred to in this report as

a composite membrane. This configuration offers considerable latitude in design
because it permits very long flow paths for the product water with negligible
pressure drop.

* Recovery factor is defined as the percentage of the feedwater stream recovered
as product-water flux



III. HYDRODYNAMICS OF POROUS MEDIA

A. Requirements of Porous Materials

One of the major components of reverse-osmosis systems is the porous material
used in the formation of composite membranes. The porous material is necessary
to support the reverse-osmosis membranes and to remove the product water pro-
duced by the membranes. Two properties of the porous material dominate the
design of a reverse-osmosis plant: the porous material thickness and its product-
water flow resistance. The membrane surface area density of a compact cart-
ridge is strongly dependent upon the thickness of the porous material. For the
best product-water economy the thickness of the porous material should be a
minimum in order to obtain a high membrane surface area density. Also, in

the interests of good plant economy, the back pressure of the product water
flowing through the porous material should be a minimum. The back pressure

is strongly dependent upon the thickness of the porous material and its flow
resistance coefficient. For a given material, back pressure can be minimized

by going to greater thicknesses. In order to achieve a practical design, a
compromise must be made between porous-material thickness and product-

water back pressure. Since flow resistance is a function of the composition of
the porous material, a material must be found which has a suitably low flow
resistance so that it can be used in thin sections. This material must also

have sufficient mechanical strength, long-term resistance to creep, and be of

low cost.

The objective. of this section of the program was to evaluate the hydrodynamics
and flow resistance of porous materials for use in the design of a compact
reverse-o8mosis system. The porous material specimens were encapsulated
with RTV silicone rubber and inserted into an evaluation cell. A compressive
loading was applied by a hydraulic system to the test cell to simulate the effect
of brine pressure and to force a positive seal between the porous material and
the cell components. Evaluation was accomplished by experimentally measur-
ing the pressure loss across specimens of known length at a series of purified
water flow rates and at compressive loads expected in actual operation. A
complete description of the evaluation cell and test system used during the evalua-
tion is presented in Appendix 1. To fulfill the objectives of the contract the
following program was performed:

1) Basic analytical and experimental evaluations were performed in order
to select 15 porous materials for detailed investigations. The materials
evaluated were subdivided into engineered, commercial and zero-loss
materials. The engineered materials consist of an aggregate composite
molded from sand using phenolic resin, phenoxy resin, terpolymer resin
(acrylonitrile butadiene styrene},and Portland cement as binders. These
materials are easily formed, they are porous, and their cost is low.



The commercial materials varied from expensive materials such as sintered
stainless-steel screen developed for the aerospace industry, to inexpensive
materials such as Flexboard, an asbestos-cement composite developed for
the building industry. The zero-loss materials contained surface grooves

to provide for product-water transport. They were formed from inexpensive
solid materials such as phenolic resin, polyvinylchloride and the cement-
asbestos building materials.

2) The pressure drop across the 15 materials under several simulated feed-
water pressures was measured at controlled water flow rates.

3) Based on the above screening tests, the six most promising materials were
evaluated further in 100-hour tests.

4) TFour specimens were then endurance-tested for 500 hours. The endurance
test was performed to determine whether there was any significant change
in the flow resistance of the materials as a function of time. The compressive
load, water flow rate, and water temperature were varied during the tests.

The major experimental study was the determination of the flow resistance
coefficient a of the materials selected. The pressure gradient in a porous mat-
erial is given by

d® _ 4 uv 4+ Bp V2
dx

where V is the velocity of the water, u the viscosity, p the density and where «
and B8 are two undetermined coefficients. The first term of the equation describes
the viscous effects and the second term accounts for the inertial effects. For

low rates of water flow the second term can be neglected and the equation becomes

dx

The undetermined coefficient « is the flow resistance coefficient. It is a function
of the porosity and the pore texture of the material, and is independent of the
overall dimensions of the porous materiall, Analytical studies have shown that
the flow resistance coefficient must not exceed a range of 1019 t0 1012£t-2 to be
considered as a feasible support material in a desalination system. At values
greater than 10! ft=2, the back pressures created would cause flux reductions

in excess of 20 percent.

See Page 124 for numbered list of references



B. Evaluation of Porous Materials

The fifteen materials selected for evaluation are listed in Table 1 and are shown

in Figures 1, 2 and 3.
TABLE 1

Porous Materials

A) Engineered Materials

sand-phenolic
sand-phenolic-Fiberglas
sand-phenoxy
sand-cement-asbestos
sand-terpolymer (ABS)

B) Commercial Materials

sintered glass (20-25 )
sintered stainless-steel screen
sintered stainless steel

resin bond - cellulose fibers
porous ceramic (10 u )

porous ceramic (100 4 )

C) Zero-Loss Materials

phenolic resin
polyethylene
sintered glass (5 u )
Flexboard

The support material samples were fabricated or purchased to the dimensions

of 4 inches long, 1.5 inches wide and 0. 062 inch thick. A complete description
of the procedures and processes employed to fabricate the six engineered porous
support materials is presented in the second quarterly report, PWA-3042. A
photograph of a zero-loss material is shown in Figure 4. Twenty grooves were
machined into these materials so that a measurable pressure drop across the
sample could be obtained. A groove 6 mils square with 20-mil spacing between
grooves was used for the phenolic resin and Flexboard samples, and a groove

4 mils square for the sintered-glass specimens. The calculated pressure losses
were 18 psi for the specimens with 6-mil square grooves and 91 psi for the 4-mil
specimens.



9SFFL~dX suowrroadg [erI93eN-310ddng, snoiod poassurSuy I oeandig

§03189(|S®
~JUaUIdD UMD se1daaqr g

JourAjodas; pueIod puejziod Axousyd -orjouayd orjouayd

-pues ~pues -pues -pues -pues -pues




1SPFL-dX suswoadg [B1I9jBN~ja0ddng SNOIOd [BIOIWWIOD 2 oeanS8ig

u99J10s
19938
IaqT1y ssaure;s 19918
BUIWN[® R ED) pajeurwe] ssojure}s sse|d
snoaod pepuoq-uIsaa paaajuis padJdojuls paJasjuls




0SFPL-dX suowroadg 1erI9)BN~}10ddng SSOT-0197 ¢ oandig

JUWID
uisoa puepIod orjousayd
o1jouayd paeoqxeor g -pues —pues




1L9L2-dX  U9wId9d§ PIBOQXOlJ PIACOLIYD § 9an3r g

NS R

e, . o Rl WP i
. . e, e

ot - < = e I a5
- i

o,

SO S— ot T Tl AR A i gl S I - 4. s anigtell
“ o 2 5 A
i g g Sl e —————— a5 g - ~
SRR, TR = S
’ i

s

L




1. Screening Tests

The test conditions for the support materials selected for evaluation were 0.5
gph product-water flow rate, 750 psi simulated feedwater pressure, and 77°F
feedwater temperature. Two specimens of each material were evaluated for ap-
proximately 12 hours. Based on early test results, the materials were subdi-
vided into two groups, high-pressure materials and low-pressure materials,
High-pressure materials were evaluated at 0.5 gph product-water flow rate, 1500
psi compressive load, and 77°F feedwater temperature. The low-pressure ma-
terials were evaluated at the same conditions except that the compressive load
was 400 psi. The tests were normally conducted for 10 hours.

A summary of the major results is presented in Table 2, This table presents

the values of average pressure loss and flow resistance coefficient for the two
specimens evaluated at a compressive load of 750 psi. The zero-loss configura-
tion appeared to have the most desirable flow characteristics for reverse-osmosis
support materials, Several commercial porous materials such as sintered stain-
less steel, porous alumina and sintered stainless-steel screen had reasonable
performance, but were much too expensive for further consideration (about $50/' ftz).

A complete tabulation of the data recorded for the screening tests can be found
in Appendix 1.

10
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2. 100-Hour Tests

As a result of the screening tests, six materials were selected to be tested for
100 hours. Table 3 lists the materials selected and the compressive load at
which they were evaluated.

TABLE 3
100-Hour Evaluation of Porous Materials

Material Compressive load, psi
sand-phenolic- Fiberglas 1500
sand-terpolymer (ABS) 750
sintered stainless-steel screen 1500
sintered glass (5 u ) zero-loss 1500
phenolic resin zero-loss 1500
porous ceramic (100 ) 750

The basic operating conditions were a water flow rate of 0.5 gph and a water
temperature of 77°F. Variable water flow and pressure programs were per-
formed on all samples. A temperature variable program was performed on
the sintered stainless-steel screen sample,

Figure 5 presents a plot of pressure loss as a function of time for the six ma-
terials. The curves shown represent the average of two specimens except for
the sand-phenolic-Fiberglas and the sintered-glass zero-loss specimens, where
the performance of one sample is shown. These specimens were eliminated
from discussion as a result of high pressure losses due to experimental sealing
problems.

Typical performance curves for the variable flow, compressive load, and tem-
perature programs are shown in Figure 6. The results of the variable programs
were as follows:

1) The pressure loss was a linear function of flow rate, demonstrating that
the flow resistance coefficients were constant and independent of velocity
in the range investigated.

2) The pressure loss was independent of the compressive load for all speci-
mens except for the sand-terpolymer and the sintered-glass zero-loss spe-
cimens. As previously mentioned, this is attributed to material creep and
experimental sealing problems.
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3) Pressure loss as a function of increasing water temperature is relatively
constant. The data obtained showed that there was a slight decrease in the
pressure loss as the water temperature was increased. This change is
smaller than the measurement accuracy.

3. 500-Hour Endurance Tests

The four specimens selected for the 500-hour test were: two phenolic resin
zero-loss specimens, one Flexboard specimen, and one sand-phenolic-Fiber-
glas specimen. The sintered stainless-steel screen was not included because
it was felt that since the material had performed so well during the 100-hour
test, it would not generate much more useful data compared to that generated
by the engineered material sand-phenolic-Fiberglas, The operating conditions
were 0.5 gph and 77°F. All four specimens were high pressure materials and
the simulated feedwater pressure was 1500 psi. A variable water flow and si-
mulated brine pressure program was performed.

Figure 7 presents the pressure loss as a function of time. The pressure loss
increase of the phenolic-resin zero-loss specimens is attributed to partial
clogging of the grooves with small air bubbles, or possibly to system contamin-
ation,

Figure 8 presents a curve of the data obtained from a typical variable water flow
rate and simulated brine pressure program. As can be seen, the pressure loss
is independent of the simulated brine loading. The flow resistance coefficients
are constant and independent of water velocity, as demonstrated by the linearity
of the curve.

14
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IV. REINFORCED MEMBRANE STUDIES

One of the principal problems associated with casting a membrane on a glass
plate is that it is relatively low in structural strength and is easily torn. As a
means of overcoming this weakness, reinforced membranes were formed by
casting membranes on thin substrates, such as cloth fabrics and porous ma-
terials, and the membranes were thus given added strength and resistance to
tearing. Reinforced membranes are simpler to attach to a porous support ma-
terial, and they permit a designer more flexibility in the design of an actual
reverse-osmosis desalination system. The use of a reinforcing fabric provides
a more uniform support to the membrane if the membrane support material has
a relatively large pore size. This is important since it has been observed ex-
perimentally that a degradation in membrane performance will result unless the
membrane is supported uniformly by a smooth material.

The purpose of this program was to study the problems of forming modified cell-
ulose-acetate reverse-osmosis membranes on the surfaces of both thin rein-
forcing fabrics and on porous support materials. They were evaluated to define
the best method of membrane formation for the manufacturing of composite mem-
branes in large volume. A detailed description of the membrane preparation
area, membrane cast area and the membrane evaluation facilities is presented

in Appendices 2 and 3.

In order to fulfill the above objectives the following program was performed:

1) The performance characteristics of modified cellulose-acetate membranes
cast on reinforcing fabrics and on porous materials were measured. The
reinforcing fabrics selected for evaluation were acetate, nylon, Dacron,
Dynel, Fiberglas, Saran Mono, Polymax B, cotton, acrylic and rayon. The
porous materials selected for evaluation were sintered glass, molded sand,
nylon felt and Dacron felt., The most promising type of reinforcing material
was selected for further studies.

2) Variations were made in the membrane formulation, formation, processing
and evaluation techniques in order to optimize the desalination performance
characteristics of the reinforced membranes. The performance character-
istics of the optimized membranes were determined as a function of operat-
ing conditions.

3) Twenty of the best performing membranes were then lifetime-measured to
define their product-water flux decay as a function of operating time.
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A. Membrane-Coated Reinforcing Materials

Twenty-eight potential reinforcing fabrics were screened in order to identify
six fabrics that had desalination performance characteristics similar to or su-
perior to membranes cast on glass plates. The reinforcing fabrics selected for
evaluation were acetate, nylon, Dacron, Dynel, Fiberglas, Saran Mono, Poly-
max B, cotton, acrylic and rayon. Membranes were cast on these fabrics and
were evaluated with respect to membrane adhesion, cast solution bleed-through
and membrane integrity. Properties such as material wetability, weave count,
thread fiber count, gauge, mono or multi filament, woven or fused interstices
and surface finish were considered.

With a few exceptions, fabric material contributed little to the behavior of mem-
brane-coated composites. Membrane adhesion was, in general, strictly mechani-
cal in nature and was related more to fabric structure than to chemical composi-
tion.

There were three notable exceptions:

1) Membranes cast on cotton were unsatisfactory due to absorption of
casting solution which prevented the formation of a continuous cast
film,

2) Membranes cast on Dynel (vinylchloride acrylonitrile copolymer) fa-
brics failed to achieve satisfactory film continuity, apparently due to
incomplete wetting of the fabric surface.

3) The bond of membranes on cellulose-acetate fabric was better than on
other reinforcing materials., This superiority probably resulted from
the chemical similarity of the membrane and reinforcing materials,
which may have produced a chemical bond between them.

The structure of fabric reinforcing materials appeared to exert a marked effect
on the attachment, integrity and performance of cast membranes. Coarse-
textured fabrics, such as acrylic S/40726, provided poor surfaces for casting
which resulted in membrane discontinuities and craters. In most instances,
open-weave fabrics containing large interstices were prone to a high degree of
cast solution bleed-through and entrapped gas bubbles, while membranes cast
on close-weave fabrics showed negligible bleed-through. Apparent membrane
adhesion was better on the open-weave fabrics due to the mechanical advantage
derived from enveloping of the fibers. Two exceptions to the bleed-through be-
havior were observed, one with Dacron and one with Fiberglas. These excep-
tions cannot be fully explained, but they appear to be related to fabric thickness.
A detailed summary of the twenty-eight fabrics evaluated is presented in Table 4.
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As a result of the initial screening the following fabrics were selected for a
more thorough evaluation:

Material Manufacturer
acetate 26194-5 J. P, Stevens
Dacron 601 Travis Mills
Fiberglas EM-30 Milliken
nylon 5055 Travis Mills
Polymax B 224-019-04 National Filter Media
Dacron S/91669 Burlington Mills

A membrane was cast on two samples of each fabric. All samples were hot-
bath treated at 185°F for 4 minutes. The specimens were evaluated for 4 hours
at the conditions of 800 psi feedwater pressure, 2,0 gpm feedwater flow rate
(turbulent), 77°F feedwater temperature and 5500 ppm NaCl feedwater concen-
tration. The results of the evaluation are presented in Table 5.

