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I SUMNMARY

An energy-recovery device for seawater reverse-osmosis systems has
been designed, fabricated, and tested by SRI International (SRL). The
device uses waste streams from a reverse-osmosis system to drive a pump
whicli, in turn, sends additional feed flows to the reverse-osmosis cle-
ments. Tcst results shew that efficiencies in excess of 95 percent can
be expected, aud thus energy consumption in a seawater reverse-osmosis
desalination system can be dccreased by 50 percent. Also, the conver-
sion may be decreased from 30 percent so that membrane life 1is extended.
The size of the main pump and prime mover can likewise be halved.

Nearly 1000 hours (175,000 cycles) of testing have been conducted.
The device underwent testing as if it were functioning in a 4800-gal/day
seavater system and produced an outlet pressure of more than &50 psi for
an inlet pressure of 750 psi. In system simuiation, the energy-recovery
device demonstrated the ability to self-gtart and to be controlled. A
duplicate device has been delivered to the Office of Water Research and
Technology (OWRT).

An analysis of value and costs suggests that energy-recovery device
will be applicable to systems as small as 10,000 gal/day.
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11 BACKGROUND

Reverse=-osmosls desalination 1s recognized as a technlque that is
an order of magnltude more efficient in use of energy for seawater
desalination than is distillation, especlally for small systems where
nultiple~-stage use of heat is not justified as a capital investment.
This conslderable energy saving has been one of the driving forces in
application of reverse osmosis. Even with greatly Improved efficlency,
however, the discharge of high-pressure waste brine carrying off the
separated salts has been a consplcuous energy loss in reverse osmosls
and has attracted attention. One approach to recover this energy is to
use a turbilne, or some kind of backward-running pump., Unfortunately,
such devices have low efficiency In the size range of nearly all
reverse-osmesis plants, and their cost is high. Tuibines and similar
devices may play a significant role in the future on very large systems,
but they are not likely to be used on systems of moderate size (plants
producinp a million gallons per day from seawater).

Another alternative to energy recovery is the flow work device, 1In
the flow work concept, the waste stream is used to displace the fluld to
be pumped from a vessel. The flow of the waste stream and 1ts pressure
are transferred to the pumped stream, The process Is necessarily inter-
mittant, because the pressure vessel volume Is displaced and must be
recharged. The flow work device offers high efficlency at all flow
rates, The simplicity of the flow work device, and the fact that the
davice acts as a pump itself, rather than merely transferring energy to
2 pump, sugpests that costs might be reasonable, even for small desali-
nation systems.

OWRT and its predecessor, Office of Saline Water (OSW), have spon-
soraed development projects on flow work energy-recovery devices for two
decades (Cheng and Fan, 1968; Cheng et 2l1., 1967; Gilbert and Rose,
1973; Polvmetrics, Inc., 1981). The devices developed have used
bladders or free pistons to separate the waste brine from the pumped
brine while transferring the pressure, Much of tne development work has
been concerned with approprlate valving and materials and has been par-
ticularly useful in the present development.

SRI conceivad of an Improved flow work device, differing from other
flow work exchangers in that it augments the pressure, so that the
punped brine is at a higher pressure than the waste brine doing the
pumping. This augmentation eliminates the need for a booster pump,
which, in this application, requires a nigh-pressure housing and seals.
The ugual way to augment hydraulic pressure is to have a large piston
connected to a small piston; large pressure amplifications can thus be
achieved. In our case, the pressure difference required is small and
can be provided by the effective piston area difference due to a shaft

2
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Figure 1 shows a schematic of the device and

OWRT undertook sponsorship of the current work in order te develop

and evaluate the potential of this new concept.

The objectives of the

work were not only to demonstrate the concept, but to design, fabricate,
test, and evaluate a device that would be useful in real scawater
desalination systems.
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II1 DEVELOPMENT AND TESTING

SRI fabricated two different enerpy-recovery deviceas, The first-
generatian device, Mark I, was a "breadboard" device used to demonstrate
the concept of energy recovery and to provide englneers with necessary
operating experience in a typical energy-recovery system, The second-
generation device, Mark II, was designed with great attention to selec-
tion of appropriate valves, seals, and materials that wculd withstand
the harsh saline environment. Flow geometry was greatly improved in the
Mark II device. To increase the flow capacity and pe . formance ard
reduce fabrication cost, other wminor modifications were alsc made.

A.  The Mark I Energy-Recovery Device

la Design

Initially;, SRI’s stratagy was to "breadboard”" a device that would
provide operating experience as soon as possible, because many problaems
«. such devices can ba uncovered only by experience.

The main componeunts of the tlark I bresdboard device are two commer-
cially available hydraulic cylinders fitted with Iimit switches. The
cylinders are Parker Fluidpower, 3.25 inches in diameter with a l-inch
diameter shaft and an 18-inch stroke, of tie rod construction. The use
of two separate cylinders means that two ghaft seal: are used instead of
one, which decreases performance, and the off-the-shelf hydraulic
cylinders are designed for high-pressure drops across the pistons. The
high-pressure piston seals also decrease performance. The area ratle of
the piston to shaft 1is 10:1.

