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PREFACE
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award, through the Belvoir Research, Development and Engineering
Center (BRDEC), Ft. Belvoir, Virginia.
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Phase I project.
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1.0 INT IODUCTION

1.1 Identification and Significance of the Problem:

Currently US Army field water purification units called Reverse Osmosis
Water Purification Units (ROWPU), include expensive and unwieldy
pretreatment sub-systems. Membrane element fouling is currently one of the
most costly maintenance problems facing the ROWPU. All RO elements foul
even with relatively clean water and depending on the skill of the operator
can be cleaned to some degree by chemical methods. The fouling is
irreversible and performance loses of approximately 5% are incurred for each
cleaning cycle. This means that after two or three cleaning cycles, RO
elements have to be replaced due to lack of effectiveness. The Army has
been attacking the problem on several fronts including the examination of
new pretreatment systems to remove the foulants, new element designs to
make cleaning easier, and new cleaning systems which are simpler and
more effective.

This Phase I SBIR deals specifically with the application and feasibility of new
or alternative cleaning systems. In the early stages of this effort it was
decided that it would be benificial and profitable to approach the research by
examining a combination of new effects. Since it is not technically feasible to
disassemble new reverse osmosis elements and observe changes to the
internal structure, it was jointly decided (i.e. between BRDEC and VJCA) that
for this Phase I feasibility study it would be more cost effective and quicker to
examine the feasibility parameters using ultrafiltration membranes. There
were four reasons for this approach: First the UF membrane elements could
be easily reconfigured simply by unrolling and replacing the internal spacers.
Second, the UF is the most effective new pretreatment system under
consideration for use on the ROWPU, and through its use the cleaning cycle
is moved from the RO element sub-system to the pretreatment UF element
sub-system. Third, if cleaning of the UF elements is enhanced, the UF
pretreatment system can be more effectively used in combiration with the RO
elements as an efficient and economical total system. Fourth, in the interest
of both reducing testing time and working within budget constraints, the UF
system could be more easily fouled (i.e. loaded with silt more rapidly)
because of the high throughput of water.

The protocol which was developed for this investigative effort was to grossly
foul the UF elements, study their cleaning using ultrasonic enhanced
techniques, establish feasibility and translate those results to a predicted
impact upon the RO elements and sub-system to be actually implemented in
the Phase II study. It is believed that the demonstration of an effective

1-1



cleaning system and/or new spacer design for the UF sub-system will lead to
a more effective RO operation through a significant extension of the RO
element life and an ultimate savings in operational costs.

1.2 Objectives

The objectives of this SBIR Phase I project concerned the interrelated
questions of how to minimize membrane fouling during operations with turbid
feedwater and to demonstrate enhanced cleaning of fouled membranes
using ultrasonic technology. The specific objectives are listed below:

a. A factor in current element design which may contribute to fouling is
the use of a lattice-work type of plastic spacer which separates the
leaves of spiral-wound membrane elements. The feedwater, dnder
pressure, is forced over or under the spacer. It is theorized that as the
water flows through the narrow openings between the spacer and the
membrane it undergoes a Bernoulli-type acceleration followed by
cavitation on the downstream side of the spacer. This in turn leads to
deposition of and considerable packing of suspended detritus (Figure
1).

An objective of this study was to determine the relative
effectiveness of different spacers under conditions of highly turbid
feeuwater.

b. As feedwater passes across the surface of ultrafiltration membranes,
dispersed and suspended solids are caught in the webbing of the
spacers and agglomerated onto the membrane surface. The effective
removal of this foulant requires that such aggorcrated "cakes" be
pulverized. Once this is accomplished the dispersed material can be
removed by entraining it in the flushing water.

A second objective of this study was to determine the relative
effectiveness of membrane cleaning protocols including:

- the vertical orientation of membranes so that gravitational
forces might offer some advantage.

- the coupling of ultrasonic energy through the water media to
the ultrafiltration membrane in such a way as to enable this
energy source to mechanically loosen and disperse foulant
particles.