TABLE 5

Performance of Membrane-Coated Fabrics

Product-
Fabric Coated Material Bleed- Water Salt
Fabric Thickness, Thickness, mils Through, Flow Rate, Rejection,
Designation mils Pretest Post-test % gfd/ft2 %
Dacron 5 13 10 slight 18 96
S-91669
acetate - 16 12 0 16 98
26194-5
Dacron 601 5 12 9 0 23 94
Fiberglas 7 14 11 0 19 98
EM30
nylon 5055 7.5 15 11 0 14 97
Polymax B 12 24 17 0 14 97
224019-4
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Travis Mills nylon 5055 was selected as the fabric for further investigation.
Selection of this fabric was based on the above tests and the following desirable
properties:

1) excellent membrane adhesion,

2) zero membrane bleed-through,

3) excellent membrane appearance, and

4) repeatable membrane performance.

This fabric should be considered typical rather than superior to the other five
fabrics.

The characteristics of Travis Mills nylon 5055 fabric are as follows:

thread count 270 x 112

thickness 7.5 mils

density 4 oz per sq yd

fiber multi-filament, woven interstices

1. Membrane-Coated Support Materials

Seventeen engineered and commercial porous materials were coated with mem-
branes and their performance evaluated. The evaluation tests were performed
at the previously-mentioned test conditions. A tabulation of the materials
evaluated and the performance obtained is presented in Table 6.

TABLE 6

Performance of Membrane-Coated Porous Materials

Product-Water Salt
Flow Rate, Rejection,
Material gfd %

sand-asbestos-phenolic 15 93
sand-phenolic failure
sintered glass failure
Corfam 12 1
cellulose-acetate fiber composite 16 93
Fiberfrax 73 58
Dacron felt 4005 40 25
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TABLE 6 (Cont'd)

Product-Water Salt
Flow Rate, Rejection,
Material gfd %
Dacron felt 4024 failure
nylon felt 2020 failure
nylon felt 2014 failure
sand-Fiberglas-phenolic resin
Sample No, 1 29 82
Sample No. 2 25 97
Sample No, 3 18 78
Sample No, 4 27 88
asbestos Flexboard
Sample No. 1 4.9 63.8
Sample No, 2 36.8 10.4
Sample No. 3 11,2 11.1
resin-bonded cellulose fiber
Sample No. 1 116 44
‘Sample No., 2 20 85
Amerace rubber separator failure
Eccofoam failure
rigidified material failure
cement-sand-asbestos failure

One sand-Fiberglas-phenolic resin specimen had performance characteristics
similar to those obtained with reinforced membranes, however, performance
repeatability could not be achieved. Further work in this direction was dis-
continued as no membrane~coated porous material performed better than the
membrane-coated fabrics. Also, the failure rate of these specimens was high
and it became obvious that a long development program would be required.

This program demonstrated that acceptable performance could be obtained by
directly casting a membrane on a porous support material. If a membrane could
be directly cast on both sides of a porous support material, a sizable reduction
in the fabrication cost of a composite membrane would result. A photograph of
a membrane-coated engineered material is shown in Figure 9.

B. Study of Membrane Processing

The second phase of the reinforced membrane study was to evaluate the effects
of different cast-process parameters on the performance of the modified cell-
ulose-acetate membranes. The casting process employed was essentially that
developed by Manjikian2 except that the membranes were cast on Travis Mills
nylon 5055 instead of a glass plate. The membrane processing studies
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Figure 9 Membrane-Coated Sand-Phenolic Resin-Fiberglas Specimens  H-61607
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were directed towards, 1) producing high-performance repeatable membranes,
2) identifying the significant cast-processing parameters, and 3) obtaining a
performance map as a function of the cast-processing parameters. It was hoped
that the performance map would yield an optimum membrane. Itwas found that
many formulations could yield high-performing membranes and no one formula-
tion was significantly better than the others. For this reason the following
formulation and processing conditions were selected for all further studies:

Membrane Formulation - percent by weight

cellulose acetate 25
acetate 45
formamide 30

Processing Conditions

cellulose acetate type Eastman Kodak E-398-3
reinforced membrane thickness 15 mils

cast temperature 70°F

evaporation time 30 seconds

cold-bath temperature 35°F

cold-bath time 1 hour

hot-bath temperature 180°F

hot-bath time 4 minutes

1. Membrane Formation Technique

The reinforced membranes formed during these studies were cast in a facility
designed and developed by Pratt & Whitney Aircraft. The cast facility offered
the advantages of mechanized casting and a controlled and variable cast environ-
ment. The characteristics of the facility were as follows:

Cast Chamber

controlled temperature 0-70°F
controlled humidity 0-70%
recovery rate 30 min.
atmosphere as desired

stainless-steel lined
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Cast Knife

cast speed - variable 0.1 to 8.0 ft/sec
cast capabilities
membrane width 9.0 in.
membrane length 28,0 in,
film thickness 0. 093 in.

A detailed description of the membrane preparation area and cast facility is
presented in Appendix 2. The cast technique used to obtain high-performance
membranes will be presented below. This technique should be considered the
standard procedure for processing reinforced membranes for this contract. It
was also used as the baseline for comparison studies for the entire program.

Details of the cast-process technique are as follows:

1) The acetone and formamide are added to the cellulose-acetate powder and
slowly tumbled (5 to 6 rpm) for 16 hours to insure proper mixing. The
solution is filtered and stored at 65°F until it is used. A cast solution con-
taining E-398-10 cellulose acetate is tumbled for 32 hours.

2) The reinforcing fabric is wrapped around a glass plate and placed in the
cold-bath pan which is located in the cast chamber.

3) The atmosphere of the cast chamber is conditioned to 70°F with a 30 per-
cent relative humidity.

4) The cast chamber is allowed to stabilize.
5) When a membrane is to be cast, the cast solution is removed from storage
and permitted to reach room temperature. A sample is removed and a

viscosity check is performed using a Cannon-Fenske Viscometer.

6) The remainder of the cast solution is introduced into the cast-knife solution
reservoir.

7) A film approximately 7.5 mils thick is cast onto the fabric at a rate of
0.2 foot per second.

8) The membrane is inundated with a 35°F cold-bath solution 30 seconds from

the start of cast. The cold-bath pan is placed in a refrigerator at 35°F for
1 hour.
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9) Six 3 x 4 inch samples are cut from the center portion of the membrane
sheet and are hot-bath treated at 185°F for 4 minutes. Clips are attached
to the bottom of the samples to reduce curling.

10) The sample is stored in tap water at room temperature until it is experi-
mentally evaluated.

A description of the membrane evaluation apparatus is presented in Appendix 3.

2. Membrane-Processing Studies

The first task in the membrane-processing studies was to select the cast-proc-
ess parameters to be investigated. A large number of parameters influence
the performance of cellulose-acetate films, so that it was necessary to select

a reasonable number to initiate the study. After a comprehensive review of
Pratt & Whitney Aircraft data and published data, the following variables were
selected:

1) type of cellulose acetate,

2) percentage of solvent in cast solution,
3) temperature of cast atmosphere,

4) evaporation time,

5) cold-bath temperature,

6) cold-bath composition, and

7) hot-bath temperature.

The investigation of the effect of cast-process variables was a statistically-
planned program which used a full factorial matrix. Before presenting the
matrix and the initial set of data, the reason for selecting each parameter will
be explained and the variations of the parameters will be identified.

1) Type of cellulose acetate - Eastman Kodak cellulose acetate E398-3 and
E398-10 were used for the program in order to determine if an increase in
polymer chain length would have a noticeable performance effect for a
membrane~-coated fabric.

2) Percentage of cast-solution solvent - At least one variation of the cast-
solution composition was desired. The membrane-coated fabric showed
sensitivity to solution viscosity as solution penetration into the weave be-
came the prime variable of the screening program. Solutions of 45 and
48. 8 percent by weight acetone were used on the program.

3) Temperature of cast atmosphere - This parameter was selected to vary the
acetone evaporation rate, thus controlling the rate at which the skin was
formed. The temperature levels selected were 50 and 70°F.
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4) Evaporation time - This parameter controls the total amount of acetone
that evaporates in the cast chamber if the acetone evaporation rate is con-
stant, and therefore tends to control the skin depth. Variations of 29 to 21
seconds were used in this program.,

5) Cold-bath temperature - The cold-bath solution leaches the solvent and
swelling agent from the membrane, causing the cellulose acetate to pre-
cipitate into a solified structure. The cold-bath temperature variations
permit control of the leaching rate. Temperatures of 50 and 35°F were
chosen.

6) Cold-bath composition - Composition of the cold bath also affects the
leaching rate of the solution, but it was chosen for a different reason. The
two compositions used were 100 percent water and 95 percent water - 5
percent acetone by volume, Previous studies had shown that a marked
change in performance occurs for a water-acetone cold-bath composition.
Apparently the skin structure is partially dissolved or reformed if a small
amount of acetone is introduced into the bath.

7) Hot-bath temperature - The membrane must be compacted to achieve a
reasonable desalting property. This parameter controls the rate of shrink-
age or compaction. Levels of 195, 185, and 175°F were chosen for the
initial studies.

The full factorial matrix is shown in Table 7. The columns of the matrix can
be used to examine the effect of cast-atmosphere temperature, type of cellulose
acetate and percentage of acetone in the cast solution. The rows of the matrix
permit examination of the hot-bath temperature, the cold-bath temperature, and
cold-bath composition parameters. The matrix is a five-factorial 2-level ma-
trix with the hot-bath temperature and the evaporation time treated in a special
fashion.

Thirty-two membrane sheets were made by modifying the type of cellulose
acetate, the acetone content of the casting solution, the cast-atmosphere tem-
perature, the cold-bath temperature, the cold-bath solution composition, the
evaporation time prior to immersion in the cold bath, and the hot-bath tempera-
ture. Six repeat sheets were formed to establish the repeatability of the proc-
ess. The number of sheets cast under a given set of conditions are presented

in Table 7. This series of reinforced membranes constitutes the basic study

of cast-process variables.
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The basic cast process has been described previously. The membrane formation
apparatus and the evaluation apparatus is described in Appendices 2 and 3, re-
spectively. The data was subdivided for detailed analysis into two classes,
screened and unscreened. The screened data contains only those samples which
do not contain major defects. The unscreened data contains all membrane
samples. On this basis 59 specimens were excluded, leaving the data from 165
samples. This data then was considered screened data and was used for the
analysis. The specimens whose data was excluded had visible defects and were
not considered representative of the performance achievable at the given set

of cast conditions. The defects normally were cracks in the cellulose-acetate
membrane. Cracks occur because the cellulose acetate tends to shrink during
processing and the nylon fabric retains its original dimensions, so that the
membrane experiences a tensile load because of the presence of the fabric.
Excessive bending of reinforced membranes also caused defects in the cellulose-
acetate material, A complete listing of the data for each sample was given in
the fifth quarterly report, PWA-3256. This report also identified each sample
that was considered defective.

The full factorial matrix was analyzed statistically as shown in Table 8. Each
set of values of product-water flux and salt rejection listed in the table repre-
sent the average performance of from 1 to 4 specimens. All process variable
variations are shown in this table except evaporation time. Six membrane
specimens were obtained from each membrane sheet that was processed. The
evaporation time for these specimens ranged from 29 seconds for Specimen
Number 1 to 21 seconds for Specimen Number 6. To minimize the effect of
the evaporation time variation, the performance characteristics, product-
water flux and salt rejection for Specimens 1 and 4, 2 and 5, and 3 and 6 were
averaged. For this matrix, it would have been desirable to consider evaporation
rate as one of the prime variables and randomize it accordingly.

The data in Table 8 was processed by a computer to perform a correlation ana-
lysis of the independent variables, a correlation analysis of some performance
parameters, and a regression analysis of some performance parameters. A
correlation analysis of independent variables is shown in the Table 9.
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The numbers in the above table are correlation coefficients and they can vary
from 0 to 100 percent. A correlation coefficient of zero indicates no correla-
tion between the variables, whereas 100 percent indicates perfect correlation.
This latter condition indicates that every data point falls exactly on a line when
plotting one variable against the other. The line beneath a correlation coefficient
indicates that the correlation is mathematically significant with respect to the
level of confidence chosen. A 95 percent level of confidence was chosen. Hence,
whenever a correlation is defined as significant there is a mathematical prob-
ability of 19 in 20 that the correlation really exists rather than being a fictitious
correlation within the tolerance of experimental error. The sign before the
correlation coefficient signifies the direction of the slope between the two vari-
ables. For example a -100 percent correlation exists between relative humidity
and cast-atmosphere temperature. The negative sign indicates that the relative
humidity decreases as the cast-atmosphere temperature increases. This high
degree of correlation should exist since the relative humidity was controlled

to 60 percent at a cast temperature of 50°F, and to 30 percent at a temperature
of 7T0°F.

There is only one correlation coefficient that has meaningful significance.
This is 86 percent between solution viscosity and cellulose-acetate type. This
correlation was anticipated as solutions prepared with E398-10 material pro-
duce viscosity levels over 400 stokes, whereas E398-3 solutions yield values
less than 300 stokes.

The purpose of performing the correlation analysis shown in Tabie 9 was to
investigate the possibility that some cast-process or independent variables
were in fact dependent on other cast-process variables. The first six variables
were those studied in this program and the low correlation coefficients indicate
that the cast-process parameters were truly independent variables for this
data.

A correlation analysis of performance parameters with cast-process parameters
is shown in Table 10.
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TABLE 10

Correlation of Performance Parameters with Cast-Process Parameters

Cellulose Cast Cold-Bath Hot-Bath
Acetate Acetone Tempera- Tempera- Cold-Bath Tempera-
Type Content ture ture Content ture
product water =32 -14 =23 -15 3 =15
reduced -40 -19 -13 -19 2 =75
product water
leakage -15 -4 =32 -6 7 =60
salt rejection 2 -3 29 -1 -5 58

The performance parameters or dependent variables are listed vertically and
the cast-process parameters or independent variables are listed horizontally.
The performance parameters are strongly dependent on hot-bath temperature.
The product-water flux and reduced product-water flux are higher using E398-3
cellulose acetate than with E398-10 material. Three of the four performance
parameters correlate with the cast-temperature variable. It is felt that this
particular correlation is representative of a relative humidity effect but because
of the high correlation between cast temperature and relative humidity, this
could not be verified.