The main valve is a solenoid-operated spool valve manufactured by
the Hunt Valve Company. The advantage of a spool vaive is that it 1s
balanced; there are no pressure-~induced forces causing the parts to
wear. Use of a spool valve should eliminate the short valve life
experienced in some other flow work devices. The disadvantage of the
spool valve is that a small leakage rate is inherent in the design. The
valve must be sized for the particular application so that the energy
loss is limited. There may be ways to modify spool valves to regain
their advantage without leakage, but there is no need to attempt this
unless leakage proves to be a problem.

Circle Seal check valves are used in the Mark I system to admit and
exit the brine to and from the cylinders to the reverse-osmosls system.

AR, A e
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Tha two pistons and valves are bolted onto a mounting. The two
piston shafts are connected by humpers, one of which has been [itted
with strain gauges to measure the force required during operation.

The pistons and solenoid valve have bheen designed te funetion In a
seawater reverse-osmosis plant of up to 50,00C-gal/day capacity. The
interconn=cting piping, however, has been designed for a 5,000-gal/day
seawater reverse-osmosis plant, as thac is the capacity of the pump for
initiel testing.

The device is designed to switch rhe solenoid valve waen the piston
reaches the end of a stroke. In additinn, we provided a direction-
control switch on the breadboard device sn that we can study che effects
of more rapld switching.

The assembled Mark I device is shown in Fipure 2.

2. Test Circuits

Two different test circuits were designed. Figure 3 shows the per-
formance test loop to measure pressure amplification, flow ratios,
energy loss, and leakage. The test setup is also suitable for extended
testing, because it has a minimum of external components to fail and
interfera with test operation.

Figure 4 shows the second setup, referred to as the demonstration
setup because the system is piped as it would be for an operation in
which the reverse-osmosis-element pressure drop is simulated by a valve.
The purpose of this setup is to evaluate how the enerpy-recovery device
would operate in a system. Particular points to be exsmined are how the
system starts up, particularly if there is air in the cylinders, and how
the proposed pressure control system will opecate.-

3. Testing and Test Results

Both perforpance and demonstration tests were conducted on the Mark
T device. The tests were run on the setup shown schematically in Figure
5. Lecause some of the Mark I components were not designed to tolarate
salt water, only fresh water was used,

In the performance tests, valve A was closed and valves B and C
were fully open. Pressures and flows in and out were measured under
various conditions. The setup was operated to simulate a system in the
demonstration tests., Valve A was opened to permit water pumped by the
energy-recovery device to join water from the primary pump. Valve C was
partially closed to simulate the water passing through the membrane in a
real system. Valve B was used to demonstrate cuntrol aspects of the
gystem.
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The total run time on Mark I is about 160 hours. At the end of
that time, one shaft seal was giving a high friction loss and wear was
visible on one side of the shaft. We believe the excessive friction and
wear resulted from a misaligned shaft eeal bushing. No corrosion was
observed, but none was expecited, because the test fluld was fresh water.

d. Performance Tests

Figure 6 shows efficlency as a function of outlet pressure for a
typlcal test at 1.12 gal/min. The test flow rates are limited by the
capacity of our high-pressure pump: They are satisfactory for the low
range of demonstration tests, but lower than desired for the performance
testing for the desired capacity, It should be noted that the data show
different perfcrmances when the pistons are traveling une way than when
traveling the other. This ie caused by different valve leakage rates
and seal frictions for the two directiomns.

More detail can be seen In Figure 7, which shows the ratios of out-
put to input flows and pressures. The output flow {s expected to reach
the area ratio (about 0.9) from one side of the pilston to the other
{which is different because of the shaft), Deviation from that value
indicates leakage in the system; the leakage that occurred was traced to
the spool valve. The pressure ratio ls expected to approach l.l. Devi-
ation indicates a loss due to seal friction and flow losses. The type
of loas can be determinad by inference from results at different pumping
rates. Figure 7 shows that both the valve leakage and friction losses
were less when the pistons were moving to the right.

Leakage in the four-way valve was measured to be 320 ml/min (0.085
gal/min) and 560 wl/min (0.148 gal/min) at 800 psi depending on flow
direction, This leakage was well above that specified by the manufac-
turer (80 ml/min at 1000 psi). At lower test pumplng rates, leeskage is
a greater propertion of the total, and lowers the measured efficlency.
Although one would always like to have less leakage, the amount observed
is not distressing because it is a small percentage of system rates.

The low pressure ratio in the leftward travel direction was traced
to a seal binding on a shaft, which led to a visible wear pettern on the
shaft, This is belleved to be an ancmalous result that is unlikely to
occur agaln,

The higher-pressure~ratio data reflect that efficiencies above 90
percent can easily be expected at reasonable flow rates. This perfor-
mance is more than sufficient to cut power by a factor of two, while
simultaneously decreasing the conversion from 30 percent so that energy
consumption is reduced and aembrane life is extended.
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b. Desonstration Tests

Pezanatratisn tests vere run by opeafng valve A and thrattling
valve C (refer to Figure 3) so that the ratio of flows exiting through
valve C and the four-way valve were in the ratio 30170 (20:80 for 20
parcent conversion), This mode demonstrated that the device can start
with a 50 percent capacity pump., The anergy-recovery davice than begins
to function and picks up half of the pusping load (actually more than
half with the pilston ratios of the present design). The flow thirough
valve A axceeds that delivered by the pump.