1-2
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c. A fouled membrane will have its surface covered with packed solids
which lowers access of feedwater to the membrane and reduces
product yield. However, the effectiveness of the membrane may be
essentially completely restored once that cake has been removed.
Since the deposited materials will significantly increase the weight of
the fouled element, the weight loss on cleaning can be used as a
measure of cleaning efficiency.

A third objective of this study was to determine the degree to which
membrane cleaning was accomplished as weasured by the
weight loss after the ultrasonic enhanced cleaning and product
water performance (i.e. yield).

1-4



2.0 TECHNICAL APPROACH

2.1 Literature Search

An extensive literature search was conducted to develop technical
information relative to the applications of ultrasonic energy to surface
cleaning activities. Sources of information included the VJCA in-house
library, other technical libraries, technical literature and private discussions
obtained from various vendors of ultrasonic equipment, and from BRDEC. A
complete bibliography is provided in Section 6.0.

2.2 Location of Laboratory Work

All work was done in the VJCA laboratory facilities in Woodbridge, VA., during
August, 1987 through February, 1988.

2.3 Water Source

A 2000 liter PVC reservoir tank was filled with approximately 1200 liters of tap
water. A sump pump was submerged in this water to provide agitation. The
water then was "muddied" and used as the source of feedwater. In this
manner a fully suspended colloidal mixture was constantly maintained
(Figure 2-1).

The turbidity of the water in this reservoir tank was made up with clay from
some natural Northern Virginia soil. Desired turbidity levels were
accomplished by suspending this soil in the reservoir as noted above.

2.4 Pressure Vessel Configuration

Four membrane pressure vessels were constructed for this project. Each
employed the fundamental design and plumbing of the ROMEM. Two of the
pressure vessel walls were made of stainless steel, two of PVC. Endplates
were made of PVC (Figure 2-2).

Feed water to the pressure vessels was pumped from the reservoir tank
through a single header to the ROMEM manifold serving each of the vertically
arranged pressure vessels. Feedwater pressure was monitored by an in-line
pressure guage. Feedwater flow to each pressure vessel was accomplished
through separate lines. Pressure in each line was monitored by separate,
in-line pressure guages. Valves on each line allowed the operator to control
the flow of water to any individual unit.
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FIGURE 2-1

ADJUSTING TURBIDITY IN WATER
OF THE 2000 LITER RESERVOIR
TANK

FIGURE 2-2

ARRANGEMENT OF
FOUR ROMEM-TYPE
PRESSURE VESSELS
USED IN THIS 4
EXPERIMENTAL DESIGN

'If-
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The product water was collected from the top portion of the unit, while the
brine was collected from within the ROMEM base. A regulator valve on each
brine line allowed the operator to adjust the flow of brine and, therefore, the
operating pressure within the pressure vessel.

The brine and product flow of each pressure vessel returned via separate
lines to a 200 liter receiving tank where the rate of flow in each line was
measured (see details, section 2.5). The combined waters then were
pumped back into the reservoir tank for remixing and recirculation (see
Figure 2-3).

2.5 Measurements

Seven parameters pertaining to each pressure vessel were monitored
throughout the duration of this study. Data were processed through the use of
three VJCA computer programs. Details are provided below:

a. Turbidity: Turbidity was determined for each brine and product water
stream and in the reservoir tank each time a measurement sequence
was initiated. Turbidity was measured using standard practices
associated with the use of a Hach Model 2100A Turbidometer,
standardized by use of sealed, standard samples from Hach
(#12684-00) (Figure 2-4).

b. Brine water weight: Because of the relatively low brine flow range, a
Mettler P163 top-loading electric balance was used to weigh sample,- to
the nearest milligram (Figure 2-5).

c. Product water weight: The product water flow rates were measured b.,
collecting approximately one-half gallon of water over a one minute
span of time. The water then was weighted on a Chatillon top-loading
platform balance to the nearest 0.05 lbs. (Figure 2-6).

d. Time: All time measurements were made using a stop watch capable of

reading to the nearest .01 second.

e. Pressure: Feed water and brine line pressures were measured using
in-line pressure guages with a 0 to 200 psi range. Each was capable of
being read to the nearest 2 psi., interval.

f. Temperature: Temperatures for brine and product water were

determined for each measurement using an Ashcroft probe
thermometer capable of reading to nearest 1OF.