A regression analysis of the performance parameters was also performed. The
detailed results are given in the fifth quarterly report, PWA-3322. They
merely point up the fact that a variety of different levels exist which yield a
given performance level. A partial factorial matrix was performed prior to

the full factorial matrix. It is described in detail in the third quarterly report,
PWA-3100,

The performance of reinforced membranes using Eastman E398-3 cellulose
acetate was superior to that recorded for samples using E398-10 material.
The basic difference between the two cellulose acetates is that the E398-3
material has shorter average polymer chain length and forms a less viscous
solution than the E398-10 material.

The effect of hot-bath temperature was similar to that expected for modified
cellulose-acetate membranes if a 100 percent water cold-bath solution was
used. The product-water flux decreased and the salt rejection increased as
hot-bath temperature was increased. A hot-bath temperature of 185°F normally
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yielded salt rejection values approaching or greater than 90 percent. Hot-bath
treatment at 195°F produced extremely poor salt rejection and high product-water
flux performance for some samples. This is mentioned to reassert that the
membrane tends to crack or split if formed using certain combinations of the
processing parameters. A much larger percentage of those membranes processed
at 195°F hot-bath temperature exhibited this characteristic than samples processed
at the lower hot-bath temperatures. These cracks or surface defects were observed
under microscoupic examination. The above comments only apply to samples proc-
essed in a cold bath of 100 percent water.

Insufficient data was accumulated on reinforced membranes to define the effect
of cast temperature or cold-bath temperature., These parameters did not appear
to exert as strong an influence on the performance as the other parameters in-
vestigated.

These studies emphasized the need for careful judgment in forming conclusions

as to the effect of various process variables on the performance of rein-

forced membranes. The reinforcing fabric tends to stress the membrane because
the membrane shrinks during processing, whereas the attached fabric retains

its basic configuration. Thus, the poor salt-rejection data must be divided into
two classifications as follows:

1) The processing conditions were such that a homogeneous membrane
was produced but these processing conditions also created a poor cell-
ulose-acetate structure for use as a semipermeable membrane.

2) The processing conditions were such that the cellulose-acetate structure
contained defects. These defects permitted the passage of the brackish
solution, resulting in the poor salt-rejection data.

For the latter case, a simple change of the reinforcing material may reduce or
eliminate the defects in the cellulose-acetate structure, because the stresses on
this structure are modified.

A second series of comments should be made with respect to performance com-
parisons of the various reinforced membranes. At least two sets of comparisons
should be performed with caution. These are as follows:

1) The choice of the basic cellulose acetate material (E398-3 or E398-10)
has been discussed for the short-term tests. It is quite possible that
E398-10 material may yield performance comparable to that of the
E398-3 material if the evaporation period were reduced for the E398-10
material, Hence the comparison made between these two cellulose-
acetate materials is only applicable to the conditions investigated in this
program,
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2) It is difficult to compare the samples formed in a dilute acetone cold-
bath solution with those formed in a water cold-bath solution. One can
hypothesize as to the effect of the cast-solution parameters, the cast-
technique parameters, the cold-bath parameters, and the hot-bath para-
meters for films made in a water cold bath. The data recorded on this
program suggests that a dilute acetone cold-bath solution reacts with the
cellulose acetate structure. This implies that cold-bath time and tem~
perature and the concentration and activity of the additive (acetone for
this program) determine the degree of reaction with the cellulose acetate.
Studies conducted prior to this contract effort and not reported in litera-
ture suggested that a 5 percent acetone concentration combined with a
1-hour time period and 35 and 50°F temperatures might produce benefi~
cial modification to the membrane structure. Further studies would be
required to evaluate the interactions of these cold-bath variables.

The reinforced membrane-processing studies defined the performance level of

this composite membrane structure using state-of-the-art techniques. The studies
indicated that the stress pattern within the modified cellulose-acetate membrane

is modified because of the fabric. The studies also identified potential techniques
which may improve the state of the art for cellulose-acetate membrane formation.

C. Performance Characteristics

The third phase of the reinforced membrane studies was to investigate the per-
formance of cellulose-acetate membranes as a function of operating time and
operational variables such as temperature, pressure and brine concentration.

1. Lifetime Measurements

Twenty specimens having various levels of salt rejection and product-water flux
were evaluated at standard brackish water conditions for periods from 77 to

489 hours. The specimens were selected from specimens formed for the cast-
process variables study. The decay rate of the product-water flux was not
markedly affected by such cast-process parameters as cellulose-acetate type,
cold-bath temperature or hot-bath temperature. A correlation analysis indicated
that performance decay cannot be conclusively described as being either linear
or logarithmic with respect to time. It is very important to establish which is
the proper hypothesis: if a linear variation is correct, then with respect to
membrane compaction a practical reverse-osmosis system may not be possible
with the membranes developed to date. However, if the logarithmic variation
is correct, then a practical reverse-osmosis system for brackish water can be
made using the developed membranes. It is therefore necessary to continue the
evaluation of membranes for extended periods to properly identify the mode of
decay. Fifteen hundred hours would be an appropriate endurance goal.
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The method of selecting the membrane specimens for lifetime measurements

is described in detail in the fifth quarterly report PWA-3256. These membranes
received either a 4-hour evaluation at standard brackish-water conditions or a
3-hour evaluation using a 5500 ppm NaCl solution, operating at 750 psi pressure
and 77°F solution temperature, under turbulent-flow conditions. The membranes
were stored in tap water until required for the endurance evaluation. Table 11
summarizes the data from the short-duration tests.

TABLE 11

Short-Duration Performance of Membranes

Salt
Specimen Product-Water Rejection,
No. Flux, gfd %
88A -4%* 23 99
88A-1% 23 98
88A-2%* 23 99.8
142A-3 24 98
140B-3 24 97
140B-5 27 96
103B-6 14 96
98B-~2 16 96
105A-5 19 96
T7TA~-6%* 21 96
113B-1 25 96
109A-6 30 96
109B-1 39 95
112A-3 36 91
82B-3* 37 91
86A -6* 49 92
109A -5 52 86
86B~1%* 58 84
T9A -2%* 59 82
86B-4* 69 81

*These specimens were evaluated for three hours

Figure 10 shows a plot of membrane performance as a function of time for three
membranes whose initial product-water flux was at different levels. The mem-~
brane which had the highest initial product-water flux (Specimen 109A -5) ex-
perienced a decreasing rate of decay for the first 20 hours and then exhibited a
constant decay rate. Specimen 112A-3, which had an intermediate initial product-
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water flux followed the same pattern, however, the permeability decay rate
was lower. Specimen 98B-2, which had an initial value of 18 gfd, had a very
low decay rate and it appeared to be constant for the duration of the test. The
water permeability decrease appeared to be a linear relation with test time for
all three membranes. The salt-transport characteristic of the specimens re-
mained constant. The product-water decay rate was a direct function of initial
product-water flux, as shown in Figure 11, This relationship indicates that a
specimen which exhibits high initial product-water flux will decay more rapidly
and eventually will achieve the product-water level of a specimen with lower
initial product-water flux.

In order to determine the mode of membrane decay, three membranes were
tested for 489 hours at standard brackish-water conditions. The membranes
selected for evaluation are identified as Specimen Numbers 140B-3, 140B-5
and 142A-3. The test was normally conducted for 16 hours per day. Conse-
quently, the specimens were subjected to a minimum of 35 pressure cycles.

In an effort to identify the product-water flux decay of the three membranes,
both a correlation analysis and a curve fit were performed. A correlation
analysis involves finding a measure of the dependence of one variable upon
another. The data was fitted using the method of least squares. The types of
curves investigated in detail were:

1) Linear: Y=mt+b

2) Logarithmic: Y =m(logt)+ b

where Y = dependent variable
m = slope of the line
b = y (intercept)
t = time

Other curves investigated were:
3) Exponential: Lny = mt+b

and Y = m(e"O' Olt) + b
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Test time was the independent variable, while product-water flux was the de-
pendent variable. Four other dependent variables, reduced product-water flux,
product-water concentration, salt rejection and salt transport were considered.
However, the major effort was expended on the correlation analysis between
product-water flux and linear time or logarithmic time.

The results of the correlation analysis indicated that a high correlation exists
between time and product-water decay for both the linear and logarithmic cases.
Table 12 presents the correlation coefficients and slopes for time and product-
water flux for the linear and logarithmic cases.

TABLE 12

Correlation Analysis Results

Linear Logarithmic
Membrane Correlation Slope, Correlation Slope,
Specimen Coefficient, r gfd/hr Coefficient, r gfd/log time
140B-3 -0.364 -0. 0064 -0.392 -2.316
140B-5 -0.637 -0. 0057 -0.712 -2.137
142A-3 -0.655 -0.0058 -0.629 -1, 983

A confidence level of 99+% was obtained for a correlation coefficient, r = 10.26|
for the number of data points obtained from the lifetime test. The correlation
analysis indicated significant curve fits for both the linear and logarithmic cases.
Therefore, based on the 489 hours of evaluation, it could not be conclusively
determined whether product-water flux decay is linear or logarithmic.

Figure 12 shows a plot of product-water flux and salt rejection of Membrane
140B-5 as a function of linear time. The data points shown represent an average
product-water flux over a 20-hour period. The slope of the curve was obtained
by the method of least squares from a linear fit. Very little scatter with the
data points and the calculated curve slope is in evidence. Figure 13 shows the
product-water flux of Membrane 140B-5 as a function of time on a logarithmic
scale. The slope of the line was calculated from the equation y = m (log t) + b.
The data points shown represent a product-water flux over a 20-hour period.
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Again very little scatter between product-water flux and time is in evidence.
These curves should be considered typical for the membranes evaluated. Table
13 presents the performance characteristics, product-water flux, salt rejection
and salt transport of the membranes evaluated.

The importance of identifying the functional form of the product-water flux decay
can be best illustrated by considering the performance of Membrane 140B-5.
The initial product-water flux of 28 gfd will decay to 21 gfd after 1000 hours,

if the flux decay with time were linear. On the other hand, if the flux decay
were a logarithmic function of time, the product-water flux after 1000 hours
would be 24 gfd. The same membrane after 2000 hours would have a product-
water flux of 15 gfd for the linear case and 23 gfd for the logarithmic case.
Figure 14 shows the best linear and best logarithmic fit of the product-water
flux for Membrane 140B-5 as a function of time. It is typical of the three
membranes evaluated. There is very little difference between the linear and
logarithmic curves up to about 500 hours. It can therefore be concluded that

it is necessary to continue the evaluation of membranes for extended periods

to properly identify the mode of decay. Fifteen hundred hours would be an
appropriate endurance goal. A photograph of the three membranes evaluated
for 489 hours is shown in Figure 15. A description of the lifetime measurement
program is presented in detail in the fourth , fifth, sixth and eighth quarterly
reports PWA-3181, 3256, 3320 and 3510, respectively.

2. Operating Variables Study

In addition to the lifetime performance characteristics it is necessary to know
the variation of performance with the operating variables. The operating vari-
ables chosen as most important were pressure, temperature and concentration,
Merten3 and others have shown that the permeation flux can be expressed by

j1 = A (AP - Ar)
and that salt permeation flux can be given by

jg = 7T AC + Cpig

The salt concentration used in this equation should be the concentration of the
solution adjacent to the membrane, as opposed to the bulk-solution concentration.
The second term of the equation recognizes that some membranes have pores

or defects sufficiently large to permit flow which is pressure-dependent. The
quantity of water passing through the membrane normally is quite small with
respect to water passage by the diffusion process as given by the previous equa-
tion, however the salt transported in this leakage term can be quite significant
when compared to salt transport by diffusion.
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The salt rejection can be defined as follows:

C
Sr = [1-—9-] 100
%y

The salt rejection will still be influenced by solution pressure for a perfect
membrane (no leakage) because Cpisa fundtion of pressure since it is depend-
ent upon jq.

A number of membranes were tested to demonstrate the validity of these equations.
The results are summarized in Figure 16 where the water permeation constant
A is shown as a function of feedwater pressure, concentration and temperature.
A membrane constant of 0. 034 gfd/psi corresponds to a water flux of 27.2 gfd

at operating conditions of 800 psi, 10,000 ppm NaCl, and 77°F. Referring to
Figure 16, the water permeation constant is seen to be a function of pressure.
This is caused by a change in the internal structure of the cellulose acetate as
the applied pressure is increased. For the most part this change is irreversible
and the water permeation constant is a function of the pressure-level history of
the membrane. It is also noted that the water permeation constant is a slight
function of concentration. It is now believed that this is caused by salt concen-
tration polarization at the higher brine concentrations, but it has not been
verified. The dependence of the water permeation constant on temperature was
expected. The slope of the line is 0. 00065 gfd/psi/°F. To convert the units

of A from (gfd/psi) to (gm/cm? sec atm) multiply by 0. 000693.

A similar family of curves can be drawn for the salt permeation constant but
the data available does not yield consistent results. It is believed that for a
membrane of high salt rejection, the salt permeation constant will yield curves
similar to those for the water permeation constant, i.e., a function of both
pressure and temperature and only slightly dependent on concentration.

A detailed discussion of the operating variables study is presented in the fifth
quarterly report, PWA-3256, and the eighth quarterly report, PWA-3510,
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V. COMPACT CARTRIDGE DEMONSTRATION

The concept of a compact cartridge investigated by Pratt & Whitney Aircraft
consists of a number of composite membranes stacked between two rigid end
plates and assembled on a common porous tube. This concept employs flow
channels with small hydraulic diameters and feedwater turbulators to minimize
the effects of concentration polarization. The design was strongly biased towards
demonstrating the feasibility of the concept of a compact reverse-osmosis car-
tridge, and was not necessarily optimized for any given application. The car-
tridge size was large enough to identify and solve fabrication problems that can
be expected with full-scale cartridges. This section describes the compact
cartridge concept and the performance characteristics obtained. It also describes
the composite membrane development program.

A. Compact Cartridges

An illustration of the compact cartridge demonstration unit is shown in Figure
17, and an exploded view of the cartridge is shown in Figure 18. The cartridge
as built consisted of a number of composite membranes sandwiched between
two end plates and assembled on a common porous tube. The porous tube
serves as the product-water removal manifold and provides structural strength
to the cartridge assembly. The composite membrane spacing is controlled by
a rubber O-ring and plastic washer-spacer that is placed around the porous pro-
duct-water manifold, and by a plastic frame that is placed around the periphery
of the composite membrane. The rubber O-ring and spacer create a seal
between the feedwater passage and the porous product-water manifold, The
plastic frame, in conjunction with a tape film, separates the feedwater within
the cartridge from the feedwater in the pressure vessel. Plastic screens were
installed in the feedwater passage to promote mixing of the feedwater and re-
duce the possibility of concentration polarization. The entire assembly is held
together with a tiebolt. The feedwater enters the cartridge through a series of
holes in the bottom plate and flows across the composite membrane surface. At
this point the feedwater is introduced into the second layer of the composite
membrane stack. The concentrated feedwater is removed from the cartridge
by a flexible pipe.

The composite membrane used was formed by attaching reinforced membranes
to both sides of a grooved polyvinylchloride support plate. Sealing was accom-
plished by means of a thin polyester film, Mystic Tape No., 7300, and Pliobond
cement. To prevent the membrane from deforming into the product-water
grooves and causing feedwater blockage, celluloid strips were placed over the
eight radial product-water removal grooves, To prevent damage to the rein-
forced membrane, a layer of filter paper was placed over the celluloid strips
and support plate. It should be noted that the above changes were only incor-
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porated in order to obtain a workable composite membrane. An improvement
in design of the grooved membrane support structure would eliminate the need
for both the celluloid strips and the filter paper. A detailed description of
the composite membrane development program is presented in Section V. B,
below,

Two compact cartridges were assembled and tested. The first cartridge con-
tained three composite membranes while the second cartridge consisted of ten
composite membranes. Their average performance at 800 psi, 77°F, 1.50 gpm
laminar feedwater flow rate, and 10, 000 ppm NaCl feedwater concentration,
was 23 gfd (55 gpd) at 93 percent salt rejection and 25 gfd (198 gpd) at 88 per-
cent salt rejection, respectively. A design and build summary of the two com-
pact cartridges is presented in Table 14.

The testing of the compact cartridge was performed on the reverse-osmosis
test system described in Appendix 3 of this report.

1. Three-Plate Compact Cartridge

The first compact cartridge evaluated during this program consisted of 3 com-
posite membranes with a total membrane surface area of 2.4 square feet. The
cartridge was operated for 58 hours, during which time calibrations were per-
formed with respect to feedwater pressure, temperature and flow rate. Average
performance over this period at standard conditions was 23 gfd at 93 percent
salt rejection. (Standard conditions are: 800 + 10 psi, 77° + 1°F, 1.50 + .01
gpm and 10, 000 ppm NaCl feedwater concentration).

Cartridge performance as a function of feedwater applied pressure is shown in
Figure 19. Product-water flux is shown to be a linear function of applied pres-
sure. There was a gradual reduction in salt rejection at lower applied pressures
since salt transport is independent of applied pressure, while the product-water
flux was directly proportional. Figure 20 shows product-water flux and salt re-
jection as functions of feedwater temperature. Again, a linear relationship is
indicated. The slope of the product-water curve, which can be considered a
temperature correction factor for Cartridge No. 1, is 0.35 gfd/°F in the

range of 67 to 7T7°F.

A test of Cartridge No. 1 with feedwater flow rate as a variable was conducted
to determine the effects of recovery factor on cartridge performance (recovery
factor is the percent of the feedwater stream recovered as product-water flux).
A plot of product-water flux and salt rejection as a function of feedwater flow
rate is shown in Figure 21. A significant reduction in product-water flux occur-
red with a feedwater flow rate of 0.5 gpm (8 percent recovery) while a notice-
able change in salt rejection occurred with a feedwater flow rate of 1. 0 gpm

(2 percent recovery).
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Cartridge performance as a function of operating time is shown in Figure 22.
The initially-high product-water flux and erratic salt rejection during the first
ten hours of operation can possibly be attributed to a leak in the composite-
membrane tape seal that was discovered during post-test inspection of the car-
tridge. It is believed that this leak became sealed during continued operation.

Theoretical values for the product-water flux and salt rejection of Cartridge
No, 1 as functions of feedwater flow rate and applied pressure are presented in
Figures 23 and 24. These curves were calculated using an analysis based on
the method of Brian4 for predicting concentration polarization. The curve
marked '""zero polarization' disregards the effect of concentration polarization
but takes into account the increase in bulk concentration down the channel. The
curve marked '"predicted polarization' takes into account the effect of concen-
tration polarization for laminar flow, neglecting the presence of turbulators.
The experimental data for Cartridge No. 1 are also plotted on this curve. As
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can be seen, the data is in excellent agreement with the prediction. Also, the
experimental data points fall very close to the zero-polarization case, indicating
success of the compact cartridge in minmizing polarization effects. It is within
the limits of experimental accuracy and there is a slight degradation with time,
as shown in Figure 22,

The analysis predicted average product-water flux, product-water concentration
and brine pressure loss for the cartridge, taking into account the following
effects:

1) Axial variation of product-water flux caused by,
a) The axial increase in the effective osmotic pressure of the brine at
the membrane surface caused by the combined interactions of:

1) the axial increase in brine bulk concentration due to product-
water removal,

2) the effect of polarization which results from the back diffusion of
rejected salt from the membrane surface to the bulk of the brine
stream as predicted by Brian, and

b) Axial decrease in brine pressure caused by fluid friction.

2) Brine pressure losses due to entrance and exit effects.
3) Membrane salt rejections less than 100 percent.

To facilitate calculations the analysis was programmed on a high-speed digital
computer. A detailed description of the method used to predict the cartridge
performance is presented in Section VI below. These calculations were based
on an open channel without feedwater turbulators or product-water collection
manifold. The latter factors should make the predicted polarization curves
slightly pessimistic. The experimentally-observed average membrane con-
stant and salt rejection at feedwater flow rates in excess of 2. 0 gpm were con-
sidered characteristic of the membranes and used as input for these calculations,
A feedwater inlet concentration of 10, 000 ppm NaCl was also used as input
data and all salt rejections were calculated with respect to this concentration
(negligibly different from salt rejections based on the average of inlet and exit
bulk concentrations up to approximately 30 percent recovery).

Wall concentration as a function of channel length is shown in Figure 25, to-
gether with the average bulk concentration. It was assumed that the feedwater
solution is completely mixed as it passes through the seven 1/4-inch solution
passage holes from one feedwater channel to the next. Concentration polariza-
tion is more severe in the first and fourth channels since these channels have
one impervious wall (top and bottom plates). This circumstance leads to a
higher feedwater concentration adjacent to the membrane surface. It should
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Figure 25 Calculated Wall Concentration vs Channel Length

be noted that this effect occurs in only two channels, regardless of the number
of composite membranes in the cartridge, so that it would become negligible in
large cartridges.

Cartridge No. 1 was disassembled and inspected at the completion of testing.

In general, the cartridge was in very good condition. All O-rings appeared to
seal effectively. The composite membrane tape and Pliobond seals were intact
except for the center composite membrane where one tape joint failed and re-
sulted in a relatively small leak (estimated from a discoloration noted under the
reinforced membrane). This leak was previously mentioned in regard to the
initially-poor cartridge performance. There was no apparent damage to the
composite membrane surfaces from the feedwater turbulators. A rust-colored
film had been deposited on all membrane surfaces.

2. Ten-Plate Compact Cartridge

The second compact cartridge to be tested (No. 2-1) consisted of ten composite
membranes with a total active membrane area of 8, 0 square feet. This car-
tridge was assembled in a manner similar to Cartridge No. 1. Cartridge No.
2-1 was tested for 90 hours with an average performance of 24 gfd (193 gpd) at
89 percent salt rejection at the standard conditions previously mentioned. The
cartridge was disassembled, a badly pinholed composite membrane removed,
and assembled with a new composite membrane. This cartridge, No. 2-2,
was operated for an additional 75 hours with an average performance of 25 gfd
(203 gpd) at 86 percent salt rejection.
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Compact Cartridge No. 2-1 was calibrated with respect to feedwater flow rate
and pressure. Membrane performance is shown in Figures 26 and 27 as a func-
tion of feedwater flow rate and applied pressure, together with the predicted
performance values calculated in the same manner as those for Cartridge No.

1. These predicted performance values were based on an average membrane
constant and salt rejection obtained from the experimental data at turbulent
feedwater conditions. During the feedwater flow calibration, Figure 26, a

shift in the cartridge salt-rejection characteristics occurred at the feedwater
flow rates below the 1.5 gpm data points. The downward shift in the salt re-
jection and the slight increase in the product-water flux indicates leakage of the
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Figure 26 Performance of Compact Cartridge No. 2-1 vs Feedwater Flow Rate

feedwater into the product-water stream, as opposed to concentration polariza-
tion. Concentration polarization would have caused a decrease in both salt re-
jection and product-water flux. Feedwater leakage is verified by a plot of re-
duced product-water flux versus feedwater flow rate, as shown in Figure 28,
This plot does not show a performance shift, implying that the diffusive flux
remained unchanged. The feedwater pressure calibration, Figure 27, was per-
formed subsequent to the flow rate calibration. The product-water flux is
shown to be a linear function of the applied pressure. The low salt rejection is
attributed to leakage through imperfections in the membrane surface. A plot
of feedwater leakage into the product-water stream during the feedwater pres-
sure calibration is shown in Figure 29. The initially-high leak rate at 800 psi
is probably the result of membrane relaxation during the interval between the
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feedwater flow rate and pressure calibrations. A recovery rate of approximately
50 percent was obtained with the cartridge. Compact Cartridge No, 2-1is
shown partially assembled in Figure 30 and installed in a pressure vessel in
Figure 31.

Compact Cartridge No. 2-1 was disassembled and inspected. All of the com~
posite membranes were found to be somewhat pinholed, and one composite,
No. 178A, was found to be particularly badly pinholed. This membrane was
removed and replaced with Composite No. 175B. The cartridge was then
reassembled as Compact Cartridge No. 2-2,

A feedwater concentration and pressure calibration was performed on Cartridge
No. 2-2, and is shown in Figure 32. This data did not reveal any significant
performance improvement. As there was no improvement in the cartridge salt
rejection level, the test was terminated. Cartridge No. 2-2 was disassembled
and individual composite membranes were inspected. Every composite mem-
brane in the cartridge had become pinholed to some extent, ranging from 5 or
6 up to 30 pinholes per composite per side. Further, in almost all cases there
was a significant discoloration in the filter-paper underlay beneath the site of
the pinhole, indicating a leak through pores in the membrane surface large
enough to account for the reduced salt rejection level, rather than through the
tape and O-ring seals. A composite membrane after test is shown in Figure
33.

Post-test examination of this cartridge showed that, 1) the composite membrane
seals withstood the combined effect of pressure and flow rate, 2) there was no
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Figure 31 Assembly of Compact Reverse-Osmosis Cartridge and Pressure
Vessel XP-88775
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visible damage to the membrane surface from the plastic screen turbulator,

3) the turbulators did not provide nucleation for precipitates, and 4) the car-
tridge tape shroud had not suffered any apparent damage. Compact Cartridge
No. 2-1 was disassembled after 91 hours at test conditions. Then it was re-
assembled with only a single composite membrane being changed, yet it achieved
nearly pre-teardown performance.

The test program performed on Cartridge No. 2 as a function of operating time
is presented in Figure 34. The cartridge was exposed to 15 pressure cycles
during a seventeen-day period. The points shown on this figure represent the
average performance taken over a stabilized time period. The shaded points
represent data obtained at the standard conditions of 800 psi feedwater pressure,
T7°F temperature, 1.5 gpm laminar flow rate and 10, 000 ppm NaCl feedwater
solution. At these conditions, the cartridge initially produced 24 gfd with a
salt rejection of 94 percent. The level of performance shifted to 25 gfd at 86
percent after 22 hours of operation, and remained at that level for an additional
143 hours. This indicates that the pore leakage did not increase with time and
that the effect of concentration polarizétion was negligible.
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Figure 33  Typical Composite Membrane after Test XP-88846
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B. Composite Membrane Development

The composite membrane is the active element of the compact cartridge. It
provides the semipermeable surface through which the reverse-osmosis process
takes place, and passes the product water to a central manifold. As a conse-
quence the composite membranes make up the bulk of a compact cartridge. For
example, a typical compact cartridge will contain over 200 of these composite
membranes arranged in a stack, properly sealed, structurally supported and
manifolded to permit removal of the product water. A typical plant of one
million gallons per day capacity will require approximately 25 compact cartridges.
The large number of composite membranes required for a single plant indicates
that if the reverse-osmosis process becomes established it will be necessary

to manufacture composite membranes on a volume basis and at low cost.

Since the manufacturing of a composite membrane is not an established technology,
a need exists to develop the necessary techniques for the manufacturing of com-
posite membranes. Three types of composite membranes were investigated dur-
ing the contractual time period, 1) a rigid composite membrane, 2) a flexible
composite membrane, and 3) a direct-cast composite membrane. In the first

and second methods a reinforced membrane, which was previously cast and
treated in a separate operation, was sealed to a grooved PVC support plate and
laminated plastic screen respectively, with a pressure-sensitive polyester film.
In the third method the membrane was cast directly onto the surface of a rein-
forcing material that had been previously attached to a support material. The
major effort to develop a composite membrane was directed towards the use of

a grooved membrane-support plate. Studies indicated that the reinforced mem-
branes could bridge grooves up to 12 mils wide without physical damage. The
laminated screen concept proved too difficult to form and support, and was dis-
continued. The primary problem associated with the direct-cast process is the
casting of a uniform membrane film directly onto the surface of the porous sup-
port material. A poorly-formed membrane may result due to solution penetration
into the porous support material, difficulty in casting a uniform film, membrane
shrinkage during the cold-bath and hot-bath processing, and possible distortion

of the support material.

The composite membrane developed for this program was formed by attaching
reinforced membranes to the upper and lower surfaces of a grooved plastic
plate. A pattern of circular grooves 6 mils wide and radial grooves 10 mils
wide was molded into the plastic surface as shown in Figure 35. The circular
grooves were spaced 12 mils between centers and were 6 mils deep. Polyvinyl-
chloride plastic was chosen for the initial specimens. The reinforced membranes
were attached to the plastic with a tape or cement. The radial grooves transport
the water that passes through the membrane to the central hole which contains
the porous product-water manifold. Seven 1/4-inch diameter holes permitted
passage to the next plate. The thickness of the plastic plate was 30 mils and it
was 8.5 inches square.
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Figure 35 Composite Membrane Support Plate = XP-84967
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The composite membrane was made in the following way. Two pieces of rein-
forced membrane were cut into two pieces 8.5 x 7.75 inches and a 1. 0 inch cen-
tral hole was cut out of each. The 8.5-inch dimension was the width of the sup-
port plate and the 7.75-inch dimension the distance from the bottom edge to the
step in the edge containing the brine~passage holes. The membranes were
attached, one at a time, to the zero-loss support material, using 1/2-inch wide
Mystic Tape 7300. Three edges of the composite were taped before taping the
second membrane to the opposite side. First, the edge opposite the brine-pas-
sage holes was taped. Approximately 1/4 inch of the tape width was attached

to the membrane and the remaining 1/4 inch was folded over and attached to
the support plate. The other two edges were taped in a similar manner. The
whole process was repeated for the second side. The last edge of both rein-
forced membranes (the edge along the brine-passage holes) was taped with one
continuous piece of tape wrapped completely around the composite. At each
corner, a drop of Pliobond was applied to seal the tape overlap. Figure 36
shows a typical composite membrane after fabrication.