2-3
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I FIGURE 2-3

I ,COLLECTIING PRODUCT SAMPLE
FROM UF FILTER OUTPUT OVER THE
RETURN RESERVOIR

FIGURE 2-4

ANALYTICAL BALANCE
(LEFT) AND HACH
TURBIDOMETER (RIGHT)
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FIGURE 2-5

DETERMINING THE
WEIGHT OF BRINE WATER
COLLECTED OVER A
SHORT PERIOD OF TIME

I b . --...

FIGURE 2-6

DETERMING THE WEIGHT OF PRODUCT
WATER COLLECTED FROM A ONE-
MINUTE FLOW.
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g. Data records: A master data sheet was prepared upon which all data
from some 437 runs, along with all appropriate comments, were
entered.

h. Data processing: Over 4000 data bits were entered into a VJCA
program (Macintosh computer) for suitable data reduction. All flows
were adjusted for membrane surface area and temperature (250C =
standard temp used). All calculations were output via printer to hard
copy.

A second VJCA program was used to apply regression analysis to
eleven set of data (a set being the family of data representing one day's
run from a given element and representing about 32 separate variables
each). Outputs were obtained which included the resulting "fitted"
equation of daily flow and its calculated coefficient of correlation.

A third VJCA program was used to determine the first differential of each
"fitted" curve and then to calculate the slope of that curve for each hour
of an 8 hour period.

2.6 Procedures

A specific test protocol was developed and followed to insure that all data
were obtained and recorded in a systematic way. Details are specified
below:

a. Each working day constituted a "run". In most cases a rLn would course
a seven (7) to eight (8) hour day. As anticipated, variations from this did
occur in some runs.

b. A run was preceeded by measurements of turbidity in the reservoir tank.
If the turbidity was less than the target set for that run, necessary steps
were taken to adjust the turbidity prior to commencing the run.

c. For each run a selected produci water-to-brine water flow ratio was
achieved by proper valve settings. In some instances the run was
preceeded by a "flushing" achieved by fully opening the brine-line
valves for several minutes.

d. Periodically throughout the run, adjustments were made as needed to
keep operating conditions reasonably constant throughout a run.
Turbidity adjustments were quantitive but brine flow rates were easily
adjusted qualitatively by the operator.
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e. Since the product water flow was very high compared to the brine flow,
it was convenient to measure product water flow in pounds per minute
while measuring the brine flow in grams per second. All time intervals
were measured by stop watch. Approximately once every two hours
the following measures were taken:

* Poun.cs of product water collected in 60.0 seconds.

Grams of brine water collected and length of time (to nearest .01
second) taken to collect that much brine.

* Turbidity of feedwater.

• Turbidity of each product line output.

* Turbidity of each brine line output.

* Pressure on main feed line.

* Pressure on each brine line.

* Temperature of water in degrees Fahrenheit.

It was thought that if the brine line was opened to allow a thorough
flushing of water across the membrane, some local cleaning would
occur and the operational "life" of the membrane would be extended.
To study this hypothesis, the operational protocal was modified at the
end-of-day shut-down to either include or exclude the effect of periodic
flushing as shown below:

Brine lines were opened fully and the heavy flow allowed to
"flush" the system.

* No "flushing" action was taken.

After shut-down, valves were closed to keep water standing on the
membranes until the next run. The sump pump in the reservoir was
allowed to run 24 hour per day to maintain a fully suspended mixture in
the reservoir tank.