Although a PVC zero-loss support material was used, several alternates exist.
Composite membranes have been formed on two layers of 40-mesh 0. 010-inch
thick stainless-steel screen. Similarly, plastic screen could be employed.

" During the initial development phase of the composite membranes it became
evident that membrane deformation was occurring in the area of the circular
and radial grooves for product-water removal. This resulted in a partial
blockage of the grooves. Previous studies had shown that reinforced membranes
can bridge gaps up to 12 mils wide and 10 mils deep without physical damage
to the membrane. Membrane deformation was expected, however, and inspection
of the membrane support plate revealed that the depth of the grooves was only
about 4 mils while its design depth was 6 mils. The deformation of the mem-
brane into the radial grooves for product-water removal resulted in a feedwater
leak path between the reinforced membrane and the inner O-ring spacer gasket
and into the product-water collection manifold. The membrane deformation and
leakage problem was resolved by placing an impervious celluloid material 7 mils
thick over the radial grooves for product-water removal. This material
was cut into the shape of a washer of 1 inch inside diameter and 2 inches cut-
side diameter with eight projections 1/8 inch wide by 4 inches long. The
washer eliminated the feedwater leak between the membrane and inner O-ring
spacer gasket, while the long projections prevented the membrane from de-
forming into the radial product-removal grooves. A second change was an
underlay of Whatman No. 50 filter paper to support the membrane over the
circular product-water removal grooves.
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Figure 36 Composite Membrane Assembly  XP-84968




The above changes were incorporated as a temporary measure in order to obtain
a workable composite membrane. Future membrane support plates should con-
tain deeper circular and radial grooves for product-water removal. Also, the
number of radial grooves should be increased with a corresponding decrease in
their width. This would tend to eliminate leakage between the inner O-ring

seal spacer and reinforced membrane.

Thirty-one composite membranes were assembled and evaluated. Table 15 pre-
sents the composite membrane performance data and unique construction details
when evaluated at the conditions of 800 psi applied pressure, 77°F feedwater
temperature, 10,000 ppm NaCl feedwater concentration, and a 1.5 gpm feedwater
flow rate (laminar - 1.2 ft/sec, Reynolds number - 1000). The feedwater flow
rate of 1.2 ft/sec was calculated on the basis of an open channel 8.5 inches wide
by 0. 050 inch high.

C. Composite Membrane Seal Development

Before a composite membrane could be fabricated it became necessary to find

a means of sealing the reinforced membrane to the membrane support plate.

The seal must form a water-tight bond between reinforced membranes or between
a reinforced membrane and its support. The seal program consisted of three
parallel efforts, 1) the development of a tape seal, 2) the development of a
liquid-adhesive seal, and 3) the development of a direct-cast composite mem-
brane. The direct-cast composite membrane is attractive as it would eliminate
the need for a tape or adhesive seal, but relies on the cast solution to form its
own seal during the membrane-formation process.

The first approach to forming a seal for a composite membrane was to tape

a reinforced membrane to a plastic material. Fifteen tapes were obtained
which had a water-impervious film, pressure-sensitive adhesive and chemical
stability in water. The properties of these tapes are listed in Table 16. Nine
pressure-sensitive adhesive tapes were used to attach reinforced membranes
to PVC. Two methods of application were used. In one case, a damp mem-
brane was attached to dry PVC; in the other case the membranes were attached
to the PVC while submerged in water. The membranes taped to the plastic
were left in a 10, 000 ppm aqueous solution of NaCl for six days. The results
are summarized in Table 17. Mystic Tape No. 7300, a polyester pressure-
sensitive film 1 mil thick with a 1.5-mil silicone adhesive, was selected for
further studies. A lap joint was unavoidable, therefore a liquid adhesive,
Goodyear Rubber Pliobond cement, was used to maintain a water-tight seal.
The ability of this type of seal to withstand long periods at operating conditions
and its applicability to composite membrane fabrication was examined by con-
structing and evaluating a composite membrane.
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The second approach in forming a composite membrane seal was to use a liquid
adhesive to attach a reinforced membrane to a PVC support. Five adhesives
were obtained for membrane attachment and sealing studies. Table 18 lists the
adhesives and their manufacturers.

TABLE 18

Membrane~to~-PVC Adhesives

Loctite 404 Loctite Corporation

Epoxy 907 Miller-Stephenson Chemical Company
Pliobond Goodyear Rubber Company

Silicone DC-92-018 Dow Corning

Polypoxy 7050, 7055 Pettit Paint Company

Membrane-to-PVC composites were formed and evaluated. The performance
obtained is presented in Table 19.

TABLE 19

Performance of Membrane-to-PVC Composites

Number Product- Salt
of Water Rejection,
Adhesive Samples Flux, gfd %
Pliobond 5 31 66
Epoxy 907 4 42 61
DC-92-018 6 29 57
Polypoxy 3 - 70

Loctite 404 cement was considered unsatisfactory because it penetrated the rein-
forced membrane to such a degree that a satisfactory seal could not be obtained.
A series of multiple applications of this cement, or an additive to the cement to
increase adhesive viscosity, possible could have eliminated this problem. Visual
examination of these specimens shows that the seals remained in contact and that
the adhesive-to-membrane and the adhesive-to-PVC contact surfaces were con-
tinuous. It is assumed that the feedwater penetrated the seal in the area of the
membrane porous gel. Further evaluation of adhesive seals was discontinued in
favor of the tape-cement seal,
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The third approach to the development of a composite membrane was to attach

a nylon reinforcing material to both sides of a support material, and to cast a
membrane directly onto these surfaces. This approach is particularly attrac-
tive since it eliminates the membrane-to-support material seal. The support
material could consist of a grooved support plate or a metal or plastic screen.
Both of these material types demonstrated that they are acceptable membrane~
support materials with respect to their hydrodynamic characteristics under load.
Two direct-cast techniques were considered, a "dip cast'' and a 'double cast''.
The dip-cast technique consisted of dipping a nylon-wrapped membrane-support
plate in a membrane cast solution and withdrawing it at a uniform rate. Rollers
or straight-edge surfaces removed the excess cast solution from the composite,
leaving the desired membrane film thickness. After allowing sufficient time for
solution evaporation, the composite would be given the standard cold-bath and
hot-bath treatments. The double-cast technique consisted of casting on one side
of a nylon-wrapped support plate, cold-bath treating, casting the second side and
again cold-bath treating the membrane. This process forms a water-tight bond
around the edges of the composite, due to the solvating of the first membrane by
the second cast solution. The double-cast method was selected as the more work-
able of the two direct-cast techniques, since existing cast equipment could be used.

Eight double casts were made with partial success. A membrane of high quality
was cast over the central region of each composite, but excessive membrane
buildup was present at the edges of the composite. These composites were not
evaluated as the membrane buildup resulted in a poor seal for the composite
membrane. Additional work would be required to develop a workable direct-
cast teghnique.

In view of the fact that satisfactory composites have been formed by the use of a
tape-cement seal, the adhesive seal effort and the direct-cast effort were dis-

continued.

A detailed description of the adhesive and direct-cast techniques was presented
in the sixth and seventh quarterly reports, PWA-3322 and PWA-3376.
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VI. SYSTEM PREDICTION STUDIES

An analysis was performed to develop a method for theoretical prediction of the
performance of a compact reverse-osmosis cartridge. The cartridge model con-
figuration consists of flat rectangular composite membranes. The analysis con-
sisted of two parts. The first predicted product-water flux, product-water con-
centration and brine pressure loss for these cartridges, taking into account the
following effects:

1) Axial variation of product-water flux caused by:

A) The axial increase in the effective osmotic pressure of the brine at the
membrane surface caused by the combined interactions of:

1) the axial increase in brine bulk concentration due to product-water
removal,

2) the effects of polarization resulting from the finite rate of back dif-
fusion of rejected salt at the membrane surface into the bulk of the
brine stream, as predicted by Brian4, and

3)- axial decrease in brine pressure caused by fluid friction.
2) Brine pressure losses due to entrance and exit effects.
3) Membrane salt rejections less than 100 per cent.

To facilitate calculations the analysis was programmed on a high-speed digital
computer. This information was then used in the second part to calculate the
energy required per unit of product and the number of stages to obtain product
water with less than 500 ppm of solids.

It was found that for both brackish and sea water the composite spacing should
be minimized. Also relatively high salt rejections are required by both brackish
and sea water; in general, values greater than 95 percent are required. Lastly,
most efficient operation can be obtained by minimizing the number of stages re-
quired, even though this requires higher salt rejection or lower recovery rates.

A. Cartridge Configurations

Two compact cartridge configurations were considered for analysis and are illus-
trated in Figures 37 and 38. The scheme shown in Figure 37 represents a series
of single-pass cartridges where the brine flows once through each cartridge with
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Figure 37 Single-Pass Cartridge Configuration

a mixing chamber between them. This arrangement is of the type that might be
used in large-scale commercial applications.

In the cartridge shown in Figure 38 the brine makes many passes before leaving
the cartridge. This arrangement makes it possible to achieve a long flow path

in a small volume. It is, therefore, particularly useful for laboratory testing.
Pratt & Whitney Aircraft employed this configuration for the cartridge tests pre-
sented elsewhere in this report.

=)

S —

Figure 38 Multipass Cartridge Configuration

For both configurations the flow path of the brine can be considered to consist of

a series of equal-length channels with brine mixing between the channels, as shown
in Figure 39. Each channel is formed between a pair of flat parallel reverse-
osmosis membranes which remove purified product water from the brine at a
varying flux rate. This flux rate depends upon the local hydrostatic pressure of
the brine and the local osmotic pressure of the brine at the membrane surface.

In the analysis it was assumed that fully-developed laminar flow was maintained

in each channel and that product water was removed at equal rates by the mem-
branes on each side of the channel,
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Figure 39 Cartridge Simulation Model

B. Description of Analysis

A finite-difference procedure was used in which each channel was divided into a
specified number of equal-length increments. Mass balance, product-water flux,
brine pressure loss, and concentration polarization calculations were made for
each successive increment in the direction of flow to determine the axial varia-
tion of the following parameters for each channel in the series.

Figure 39 illustrates the geometry of a channel and the ways it is broken up into
increments for analysis., It defines the channel length, incremental length and
distance, product-water flux removal and concentration, and the feedwater inlet
and outlet concentration. In addition, contraction and expansion pressure losses
were determined for the flow of brine into and out of each channel in the series.

The flow of salt solution through an incremental length of cartridge is illustrated
in Figure 40 where the feed brine is seen to flow between the two flat membrane
surfaces, and the purified product water flows through the membranes in a di-
rection perpendicular to the brine flow. The flow of brine, product water and
salt across the boundaries of each increment can be determined by using the fol-
lowing steady-state equations.
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Figure 40 Channel Increment
Pin Vin OW) = Pout Vour (BW) = 2J Py (W éx) (1)
Civ P Vi (hW) = Cort Porit Vet (BW) =2 Cpwi P (W 3y) ()
in"in Vin out Pout Vout (tW) pw) "pw X
where
Cpw = (1-8p) Cyy (3)

The terms on the left side of Equation (1) represent the difference between the
mass flow rate of the brine entering the increment and the mass flow rate of
brine leaving the increment, while the term on the right represents the mass
flow rate of the product water passing across the membrane surfaces. Similarly
the terms on the left side of Equation (2) represent the difference between the
mass flow rates of salt dissolved in the brine which enter and leave the incre-
ment, while the terms on the right represent the mass flow rate of the salt
dissolved in the product water which is not rejected and passes through the mem-
brane surface. To simplify the analysis it was assumed that
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Pin = Ppw = Poyt = Constant (4)

Equation (3) relates the concentration of the brine at the membrane surface, C
and the membrane salt rejection, Sr, to the product water concentration C pw*

W’
The product-water flux across the membrane surface of each increment was ob-
tained from the following familiar equation

i=A (P - Tw T "pw) (5)
Where the brine pressure was taken as the average pressure for the increment

Pin + Pout (6)
2

P =

Equation (5) was based on the assumption that the pressure of the product water
is zero.

The axial pressure drop of the brine flow through an increment was calculated
from the following relation which assumes fully developed laminar flow

ox

Pin = Pout =124 —— V (7
where
_ Vi, +V (8)
T = in out

2

The osmotic pressure of the brine at the membrane surface and the osmotic
pressure of the product water were calculated using the relation

T =0,0217 (C) 0.931 (9)

which was fitted to osmotic pressure data obtained from Reference 5 for tem-
peratures between 70° and 100°F.

Polarization effects were calculated from the following equation which relates
the average bulk concentration of the increment C to the brine concentration at
the membrane surface Cy

Cw = C[T+1.0] (10)
where 1
Cin * Cout (11)

2

C =
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The factor T' was calculated using the following relations from Reference 6.

I =1.536 (¢£)1/3 (12a)
I =£+5[1-exp(-VE/3)] (12b)
1
T =
3 a2 (12¢)
where -
£ o ix (13)
3 Vo hot2
and
o = DS (14)
jh

Equation (12a) was used in the initial entry region of the channel (i.e., £ <0.02).
Equation (12c¢) was used far downstream in the channel where the concentration
profile approaches an asymptotic value. Equation (12b) was used in the inter-
mediate region where the other two equations did not apply. A plot of I" as a func-
tion of ¢ and « for variable water flux across the membrane with complete

salt rejection is shown in Figure 41.

Equations (13) and (14) require knowledge of the average product-water flux of
the channel, j. This necessitated the use of an iterative procedure as discussed
below,

The analysis, as programmed on the computer, required the following primary
variables as known inputs:

1) Inlet pressure of brine, P,

2) Inlet concentration of brine, C,

3) Inlet velocity of brine, V,

4) Height of the flow channels, h

5) Length of a flow channel, L

6) Number of channels in series, Ngjg
7) Membrane constant, A

8) Membrane salt rejection, Sr

With this information the computer calculated the following results:

1) For the series of channels as a whole
a) Average product-water flux
b) Average product-water concentration
c) Fractional water recovery
d) Brine pressure loss from the entrance
of the first channel to the exit of the last channel
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Figure 41  Polarization as Function of Configuration and Membrane Characteristics

2) For each individual cartridge
a) Average product-water flux
b) Average product-water concentration
c¢) Fractional water recovery
d) Brine pressure loss
e) Axial variation of product-water flux
f) Axial variation of product-water concentration
g) Axial variation of brine concentration at the
membrane surface

In obtaining these results the computer followed the step-by-step procedure
which is outlined below:

1) From the channel height and the brine inlet velocity the contraction pressure

loss was calculated for the feed brine entering the first channel in the series
using the equations of Reference 7.
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2)

3)

4)

5)

6)

7)

)

9)

10)

An average product-water flux was then assumed for the channel. This value
was used in the calculation of the polarization effects for all increments in
the channel.

The calculation proceeded increment-by-increment along the channel in the
direction of the brine flow. For each increment the computer solved Equa-
tions (1) through (14) simultaneously by an iterative technique. Following
this procedure the computer generated axial profiles for the variables listed
below:

a) Brine pressure

b) Bulk concentration of the brine

c¢) Concentration of the brine at the membrane surface
d) Product-water flux

e) Product-water concentration

When the end of the channel was reached, average values were calculated
for the product-water flux and the product-water concentration.

The calculated value of the average product-water flux was compared with
the assumed value. '

If the two values of product-water flux agreed within a specified tolerance,
the calculation proceeded. If not, a new average flux was assumed and Steps
3), 4), and 5) were repeated until agreement was achieved between two suc-
cessive iterations.

After the program had converged on average flux, the expansion pressure
loss of the brine at the exit to the channel was calculated, using the equa-
tions of Reference 7.

The fractional recovery and total brine pressure loss were then calculated
for the first channel.

Steps 1) through 8) were repeated successively for the remaining channels
in the series.

After the calculations were completed for all channels, the values were cal-
culated for the following parameters, considering the series of channels as
a whole.

a) Average product-water flux
b) Average product-water concentration
c) Overall brine pressure loss
d) Overall fractional recovery
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C. Cartridge Performance Analysis

Before a comprehensive analysis of the cartridge performance could be per-
formed, it was necessary to select the parameters that would influence the car-
tridge performance. The parameters selected for this study and their levels
are given in Table 20.

TABLE 20

Cartridge Parameters and Their Levels

Brackish Water Sea Water
applied pressure, psi 400, 800, 1200 1000, 1300, 1600
recovery factor, % 50, 75, 90 30, 50, 70
channel height, in. 0.02, 0.04, 0,06 0.02, 0.04, 0.06
salt rejection, % 90, 95, 99 99, 99.3, 99.5
inlet brine concentration, ppm 1500 35,000
inlet velocity, ft/sec 0.2 0.2
channel width, in. 12.0 12.0
channels in series 4 4

The parameters which have the greatest influence on the performance charac-
teristics of the cartridge are; 1) applied pressure, 2) recovery factor, 3) chan-
nel height, and 4) salt rejection. The levels of these parameters were selected
to provide performance characteristics at conditions above and below those con-
ditions specified by the Office of Saline Water as being standard. The increased
pressure level for the sea water case is to overcome the increased osmotic pres-
sure of sea water. Also, the recovery factor is lower and the salt rejection
higher for the sea water cases. This was done in an effort to decrease concen-
tration polarization and obtain a product water containing less than 500 ppm of
sodium chloride.

D. Results and Conclusions

The results of the analysis are given in terms of average product-water flux,
J, the average ideal product-water flux, fid.product water concentration, Cp,
and the ratio of average to ideal product-water flux. The significance of these
variables is detailed below:

J id The average product-water flux of a membrane with a fully-
mixed brine stream, i.e., ignoring the effects of concentration
polarization and feed brine pressure loss.

S|

The average product-water flux for membranes without full
mixing and considering concentration polarization.
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Cp The product-water concentration, It is important that this be
kept as low as possible.

J/Jig A measure of the effectiveness of the brine flow channel in min-
imizing polarization and brine pressure loss effects. This vari-
able is a normalized flux relative to the best that can be achieved
in a fully mixed stream. Therefore it gives a measure of the
effect of concentration polarization and brine pressure loss.

Tables 21 and 22 give the values of J, Jjq, C,, and J/J jq calculated in this study

for brackish water and sea water, respectively. For convenience, the results
are summarized in Figures 42-46. Figure 42 shows the effect of pressure on

800

600 P /[_]/—-‘D

/O/l}

200

PRODUCT CONCENTRATION
CP"’ ppm

=
P |
[r 40
- (OBRACKISH CASE 1500 PPM
= RECOVERY: 0.75
2 CHANNEL HEIGHT: 0.04 IN.
e SALT REJECTION: 95%
& [ SEA WATER CASE 35,000 PPM
G- RECOVERY: 0.5
< V. CHANNEL HEIGHT: 0.040 IN.__|
& %0 J SALT REJECTION: 99.5%
>

0
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Figure 42 Comparison of Standard Brackish and Sea Water Cases
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performance. Note that higher pressure levels are necessary for sea-water
operation, with the attendant increase in energy requirements. Also it is seen
that flux levels are lower for sea water than for brackish water. This is caused
by a combination of concentration polarization and decreased membrane constant
at the higher salt rejection and higher pressures required for sea-water desali~
nation. It is for this reason that there does not appear to be any advantage in
going to pressures higher than 1200-1400 psi, even for sea water. It also shows
the difficulty in desalting sea water in a single-stage system as the product-
water salt concentration is greater than the 500 ppm maximum established by
OSwW.

Figure 43 shows performance as a function of channel height for brackish and
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sea-water cases., It shows that an increase in channel height in both cases de-
creases the product-water flux and increases the product-water concentration.
This can be understood by referring to Figure 44 which shows the ratio of mem-
brane performance and gives a direct measure of the amount of concentration
polarization present and the membrane efficiency. Polarization causes an ap-
proximate 15 percent decrease in membrane usage at 0. 06 inch for brackish
water and about 55 percent decrease for sea water. Therefore, the channel
height should be minimized to decrease polarization. This is also desirable to
increase the packing density of the cartridge. The calculation showed that the
hydraulic pressure drop even at 0. 02 inch is less than 5 psi and is therefore es-
sentially negligible.

Figures 45 and 46 show the effect of recovery on performance. Figure 45 shows
that an increase of the recovery causes a decrease in product-water flux and an
increase in product-water concentration. This is caused by a combination of
higher bulk brine concentration and increased concentration polarization at higher
recoveries. The degree of concentration polarization can be seen in Figure 46.
At even quite high recoveries, concentration polarization does not decrease the
flux rate for brackish water more than 15 percent, while for sea water even at

a low recovery rate, concentration polarization decreases the flux by 40 to 50
percent. These results indicate that the compact cartridge is suitable for de-
salting brackish water but that sea water is a much more difficult problem.
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The results of this part of the analysis can be summarized as follows: 1) pres-
sure levels greater than 1000-1200 psi do not appear to offer any advantages,
2) the channel spacing should be minimized consistent with good design, and

3) the compact cartridge is suitable for use with brackish water and only a
small amount of concentration polarization occurs.

E. Analysis of Staging

The staging arrangement considered in this analysis is illustrated in Figure 47.

It will be noted that the outlet brine of each stage is recirculated to the input of
the preceding stage. The outlet brine of the first stage is discharged through

a recovery turbine. In addition, this analysis was based on the following assump-
tions:

1) The method outlined in the preceding section could be applied to each
stage

2) Salt rejection - membrane constant characteristics as shown in Figure 48

3) Packing density (membrane surface area/volume) = 250 ft~

4) Product-water concentration - 500 ppm

5) Product-water quantity - 1,000, 000 gpd

6) Pump efficiency - 75 percent

7) Recovery turbine efficiency = 60 percent

The method of analysis was to determine the inlet concentration and flow rate
of each stage with the equation:

F.

|
!
+
&

in = °p o
F C F C
Civ = “p’p+ 00
n F,
in
Where F = flow rate, gpm
C = concentration, ppm

and the subscripts indicate:

in = inlet conditions of stage
p = product of previous stage or feed
o = outlet of following stage
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The outlet and product concentrations and recovery factor were calculated using
the method of the preceding section. An iterative procedure was used, and for
convenience, was programmed on a high-speed digital computer. The computer
program calculated the energy requirements and surface area needed for a one
million gallon per day plant.

The results from this analysis are given in Table 23, This table is divided into
three parts. The upper portion is for membranes with 99 percent salt rejection.
These membranes will require only a single-stage system. The middle portion
of the table gives the results for membranes with 95 percent salt rejection. For
low recoveries a single stage can be used but higher recoveries will require a
multistage system. The lower portion of the table gives the results for mem-
branes with 90 percent rejection. IFor the most part these membranes will re-
quire multistage systems.

Particular attention is given to the column labelled ""Energy Requirement for
Product with 500 ppm'' and the column labelled "Surface Area Required'. In
each case it can be seen that the energy requirements decrease with increasing
recovery but increase with the number of stages required. Also, it can be
seen that the surface area required for a one million gallon per day plant de-
creases as the salt rejection and recovery levels are decreased. In order to
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optimize a system it would be desirable to have the lowest energy requirements
and the smallest membrane surface area possible. This can be achieved by
selecting a membrane with the lowest acceptable salt rejection and with the
highest possible recovery, provided that neither causes an increase in the num-
ber of stages required. Of the cases given, the one that is most nearly optimum
is a membrane of 95 percent salt rejection operating in a single stage at 820

psi with a 66 percent recovery. This condition gives an energy requirement of
9.8 kw hr/kgal and requires 29,900 sq ft of membrane area.

In view of good plant design the following trade-off must also be considered:

an increase in the operating pressure will result in a reduction in the membrane
surface area required to produce a given amount of water. There will be a
corresponding reduction in the cartridge volume. However, the cost savings in
having a smaller cartridge will be eventually offset by the higher cost of the
pumping equipment, added power requirements and an increase in the pressure
vessel size, due to the higher operating pressures. The need for a complete
system analysis is apparent before optimized desalting systems can be placed
in operation.
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VII. DESIGN CONFIGURATION STUDIES

A design study of possible configurations for a compact reverse-osmosis de-
salting cartridge was conducted. Three basic concepts were chosen for consi-
deration, plate-and-frame, tubular, and spiral. The designs were compared
with respect to packaging density, water production per volume, concentration
polarization and energy requirements. The tubular and the circular plate-and-
frame configurations were selected for a more comprehensive study. Prelimi-
nary design layouts of these configurations have been prepared. These designs
were then compared with respect to water production, hydraulic pressure drop,
concentration polarization and packaging density. The results of the study showed
that a circular plate-and-frame design, with turbulators to reduce concentration
polarization, offers the best promise for a compact desalting cartridge with high
packaging density, low energy consumption, and ease of fabrication.

A. Preliminary Design Concepts

Six designs were chosen as being representative of possible concepts for a com-
pact disposable reverse-osmosis cartridge. The designs selected for considera-
tion included two plate-and-frame configurations, two tubular, and two spiral. Em-
phasis was placed on configurations that would readily lend themselves to rein-
forced membranes. The six designs selected for evaluation are illustrated in
Figures 49 through 54. A brief description of each design follows.

Figure 49 and 50 illustrate the two plate-and-frame concepts considered. The
rectangular plate-and-frame concept is shown in Figure 49. This design con-
sists of a number of composite membranes assembled into a compact reverse-
osmosis matrix and fitted with manifolds to collect the product water. It is si-
milar to the compact-cartridge demonstration unit evaluated during this contract.
It has the advantage of being easily adapted to various laboratory configurations
as well as having flow dynamics that can be calculated. Any number of these
cartridges can be stacked in a pressure vessel so that the feedwater flows axially
through the passages created by the composite membranes which are parallel to
the axis of the pressure vessel. The product water flows through the composite
membrane support material to a porous support tube and is removed through a
water collection manifold, The circular plate-and-frame concept is illustrated
in Figure 50. In this design the feedwater flows radially inward to a central tube
where it is redirected through another assembly or discarded as waste. The
product water is collected in a manner similar to the rectangular plate-and-
frame concept. This design has the disadvantage of not lending itself easily to
theoretical analysis but makes more effective use of the available pressure ves-
sel volume. Both design concepts would incorporate mechanical mixing devices
in the feedwater stream to reduce the effects of concentration polarization. These
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devices would be integrated with the composite membrane spacers and would
help to maintain the feedwater flow geometry.

The two tubular concepts are illustrated in Figures 51 and 52. Figure 51 illus-
trates a tubular design with the reinforced membranes supported on the internal
surface of the support tube. This design has the advantage of not needing an ad-
ditional pressure vessel as the support tube performs this task. The tube could
be formed from a completely porous structure having the desired structural re-
quirement or from a tube containing internal grooves (rifling) for the removal of
the product water. This design permits using turbulent feedwater flow without a
severe increase in the energy requirements for pumping. Operating with a tur-
bulent feedwater will reduce or minimize the effects of concentration polariza-
tion. The design also lends itself to easy replacement of a tubular element that
has deteriorated beyond its usefulness. The main disadvantage of this design is
the low packaging density, which requires a larger volume as compared with the
compact plate-and-frame concept. Figure 52 illustrates a tubular concept with
the reinforced membranes external to the support tube. A pressure vessel is
needed to contain the feedwater. The product water passes through the membrane
and down the length of the support tube where it is removed through a product-
water collection manifold. A potting material supports the tubular element and
forms a seal between the product water and feedwater. The packaging density of
this concept is extremely low and does not easily lend itself to reinforced mem-
branes. Also, it does not have the advantage of turbulent feedwater flow as in
the previous mentioned tubular design. It does however lend itself to a hollow
fiber design.

The spiral design concepts are illustrated in Figures 53 and 54. Figure 53 shows
an involute design where the feed solution flows between the coiled composite mem-
branes. In this illustration the product water is removed through a central tube.
Figure 54 shows a spiral design where the feedwater enters on the outside of the
spiral, flows radially inward, and is withdrawn from the central tube. The pro-
duct water is withdrawn from the composite membrane assembly edges. The spi-
ral designs have the highest packaging density of the configurations investigated.
Also, the reinforced membranes lend themselves to a design of this type as they
have demonstrated sufficient flexural strength to withstand the coiling require-
ments associated with this concept. A few disadvantages of the spiral concept

are that it would be necessary to develop, 1) a flexible seal in the area of the feed-
water inlet and outlet and the product-water exit, 2) a flexible membrane-support
material of high water permeability, and 3) a feedwater mixer (turbulator) to mi-
nimize the effects of concentration polarization. Selection of this material is very
critical as membrane contact against this material during operation may cause
membrane failure, hence premature failure of a desalting cartridge. Other uses
for the feedwater mixers are to maintain a uniform feedwater flow channel and to
maintain uniform feedwater flow throughout the cartridge. The three basic design
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configurations were compared and evaluated with respect to packaging density,
concentration polarization, energy requirements and water production per volume.