2.7 Membrane Element Cleaning Chamber

In order to conserve costs and speed the progress of this work, a VJCA
membrane cleaning chamber was improvised by constructing a leusite
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"pressure cylinder" and wedding that to an existing ROMEM-type base. Tap
water was allowed to flow through the brine chamber of ROMEM base, into
the cleaning chamber, and out through an overflow outlet at the top of the
cylinder. The membrane element to be cleaned was placed into the clear
plastic cylinder so that the effect of cleaning was readily observed.
Experience showed that this ROMEM arrangement was particularly
convenient for the application of the ultrasonic probe and flushing action
during the cleaning activities.

NOTE: This improvised cleaning chamber and its operation
is presented in an accompanying video cassette in
which the viewer will see the packed foulant on the
membrane surface then watch as the membrane
cylinder is placed into the improvised cleaning
chamber. The membrane is subjected to various
cleaning protocols including high velocity flushing,
mechanical vibration and ultrasonic treatment with
two types of ultrasonic probes. The effects are easily
seen: Simple back flushing has limited effect. On the
other hand, vibrating the membrane while treating it
with both a standard and micro tip probe of a
Branson Sonic Power Co. Model 350 Sonifier Cell
Disruptor produces great clouds of suspended
sediments and quickly cleans the membrane.

In use, the fouled membrane element was weighed to obtain a measure of
the deposited solids before being placed into the cleaning chamber. The
processes observed included:

a. back flushing through the brine chamber of the ROMEM base.
b. back flushing and ultrasonic vibration.
c. back flushing and mechanical vibration.
d. back flushing, mechanical and ultrasonic vibrations.
e. use of a detergent in conjunction with combinations of each of the

above.
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3.0 BENCH STUDY RESULTS

3.1 Ultrafiltration Membrane Description

The UF elements were supplied as units 6 centimeters in diameter and 30
centimeters long. The elements were procured from the DeSal, Corp.,
Escondido, California and included two designs:

a. A "standard" production unit, designated Type 1 in this study, with 8.3
square feet of effective surface area made with three leaves separated
by a "standard" plastic fine mesh spacer.

b. A "special" production unit, designated Type 2 in this study, with 6.1
square feet of effective surface area made with two leaves separated by
a "special", spacer.

A third design was manufactured by unwrapping a Type 1 and replacing its
spacers by a very open, ladder-type spacer. For purposes of economy and
timeliness, this latter spacer was not specifically engineered for this
experimental study. A commercially available spacer used in the Ionic Corp.
electrodialysis units was adapted for use here. This unit was designated
Type 3 in this study (See Figure 3).

3.2 Coupling Ultrasonic Energy To Membranes Through The Pressure
Vessel Wall

An early intent of this Phase I study was to attach ultrasonic transducers to the
outside of the pressure vessels and activate them sequentially so as to
induce effective membrane-cleaning vibrations within the chamber. Early
literature search, consultation with both BRDEC and other personnel and
VJCA observations indicated that it would be more efficient and less
complicated to resonate the flushing water with ultrasonic probes. The latter
procedure was pursued from that point.

3.3 Membrane Fouling In Association With Different Spacers And
Feedwater Of Various Turbidities

Three types of spacers were employed in this study: commercial standard,
commercial special, and the adapted ladder-type spacer (Ionics Corp). A
total of eight UF elements were subjected to study. Those were divided into
two cohorts of four each. The studies conducted on these cohorts are given
below.

3-1
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a. Four new elements were employed in this experiment. Two had Type 1
spacers and two had Type 2 spacers. Elements using Type 1 spacers
(plastic mesh with approximately 3.2 square holes per cm) were
designated with a "T". These filters had three leaves for an effective .77
square meters (8.3 square feet) surface area. Specifically two such
elements were used: Serial No. 109T in pressure vessel unit No.1 in
the experimental set-up and Serial No. 108 in pressure vessel unit No.
3.

The Type 2 spacers used in the UF commercial special membranes
were characterized by plastic "rods", separated by about 6 millimeters,
running the length of the filter. These "rods" were about 20 millimeters
in diameter with cross rungs or "steps" linking the rods. These steps
were about 1 millimeter in diameter and were linked to connect the
middle of the rods. Thus cross rungs were not in contact with the
membrane when the element was not under pressure. Cross rungs
were about 6 millimeters apart. Another feature of these special
elements is that they consist of only two leaves and, therefore offer a
surface area of .56 square meters (6.3 square feet). Two such elements
were used: Serial No. 101 TX in pressure vessel unit No. 2 and Serial
No. 100 TX in pressure vessel unit No. 4.

Three separate studies were conducted with this arrangement:

Study 1: Two runs were conducted under conditions of low
turbidity (less than 30 NTU) with 2 minute flushing after each daily
run and consisted of a set of four measurements over an eight
hour period. Brine lines were flushed for 60-90 seconds at the
end of each day. Feedwater turbidity was held to between 20-30
NTU during these runs. Data from these runs are summarized and
shown in Graph 1.

" Study 2: Five runs were conducted under conditions of
increasing turbidity with flushing after each daily run. Turbidity in
the feedwater was increased daily from an average of
approximately 30 NTU to about 100 NTU. Data from these runs
are summarized and shown in Graph 2.

* Study 3: Seven runs were made under conditions of high
turbidity (greater than 100 NTU) with no flushing between
day-to-day operation. After each run the pressure vessels were
isolated by closing inflow and outflow valves. No flushing action
was taken. Data from these runs are summarized and shown in
Graph 3.
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Graph 1
PRODUCT WATER FLOW THROUGH UF MEMBRANES

WITH TYPE 1 and TYPE 2 SPACERS
WITH ONCE DAILY FLUSHING
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Graph 2
PRODUCT WATER FLOW THROUGH UF MEMBRANES

WITH TYPE 1 and TYPE 2 SPACERS
WITH ONCE DAILY FLUSHING
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b. Four new UF elements were employed in preparing this second
cohort for study. One had a Type 1 spacer and one a Type 2
spacer. The other two had Type 3 spacers specially prepared at
the VJCA laboratory by unwrapping two UF elements with Type 1
spacers, removing the spacers, and replacing those spacers with
the plastic "ladder-type" spacer as used in the Ionics Corp.
electrodialysis units.

This Type 3 spacer featured vertical support columns with
cross-connecting "steps". The column and steps were flat and lay
flat against the membrane surface. A single spacer consisted of
two-such devices, glued together, arranged so that the "ladder"
cross-bars were staggered: the cross-bars on the "bottom" lay
half-way between the cross-bars on the "top". (See Figure 3)

This cohort was used to study UF element performance under
conditions of increasing and excessive turbidity in the feedwater.

Study 4: The UF elements fitted with these Type 3 spacers were
positioned in pressure vessels 1 and 4; the Type 1 spacer element
in pressure vessel 2; and the Type 2 spacer in pressure vessel 3.
The turbidity of the feedwater was held between 125 NTU and 150
NTU throughout these runs.

The effective surface area of the UF elements using the Type 3
spacers was significantly diminished due to the geometry of this
spacer. Consequently, the effective surface area of the UF
membranes, was estimated by calculating the "holes" in the
ladder, and taking into account the staggered character of the
cross-bars. This yielded a reasonable estimate of the effective
surface area which was used throughout the study. Data obtained
over 7 runs of this work are summarized and shown in Graph 4.

3.4 Membrane Cleaning

Once the foiled UF elements were removed from the pressure vessels, they
were kept in a water bath to prevent drying. The individual elements were
placed into the cleaning unit described earlier for cleaning. The basic
cleaning techniques included the separate and combined treatment(s) of
backf;jshing, mechanical shaking, detergent action, and the use of ultrasonic
energy probes. In all cases, the elements stood "on end" during all phases of
the cleaning process. (Please also see the accompanying Video-Tape as
mentioned earlier in this report).
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a. The UF elements were readily cleaned and the following actions were
observed in the process:

" Backflushing dislodged the accumulated material in large
particles. These peeled away from the membrane and were
generally carried up to the discharge opening in the cleaning
chamber.

" Mechanical vibration of the UF element loosened much more
"caked" material and greatly aided in its removal. However, large
agglomerated particles did predominate--and these were not
readily carried to and through the discharge opening of the
cleaning chamber.