The average packaging density of each desalination cartridge and module was cal-
culated. A cartridge is defined as a composite membrane arrangement properly

secured and sealed in a set configuration. A module consists of at least one car-
tridge installed within a pressure vessel fitted with the necessary hardware. The
pressure vessel is normally a permanent item in a desalination system while the

cartridge is removable and expendable.

The packaging densities for the cartridge designs and their respective modules
were calculated. A cartridge volume of 9.5 cubic feet was selected for study
with a composite membrane center-to-center spacing of 0.080 inch. The spiral
and the plate-and-frame designs have the highest cartridge packaging densities
with 300 and 295 ft2/ft3 respectively. The tubular designs have the lowest car-
tridge packaging densities with 270 ft2/ft3 assuming a tube diameter of 0. 080
inch. This value is rather unrealistic since a center-to-center spacing of 0. 080
inch requires small tubes obtainable only with hollow fibers. Hollow fibers were
not considered in this study as they do not lend themselves to reinforced mem-
branes. A tube diameter of 0.250 inch is more realistic than the 0. 080 inch tubes.
A cartridge of 0.250~inch tubes gives a packaging density of 88 ft2/ft3, only one-
third that of the other designs. The packaging densities were then calculated on
the basis of a module of 13 cubic feet volume that contained cartridges requiring
9.5 cubic feet of volume. The following packaging densities were obtained:

v Packaging Density, ft2/ft3

l
spiral design 220

circular plate-and-frame design 215
rectangular plate-and-frame design 140
tubular design 88

The module packaging density takes into consideration a certain percentage of
unusable pressure vessel volume, including provisions for internal cartridge
supports and feedwater inlet and exit and product-water removal plumbing. Pack-
aging density as a function of composite membrane spacing for the spiral, plate-
and-frame and tubular design concepts is presented in Figures 55 and 56. The
spacing for the plate-and-frame and spiral designs is the center-to-center dis-
tance between the composite membranes; for the tubular designs the spacing is
the center-to-center distance between adjacent tubes. The spiral design concept
has the highest packaging density as it makes more effective use of the available
pressure vessel volume. Figure 57 presents the relative merits of the design
concepts evaluated and shows water production as a function of module volume.
The circular plate-and-frame and spiral designs give considerably more pro-
duct water for a given module volume. This study disregarded the possible ef-
fects due to concentration polarization.
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Another method of comparing different design concepts is to estimate the amount
of concentration polarization present and the possibility of reducing it to an ac-
ceptable level. The amount of concentration polarization determines to a large
degree the amount of energy required to desalt a given amount of solution, so
that the concentration polarization should be reduced to as low a level as possible.
This can be done in two ways. First, turbulent flow can be used to increase the
mixing of the bulk of the liquid and the boundary layer. If laminar flow must be
used, as in plate-and-frame designs, feedwater mixers must be used to mix the
bulk and boundary layer. Secondly, an additive may be used to increase the dif-
fusion of the salt in solution. At Pratt & Whitney Aircraft, feedwater mixers
have been found to be an effective means of reducing concentration polarization
to an acceptable level in plate-and-frame designs. The effects of a feedwater
additive were not evaluated experimentally. It appears that tubular designs will
not require turbulators and that turbulent flow can be used. This is an advantage
for the tubular designs which may counter the disadvantage of low packing den-
sity. However, this must be substantiated by a detailed system study.

An additional consideration for evaluating a given design must be the amount of
effort required to develop it to a production level. Of the designs considered,
the tubular concepts would probably require the least amount of development,
and the spiral concepts the most. Since the spiral and the circular plate-and-
frame concepts are comparable with respect to packing density and concentra-
tion polarization, the circular plate and frame was chosen for additional studies
as less development would be required.

B. Design Analysis

The design configuration studies performed indicate that the circular plate-and-
frame design concept is the best compromise between packaging density and en-
ergy requirements, assuming that concentration polarization can be kept to an
acceptable level. This may be accomplished with the use of feedwater mixers.
An alternate choice appears to be the tubular concept with the reinforced mem-
branes installed on the inside of a support tube.

Layouts of a preliminary circular plate-and-frame cartridge configuration are
shown in Figures 58 and 59. Figure 58 shows a longitudinal section of the pres-
sure vessel containing two compact cartridges. The feed enters the vessel at
one end and enters the cartridge at the outer edge of the composite plates. The
feed then flows radially inward between the composite to a center collecting
channel where it flows out of the pressure vessel. Product water passes through
the membrane and is channeled to porous collection tubes. These tubes are
shown as emptying directly out of the pressure vessel. An alternate design for
product-water collection tubes using perforated tubes is also shown. It will be
noted that the product-water collection tubes also serve as tierods to maintain
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structural integrity of the cartridge. Enlarged views B and C show possible
sealing techniques and composite details. Section D-D in Figure 59 gives an
end view of the cartridge which shows the approximate size and orientation of
the product-water collection tubes and other composite details. Also shown in
Figure 59 is an alternate interface scheme to connect two cartridges in series.
This scheme would enable one to get longer path lengths and hence, a higher re-
covery factor.

In order to evaluate the cartridge concept shown in Figures 58 and 59, specific
characteristics, namely, dimension, and membrane constant, were assumed.
The assumed characteristics of each cartridge are given in Table 24 and the
calculated values for a module containing four compact cartridges are sum-
marized in Table 25.

TABLE 24

Assumed Characteristics for a Circular
Plate-and-Frame Compact Cartridge

diameter 18 inches

length 12 inches

brine outlet hole 2-inch diameter
end plates (2) 1-inch diameter
composite-membrane thickness 0.030 inch
spacing (turbulator thickness) 0. 030 inch
number 200

membrane constant 0. 0313 gfd/psi
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TABLE 25

Design Specifications and Performance
Summary for Circular Plate-and-Frame Cartridge

Cartridge

Module

composite

spacing

thickness

diameter

brine outlet

membrane area
dimensions

length

end plates

total length
number of composites
total membrane area
total volume
packing density
total water production
water production/volume

number of cartridges
total membrane area
dimensions:
overall length
diameter
type heads
total volume
packing density

0. 030 inch
0. 030 inch
18. 0 inches
2.0 inches
2.7 ft2

12. 0 inches
1.0 inch each
14. 0 inches
200
540 ft2
2,06 ft3
262 ft2/ft3

13, 500 gpd

6,550 gpd/ft3

4
2160 ft2

80 inches
24. 0 inches
3-1 ellipitical
23. 0 ft3
93.9 ft2/ft3

total product-water production 54, 000 gpd

product water volume

average Reynolds number
recovery factor

pressure drop

average velocity

2350 gpd/ft>

20

50 percent
10 psi

0. 04 ft/sec
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Considering the assumed cartridge characteristics and the performance sum-
mary as given in Tables 24 and 25, several measures of the value of a circular
plate-and-frame cartridge can be obtained. A packaging density of 262 2 /ft3
is obtainable with a compact cartridge whose volume is 2. 06 ft°, and contains
540 ft2 of membrane area. The water production per volume for a cartridge of
this size is 6550 gpd/ft3. However, the packaging density of a system is greatly
reduced when a number of cartridges are installed within a pressure vessel.
For instance, a pressure vessel containing 23.0 ft3 of volume is required to
contain four circular compact plate-and-frame cartridges. This unit contains
2160 ft2 of membrane area and has a packaging density of 93.9 2 /63, The
water production per volume for a module of this size is 2350 g‘pd/ft3. The
reduction in the packaging density and water production per volume is a direct
result of unusable volume in the pressure vessel heads, and between the out-
side diameter of the cartridge and the inside diameter of the pressure vessel
barrel. Nineteen modules of this size would be required to produce one million
gallons of water per day.

Another important characteristic of the system is the energy required. This
is composed of two parts; the hydraulic energy required, i. e., the pressure
drop in the system, and the energy required to remove the product from the
brine. Calculations indicate a pressure drop through the system of approximately
10 psi with a Reynolds number of about 20. This is an energy requirement of
0.6 kw-hr/kgal with a 50 percent recovery factor. In addition, the energy re-
quired to separate the product from the brine was calculated. The minimum
energy required for standard brackish water (10, 000 ppm NaCl at 77°F) is
approximately 0.1 kw-hr/kgal and is independent of the method of separation.
For an actual reverse-osmosis system the energy requirement is more like
5.8 kw-hr/kgal or a total energy requirement of 6.4 kw-hr/kgal for a 50 per-
cent recovery. This value is calculated for a system in which concentration
polarization is less than a factor of two. If there is more polarization than
this in the system, the energy requirement would be correspondingly higher.
It is believed that the use of turbulators and a small channel spacing will keep
concentration polarization to this value.

An alternate design was chosen for further study. A layout of a tubular con-
figuration is shown in Figures 60 and 61. Referring to Figure 60 the feedwater
enters the system and flows into seven parallel tubes, each of which is 0.250
inch in inside diameter, 0.500 inch outside diameter, and ten feet long. The
system is composed of seven sets of seven tubes in parallel for a total path
length of seventy feet, a membrane area of 4.6 ft2 (total of 32.2 ftz). This
system then would produce approximately 800 gpd. The design specifications
and performance characteristics are summarized in Table 26. It is possible
to increase the size of this system either by adding tubes in series or sets of
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tubes in parallel. Figure 61 shows an alternate design of a tubular configuration.
Whereas the design shown in Figure 60 uses cast end plates, this design uses
commercial tube fittings. Also shown in this figure is a possible product-

water withdrawal scheme. Both designs would use the same kind of membrane
tubes and supports.

TABLE 26

Design Specifications and Performance
Summary for Tubular Cartridge

number of tubes 49 (seven series x seven parallel)
membrane area/tube 0.66 ft2
length 10 ft
tube diameter

inside 0.250 inch

outside 0.500 inch
total volume 13.7 ft3
total membrane area 32.2 f’c2
packing density 2.4 ft2 /ft3
water production volume 58.6 gpd/ft3
total water production 800 gpd
Reynolds number 5000 - 6050
recovery factor 20 percent
pressure drop 20 psi
average velocity 2.8 ft/sec

In order to evaluate this design the packing density and the energy requirements
were calculated. For a system having a total volume of 13.7 ft3, this system
has a packing density of 2.4 ftz/ft3, and hopes are small for increasing it by
much more than an order of magnitude. The energy requirements for this de-
sign are strongly dependent on the number of tubes in series and the recovery
factor. Assuming the system as shown in Figure 60 and demanding turbulent
flow at the exit which specifies a recovery factor of 20 percent, the pressure
drop is approximately 20 psi. This is an energy loss of about three-quarters
of a kilowatt-hour per 1000 gallons of product; somewhat higher than that esti-
mated for the plate-and-frame configuration. The energy required to separate
product water from the brine is the same as for the plate-and-frame configura-
tion, i.e., 5.8 kw-hr/kgal. This gives a total energy requirement of 6.55 kw-
hr/kgal.
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VIII. CONCLUSIONS AND RECOMMENDATIONS

This section summarizes the results of a two-year research program performed
for Office of Saline Water, The major findings are listed and the areas requiring
further research and development to make a practical and economical reverse-
osmosis desalination system are identified,

Al

1.

Modified Cellulose-Acetate Membranes

Modified cellulose-acetate membranes remain the best type for a reverse-
osmosis system, although considerable research has been performed to
obtain better membranes. In view of this, compaction studies (lifetime
measurements) should be extended in order to determine if membrane per-
formance decay is either linear or logarithmic with respect to time. An
endurance test of between fifteen hundred and five thousand hours would be
required to properly identify the mode of decay. The endurance program
should be performed on the compact cartridge as well as'on membrane
specimens.

Membrane-processing studies indicate that acceptable membrane perform-
ance is obtained using the formulation developed by Manjikian. Membrane
performance of 25 to 30 gfd with a salt rejection of 98 to 95 percent was ob-
tained when evaluated at standard brackish-water test conditions., The mem-
brane is cast on a nylon fabric instead of a glass plate. The membrane
formulation and processing conditions are as follows:

a) Membrane Formulation - percent by weight:
. cellulose acetate - 25 percent
acetone - 45 percent
formamide - 30 percent

b) Processing Conditions:

. cellulose acetate type - Eastman Kodak E-398-3 or 10

reinforced membrane thickness 15 mils
cast temperature 70°F
evaporation time 30 seconds
cold-bath temperature 35°F
cold-bath time 1 hour
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hot-bath temperature 185°F
hot-bath time 4 minutes

Travis Mills Nylon 5055, 7.5 mils thick, was used for the membrane studies
performed during this program. Thinner nylon fabrics as well as alternate
fabrics should be evaluated, as a thinner reinforcing membrane would
improve the packaging density of desalination systems.

Diffulties have been encountered in obtaining membranes with reproducible
characteristics of water flux and salt rejection. Studies indicate that these
difficulties may be attributed to the membrane-formation procedure, to
some unidentified variable in the raw materials involved, or possibly to the
membrane evaluation apparatus.

a) Overall process control is extremely critical in the fabrication of
high-performing membranes. Factors that affect the preparation of
membranes include the molecular weight of the cellulose acetate, its
water content, the quality of the acetone and formamide, storage time,
and the atmosphere in which the basic membrane cast solution is pre-
pared and cast. Membranes should be processed in a facility with a
fully-controlled environment.

b) Raw material specifications should be established as studies indicate
that nonreproducible membranes have been produced from cast solu-
tions whose molecular weight and viscosity varied. This leads to the
conclusion that standard formulations, fabrication techniques and pro-
cedures are not always suitable for a given cast solution. Perhaps a
rigid specification of the acetyl content of the cellulose acetate would
eliminate these variations,

c) Test cells having a well-defined feedwater flow should be employed
for the evaluation of all membranes. The test cells used throughout
the entire program were 2.5 inches in diameter. They did not provide
a uniform feedwater flow pattern over the membrane surface, even
though turbulent flow conditions existed. It seems doubtful but possible,
that the lack of a uniform feedwater flow may have affected membrane
performance.

Membrane testing should be performed on actual brackish waters rather
than on synethic waters. A true picture of membrane performance will

then be established. Feedwater pretreatment, such as filtration and
bacteria removal, should be incorporated into all test systems as membrane
fouling and/or scale buildup may affect membrane performance. Feedwater
pretreatment will undoubtedly increase plant operation costs, however the
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lifetime characteristics of the membranes may be greatly extended. Since the
performance of membranes is strongly dependent on the temperature of the
feedwater (approximately 0.4 gfd/°F), preheating of the feedwater will probably
be economical. The cost of any reverse-osmosis system should take into
account the energy requirements required to preheat the feedwater. Membrane
performance at the standard test temperature of 77°F is between 25 to 30 gfd.
Membrane performance would be reduced to approximately 17 gfd without pre-
heating, since most ground water is cooler than 57°F,

B. Compact Cartridge Concept

1. The compact reverse-osmosis cartridge concept investigated has the po-
tential of being developed into an acceptable water purification system.
Performance characteristics similar to those of laboratory controlled
specimens were obtained, even though the cartridges were not designed
for optimum operation and application.