Use of the Branson Sonifier ultrasonic probe quickly converted the
accumulated colloidal deposits into a finely-divided dispersion
which was readily carried to and through the discharge opening.
With the ultrasonic energy directed through the element spacers,
the scouring action on the membrane was very efficient and
caused no apparent damage to the membrane so long as the
probe tip did not physically penetrate the membrane.

The (new and wet) UF elements weighed about 1.3 lbs before
use. After the internal gross fouling they weighed about 2.5 lbs.
After cleaning, the UF elements were effectively returned to their
former wet weight. (Table 1).

3.5 Measured Performance of Cleaned Membranes

The measured weights of unfouled, grossly fouled and cleaned UF elements
are summarized and shown in Table 1.

a. From the cleaned UF elements, four, two having the improvised (i.e. from
the Ionics Corp electrodialysis units) ladder-type spacer and one each of
the Type 1 and Type 2 spacers, were placed back into the pressure
vessels and run at the same pressures as was used previously but with a
relatively low turbidity feedwater. Averaged results are summarized and
shown in Graph 5.
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TABLE 1

Measured Weights of Unfouled, Grossly fouled and
Cleaned UF Elements

PRESSURE ELEMENT WEIGHT OF MEMBRANES IN POUNDS
VESSEL IDENTITY DRY FOULED CLEANED DIFFERENCE

1 TYPE 3 1.05 2.30 1.30 1.00
2 TYPE 1 0.98 2.30 1.20 1.10
3 TYPE 2 0.98 2.10 1.20 .90
4 TYPE 3 1.05 2.20 1.50 .70

3.6 Discussion

During this first phase VJCA efforts were directed towards the demonstration
of three objectives:

First, to determine the effectiveness of different and innovative spacers
on the fouling rates of membranes.

Second, to determine the relative effectiveness of ultrasonic enhanced
cleaning protocols.

Third, to determine the degree of cleaning as measured by the weight
loss of adhered material and the water production performance after
ultrasonic enhanced cleaning had been accomplished.

The project efforts examined three typical "off-the-shelf" spacers to determine
if this approach of innovative spacers would enhance removal of foulant
and/or reduce fouling rate. The data collected indicates that the spacer
design indeed does have an effect on fouling rate and that such changes in
spacer design could significantly enhance the reduction of fouling. This is
especially true and promising since the spacers tested were not specifically
designed for the application used here, but were off-the-shelf spacers which
did show a significant reduction in fouling rate. Specific spacer designs with
features that promote enhancement of element performance and cleaning
along with additional testing engineering and data analyses are planned for
expanded studies in Phase II of this SBIR program effort.

The cleaning protocols used in this Phase I study were simple. They
consisted of backflushing, mechanical shaking, limited detergent action, and
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use of an ultrasonic energy probe. Each of the methods had a removal effect
on the adhered material, but the only method which provided full removal of
the dirt and foulants was the ultrasonic probe. Comparatively speaking, in
every case where cleaning was tried by a method other than the ultrasonic
probe, more adhered material was removed when the probe method was
used.

The Branson Sonifier Ultrasonic probe was also an "off-the-shelf" device.
There was no attempt here to design nor fabricate such a probe for this
specific membrane cleaning application. Two different ultrasonic probe
heads were used. Although the results observed were essentially the same,
indications are that the smaller head, high energy probe may have more
promise for this cleaning application. The ultrasonic probe enhanced foulant
removal from the membrane by a vibratory scouring effect and further
dispersed the larger particles to fine silt which was quickly flushed from the
system. In all cases the elements were essentially brought back to their
original (i.e., unfouled) weight by the ultrasonic enhanced cleaning. In Phase
II it is projected that specific engineering design of the probe and innovative
spacers, coupled with various new chemical cleaning solutions for maximum
effect, will cause UF element life to be extended for a significant time. This in
turn will lead to better cost efficiency and economy in the application of RO
technology.

This Phase I study has shown that even when the objective is only to
demonstrate feasibility, the ultrasonic probe cleaning technique is highly
effective, easy to use and may potentially eliminate the need for further
cleaning agents. In any case the use of new and more effective spacers in
the ultrafiltation system will enhance cleaning, reduce the fouling rate and
protect the RO elements from excessive fouling. Specific methodologies and
prototype hardware will be developed in Phase II to optimize the effects
demonstrated to date.
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4.0 CONCLUSIONS

Based on these SBIR Phase I studies to determine the technical feasibility of
the use of special spacers to reduce the rate of fouling and
ultrasonic-enhanced cleaning of fouled UF membranes. It is concluded that:

4.1 For higher turbidity feedwaters, i.e. greater than 50 NTU, Type 2 and Type 3
spacers provide better UF membrane performance than Type 1 spacers.

4.2 The effectiveness of ultrasonic energy to assist the cleaning of membranes is
better achieved by resonation of the cleaning media (water solution) using
internal transducers rather than externally coupled transducers mounted on
the pressure vessels.

4.3 It is feasible to significantly enhance the effective cleaning of grossly fouled
UF elements using ultrasonic "cleaning" probes.

4.4 Cavitation-generated bubbles from cell disruptive ultrasonic devices
effectively disperse clay material from fouled UF membranes elements.

II
I
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5.0 RECOMMENDATIONS

It is recommended that BRDEC:

5.1 Continue research and development efforts to further develop these
advanced innovative technologies by entering Phase II of this SBIR program
effort. Include in Phase l1 the following specific tasks:

Experimental studies to document the innovative spacers and
ultrasonic enhanced cleaning of fouled reverse osmosis (RO)
membrane elements.

Specifically design, fabricate and employ ladder-type spacers in the
RO elements to be studied.

Specifically design and fabricate ultrasonic transducers (either probe
type or mounted internally in the pressure vessels) for the purposes
of enhancing the RO elements cleaning process and/or in situ
hindering of the fouling process.

5.2 Request and support the SBIR Phase II technical and cost proposals to be
submitted by VJCA Inc.

5-1



6.0 BIBLIOGRAPHY AND COMMERCIAL CONTACTS

1. Ayers, K.T., B. Ambuter, M. Walsh, Reverse Osmosis Membrane CleaninQ, Cape
Cod Research, P.O. Box 600, Buzzards Bay, MA, 02523, Aug 1985 to Jan 1986.

2. Branson Sonic Power Co., Eagle Rd., Danbury, Conn. 06810.

3. Braun Instrument Co., Charlotte, NC 28208.

4. Bruce, A.G. & J. Carkeson, Highway Design & Construction, 3rd Ed.,
International Textbook Co., Scranton, PA. (1954) [pp 582-5841.

5. Ciccone, V.J., R.P. Schmitt and M.W. Carmer, A Multi-Element Module for US
Army Reverse Osmosis Water Purification Unit. SBIR Technical report, Mobility
Equipment Research and Development Command, Fort Belvoir, VA., Contract
number DAAK 70-82-C-0044.

6. Connetic Dispersion Corp, 27 Pleasant Hill Rd. Scarsborough, Maine 04074.

7. Fahy Co. Sound & Structura! Vibration, Academic Press, N.Y., (1985).

8. Heat System Ultra Sonics Inc., 1938 New Highway, Farmingdale NY 11735.

9. Kuepper, T.A., Improved Field Performance For Reverse Osmosis Systems,
Technical Report, U.S. Naval Civil Engineering Laboratory, Defense Technical
Information Center, Defense Fogistics Agency, TN: N-1644, Program No.
CF60.536.091.01 .M51A Sept., 1982.

10. Morse, P.M., Vibration & Sound. American Institute of Physics for the Acoustical
Society of America, (1976).

11. Shortley, G. & D. Williams, Elements of Physics, 2nd ed., Prentice-Hall, Inc., N.Y.

(1955) [pp142]ff

12. Sonic Corp., Stratford, Conn. 06497.

13. Venitron Piezoelectric Division., Bedford, Ohio 44146

6-1