2. In any compact disposable cartridge the feedwater flow channel must be
small and consequently the flow conditions will be laminar., It does not
now appear practical either from a volume or pumping power standpoint
to design a reverse-osmosis cartridge for turbulent flow. It may however,
be practical to introduce mechanical devices to promote mixing. The
mechanical devices previously described as turbulators can be integrated
with the membrane spacers and may be required to maintain feedwater
flow geometry.

3. The zero-loss membrane-support plates provide negligible product-water
pressure drop and make it possible to consider a much wider range of
materials to support the reverse-osmosis membranes. Support plates can
be made economically in large quantities from inexpensive plastics. Thermo-
setting and thermoplastic materials could be used as long as they could
withstand the desalination system operating pressures. Injection molding
or pressing are two possible ways of forming the support plates.

4. The composite membrane developed during this contract was formed by
attaching a reinforced membrane to both sides of a zero-loss support plate
by means of a tape and cement seal., To obtain an inexpensive disposable
cartridge the cost of the composite membranes must be low. Further work
should be directed towards the development of a cheap and reliable com-
posite membrane as the technique employed is time-consuming and
expensive,
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The membrane-coated porous material work demonstrated that acceptable
performance could be obtained by directly casting a membrane on a porous
material, A sizable reduction in the composite membrane fabrication cost
would result if the direct-cast technique could be developed.
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APPENDIX 1

Hydrodynamics of Porous Media

The study of the hydrodynamics of porous media required the evaluation of
potential support materials under conditions simulating those that would exist
in a reverse-osmosis desalting system. This appendix describes the experi-
mental evaluation equipment that was used to simulate a reverse-osmosis de-
salting system. The equipment consisted of two major components, an eval-
uation cell and a test system. The principal function of the experimental eval-
uation system was to obtain the necessary data to define the flow resistance
coefficient of various materials.

The evaluation cell that was constructed to obtain this data is shown in Figure
62. A rectangular specimen 4.0 x 1.5 x 0.06 inch was encapsulated in RTV
silicone rubber. The encapsulated specimen was inserted between the upper
and lower sections of the cell. Water entered and left the support material
specimen through slots in the end flanges. The water pressure was measured
at each end flange so that the pressure drop across the specimen could be
determined. A fitting in one flange of the cell was used for temperature in-
strumentation. The pressure and temperature fittings are not visible in the
figure. A partially-assembled evaluation cell is shown in Figure 63. The
lower part of this figure represents the end flange, and the hole in the center
is the water entrance port. The lower section of the cell adjacent to the test
sample was rigidly mountedduring operation. Pressure was applied by a
hydraulic system to the upper section to simulate the effect of brine pressure,
and to force a positive seal between the specimen and the cell components.

The test system was constructed to accept six of the evaluation cells simul-
taneously. A photograph of the system is shown in Figure 64. The evaluation
cells were located directly beneath the pressure gages which read hydraulic
piston pressure as shown in Figure 65. The system used deaerated distilled
water that was maintained at the desired temperature. Individual pumps and
appropriate valving were used to independently control the pressure and flow
rate to each evaluation cell.

A more complete description of this system is given below and can be followed
readily by referring to the system schematic shown in Figure 66. The ac-
cumulator tank was a standard one-gallon high-pressure hydropneumatic-trans-
fer-barrier accumulator. During operation, deaerated water only came in
contact with the Buna-N bladder or the stainless-steel inserts and fittings
associated with the bladder. Pump pulsations were held to a minimum by
nitrogen gas pressure applied to the outer surface of the flexible bladder. A
polypropylene filter of 10-micron pore size and 95 percent removal rate was
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Figure 63 Support-Material Evaluation Cell Partially Assembled XP-68951
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XP-76953

Figure 64 Porous Material Evaluation System
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HYDRAULIC RAM

TEMPERATURE

PROBE EVALUATION CELL

Figure 65 Hydraulic Ram for Simulated Brine Pressure Loading XP-25296
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employed for removal of foreign material. The high-density filter medium

was contained in Type 316 stainless steel. The pump was a BIF positive-dis-
placement duplex type, made of Type 316 stainless steel. Two flowmeters
connected in series measured the desired flow range. The Fisher-Porter tri-
flat flowmeters had ranges of 0.004 to 0.28 gph and 0.008 to 1.0 gph, Bourdon-
tube-type pressure gages with a range of 0 to 300 psig were used. A heater

and cooler of Type 316 stainless steel were used to control and vary the water
temperature. These components were interconnected by 1/4-inch tubing and
valves as shown in the schematic diagram,

The distilled water was deaerated by passing it through several boiling and
condensing cycles. The deaerated water then was maintained at a temperature
near its boiling point to maintain low gas solubility until it was introduced

into the evacuated test system. A vacuum pump evacuated the entire system
before introducing the deaerated water. The vacuum equipment was capable

of achieving a vacuum of 105 mm of mercury. The transfer of the deaerated
water to the operating section of the system was performed by using the vacuum
created within the operating system, or pressure created in the deaeration
section of the system., Once the system had been initially charged, further
deaeration could be accomplished by using the system heater. The gas generated
during this operation could be removed by venting, The bypass line and control
valve permitted regulation of the flow through the evaluation cell, The system
could also be run without deaerated water.

Details of the porous-material screening tests are shown in Table 27.
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APPENDIX 2

Membrane Manufacturing Facilities

The membrane-coated material specimens produced on this program were
processed in two facilities for membrane formation. The first facility was
used for the earlier efforts in screening membrane-coated materials. The
cast method was manual and no attempt was made to control the cast environ-
ment. In the second facility the cast process was mechanized and a controlled-
environment chamber was used. This appendix describes the membrane-
formation process in both facilities.

The facility used during the screening effort on membrane-coated materials

is shown in Figure 67. The casting area is at the left of the photograph. The
cold-water bath was an epoxy-lined wooden box and ice was used to cool the water
to 35°F. The hot-water bath was an insulated glass jar which contained a stir-
rer and an immersion heater, A temperature-control regulator was used to
maintain the water temperature to within 0,2°F of the desired temperature.
This facility permitted rapid experimentation in the new casting techniques
required for membrane-coated materials. Various methods of supporting rein-
forcing fabrics and porous materials during the various steps of the membrane-
formation process could be readily evaluated. The cast-process variables
were adequately controlled to produce specimens satisfactory for screening
studies.

The cast facility used for the later studies was considerably more complex
than that used for the screening tests. It offered two marked advantages,
mechanized casting and controlled and variable cast environment. A photo-
graph of the mechanized cast facility is shown in Figure 68. The temperature
inside the chamber could be varied from 0 to 70°F and controlled within 2°F

by an internal refrigeration/heater system. Normally, air conditioned to con-
trol the moisture content was used for the cast atmosphere. However, pro-
visions had been made to permit the use and treatment of other atmospheric
compositions within this chamber. The moisture content of the air was con-
trolled by using a dew-point coil which permitted variation of the relative
humidity from 0 to 40 percent within+5 percent. A variable-drive reversible
motor located outside of the chamber provided power for the drive screw.

The drive screw forced the cast knife to move across the substrate surface

(a glass plate for example) and deposit the film, The substrate was located
within a cold-bath pan which could be flooded with the cold-bath solution by
opening a valve located outside of the chamber. A cam lifted the cast knife
above the edge of the pan after the film deposition process. A gravity-actuated
valve automatically permitted the cast solution to flow from the cast knife when
in contact with the substrate surface. As the cam lifted the assembly off the
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substrate, the valve rotated into a closed position. A tube not shown in the
photograph permitted the introduction of the cast solution into the cast knife
without opening the chamber door. This eliminated the need for reconditioning
the cast atmosphere after introducing the cast solution into the knife assembly.
The chamber atmosphere could be reconditioned within 20 minutes. The oper-
ating characteristics of the cast chamber were as follows:

temperature - variable from 0° to 70°F

relative humidity - variable from 20 to 40 percent above 35°F
less than 20 percent below 35°F

cast speed - variable from 0.1 to 8. 0 ft/sec

The membrane specimen contained within the cold-bath pan could be stored in
the freezer. An external view of the cast chamber and cold-bath chamber is

shown in Figure 69. The hot-bath chamber for this system is shown in Figure
70.
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Figure 70 Hot-Bath Chamber XP-69661
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Membrane Evaluation Facilities
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APPENDIX 3
Membrane Evaluation Facilities
Two test systems were in operation during this contract for membrane evaluation:
1) a test system for the experimental evaluation of membrane-coated
materials, and
2) a test system for the experimental evaluation of a compact membrane

reverse-osmosis cartridge concept.

These systems were capable of measuring performance as a function of brine
pressure, temperature, flow rate and concentration.

Evaluation of Membrane-Coated Materials

A photograph of the reverse-osmosis test system is shown in Figure 71 and
schematically in Figure 72. The system consisted of three evaluation cells
that could be individually controlled with respect to brine (feedwater) flow rate
and pressure, but used a common pumping system and brine supply. A heat
exchanger controlled the brine temperature. The operating variables of the
evaluation cells and their ranges of variation were as follows:

feedwater pressure - 200-1500 psi
feedwater flow rate - 0-3 gpm
feedwater temperature - 70° - 150°F
feedwater concentration - as desired

The system was designed to permit endurance operation. Any evaluation cell
could be removed from the system without interrupting operation of the other
two cells,

The evaluation cell would accept a membrane or membrane-coated material
specimen 2.5 inches in diameter. A photograph of the evaluation cell is shown
in Figure 73. The two stainless-steel flanges were connected by four 1-inch
bolts from the outer shell of the cell. The brine feedwater entered and left

the cell through two 1/2-inch diameter holes in the upper flange of the assembly.
A smaller hole directly in the center of this flange was a pressure-sensing port,
A porous sintered stainless-steel disc was inserted into a cavity in the lower
flange to support the membrane and a membrane-coated material specimen.

An O-ring seal inserted between the membrane and the upper flange contained
the pressurized brine. Product water passed through the porous support into

a circular groove which was connected to a product-water drain tube.
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Figure 71 Photograph of Test System for Reverse-Osmosis
Membranes XP-59686
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Calculations indicated that the average brine velocity was 3.5 feet per second
within the cell cavity for a brine flow rate of 2 gallons per minute. The Reynolds
number at this condition of approximately 6000 was well above the value of 3600
required to achieve stable turbulent flow conditions. The existence of turbulent
flow provides sufficient agitation of the brine solution that the salt concentration
gradient adjacent to the membrane surface over the entire membrane surface
area was minimized.

The entire system was connected by stainless-steel tubing. Noncorrosive
metal valves were used throughout.

Salinity measurements of the feedwater and product water were determined by
the Volhard titration method.

Evaluation of Reverse-Osmosis Cartridge

The reverse-osmosis cartridge test svstem employed during this contract
is shown photographically iu Figure 74 and schematically in Figure 75. The
test system consisted of two basic items, a control console and a pressure
vessel,

The test system was designed to permit operation with minimum attention

by test personnel. System pressure was controlled automatically by means of
a pneumatic controller while the feedwater flow rate was regulated by means

of a positive-displacement duplex pump with an adjustable stroke. A heat
exchanger controlled the brine temperature. Salinity measurements of the
feedwater and product water were obtained by means of an electrical con-
ductivity cell and a 1000 cps bridge. The system was connected with stainless-
steel tubing. It operated at the following ranges:

feedwater pressure - 300-1500 psi
feedwater flow rate - 0-1.9 gpm
feedwater temperature - 20-100°F
feedwater concentration - as desired

The pressure vessel used to contain the compact cartridge is shown in Figure
76. It was designed and constructed to the AMS Unfired Pressure Vessel Code.
The vessel was constructed for a maximum operating pressure of 1650 psi at
300°F and was hydrostatic-pressure tested at 2475 psi. It was constructed of
SA 515-70 carbon steel and coated with a corrosion-resistant paint. The paint
began to break down when exposed to the brine solution as its operating temper-
ature was higher than that recommended by the pressure-vessel manufacturer.
Cracking at weld joints of dissimilar metals was feared. To prevent further
breakdown of the paint and subsequent rusting, all internal parts of the pres-
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Figure 74 Reverse-Osmosis Test System XP-85099
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Figure 76 Pressure Vessel XP-84969
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sure vessel were coated with a polyester tape.  The sealing surfaces of the
vessel were either 70-30 Cu-Ni or Monel, so that no coating was needed at
these points.
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in

out

in

out

i

Sr

in

Vout

<l

NOMENCLATURE
membrane constant, gfd/psi
bulk concentration, ppm
bulk concentration of brine entering an increment, ppm
bulk concentration of brine leaving an increment, ppm
concentration of product water ppm
concentration of brine at membrane surface, ppm
average bulk concentration of brine for an increment, ppm
diffusion coefficient of salt
flow rate, gpm
channel height, inches
product-water flux, gfd
average product-water flux, gfd
brine pressure - psi
pfessure of brine entering an increment, psi
pressure of brine leaving an increment, psi
average brine pressure for an increment, psi
membrane salt rejection
brine velocity, ft/sec
velocity of brine entering an increment, ft/sec
velocity of brine leaving an increment, ft/sec

average brine velocity for an increment, ft/sec
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\Y% - velocity of brine at inlet of channel, ft/sec

w - width of channel, inches

X - axial distance from inlet of channel, inches

X - dimensionless axial length, jx/V_h

0x - length of increment, inches

o - dimensionless vériable defined by Equation (14)

r -~  polarization factor defined by Equation (10)

u - dynamic viscosity, lb/ft sec

£ - dimensionless variable defined by Equation (13)

T - osmotic pressure, psi

T ow - osmotic pressure of product water, psi

Tw - osmotic pressure of brine at membrane surface, psi
Pin - density of brine entering an increment, 1b/ft3

P out - density of brine leaving an increment, To/ft>

P ow - density of product water, 1b/ft3

gfd - gallons per day per square foot of membrane area
gpm - gallons per minute

ppm -  parts per million

psi - pounds per square inch



LIST OF INVENTIONS

In accordance with Article V of the contract, the subject inventions resulting
from work done under the contract and reported to the Government are sum-
marized as follows:

P&WA Interior
Project Date Department
Number Title Reported Case No.

EH-1780 Regeneratable Reverse-Osmosis Membranes 2/23/67 none
EH-1805 Reverse-Osmosis Membrane Sandwich 3/23/67 none
EH-1437 Porous Backup Plates for Desalination 6/16/67 SAL 1216

EH-2025 Direct Casting of Reverse-Osmosis Membranes ¢/16/67 SAL 1217
on Porous Support Materials
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