Another performance aspact demonstrated was control by means of
throttling valve B (see Pigure %). Throttling introduces an extra pres-
sure drop, the result of which is to cause the energy-recovery device to
operate mors slowly, Since the device removes more water from the. sys-
tem than {t adds, slowing the device increases the systes prassure,
Thus, opsning valve B decreases the systesm pressure, while closing valve
B increases the system pressura.

We noted that water hammer occurs when the four-way valve {»
svitched., The installation of an accumulator to the system reduced the
sagnitude of the hammers but did not prove to be & satisfactory solution
to the problem.

B. The Mark 11 Energy-Recovery Davice

1. Design

Testing tha llark ] model raised several issues that vere addressed
in tha design of the Mark II device. The major visual change {s that
the two separate piston-cylinders with the shafts pushing against one
another wers supplanted by two cylinders butted against a common headar.
A single shaft is used; this shaft s not externally visible, This
modification, which was planned from the outset of the project, shortens
the length of the apparatus by 30 percent. It also eliminates two shaft
wipetrs (because the shaft is not exposed) and reduces the number of
shaft seals from two to one (bidirectional) seal.

The cylinder and shaft diamsters have been incressed from ) and |
inches to &4 and 1.5 inches respectively in the second design, primarily
to change the piston-to-shaft-area ratio and theraby tha pressure
asplification. A slightly higher pressure aspiification, vhich vas
desired to sccount for uncertainties in the losses and to improve con-
trollabilicty, results in soms performance sacrifices. A device vith a
different size ratio vwill demonstrate vhethar the changs is benaficial
ovatall.

The seals used in the first device for both the shaft and the pis-
ton wvere atsndard Buna~-N U-ring seals. These seals had zearo leak but
soaevhat higher than desirable friction. Lower friction units ate
availadle in Teflon® and graphite-losded eeals; however, such seals
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cannot be stretched for insertion and require mechanical backing to
maintain a sealing eurface.

Low-friction seals are avallable from Bal-Seal Engineering Company
and from the fomkins-Johrson Division of Aeroquip Corporation. The
Bal-Seal requires a seat that has to be assembled; the Tomkins-Jjohnson
solution seal is accordion-cut so that it can be expanded over a
cylinder and set in a groove. We chose the Tomkins-Johnson solution,
and thus selected Tomkins-Johnson as the piston-cylinder vendor. Figure
8 shows a low-friction Teflon® piston ring. The accordion pleat allows
fitting over the piston groove where the Teflon® ring 1s backed up by an
O-ring.

FIGURES TEFLON® PISTON RING

The cylinders are of steel construction, with crack-free chrome
plating for corrosion and wear resistance. Because hara chrome plating
is porous to water, a soft chrome plating was deposited first to seal
the steel from the cylinder contents; a standard hard chrome plating was
then applied for wear resistance,

The spool valve of the Mark I device performed well, uxcept for
water hammers and large leakage rates. One major advantage of this com-
figuration is that it can be directly solenoid operated. To reduce the
leakage for a given flow coefficient, we chose to replace the apool
valve in Mark I with two Sinclair Collins pnemmntically actuated, axi-
ally halanced, three-way, plunger seat valves. A three-way solenoid air

14

R T T T e e e L TR R LR YT

it e Aramt L




L N A Lot L A S R O ol Ll TP P L T L e R R O e T T TS s T -

valve triggered by mechanical limit switches at the cylinder ends serves
as a pllot for the Sinclair Collins valves.

The Mark II device 1s shown in Figures %{a) and (b)., For size com-
parison, Figure 9(a) shows a front view together with a seawater
reverse-osmosis canister (DuPont BL0 Model 6440), rated at 1500 gal/day.
Figure 9(b) 1s a different perspective, giving a better view of the four
check valves and two Sinclair Collins three-way valves. The device is
piped with 1/2-inch stainless-steel tubing and fittings, and the three
control valves (shown schematically in Figure 5) are Parker general-
purpose 1/2-inch stainless shut-off valves. The switching circuit is
mounted in the cast aluminum box shown in the lower-ieft-hand corner of
Figure 9(a) and contains intermittent switches to change the direction

of the piston at v1ll, An electric counter is also included in the Mark
LI control system.

2. Testing and Test Results

Performance and demonstration tests were conducted on the Mark II
device, similar to those on the Mark I device. Performance of the Mark
II device is shown in Figures 10 and 11, Figure !0 shows efficiency as
a function of outlet pressure; Figure 1] shows the pressure and flow
ratios in and out. The new seals reduce the friction from the initial
design; rhe new valves, In additien to having a lower pressure drop,
alsoc have zero leakage. The pneumatic valves switch more slowly than

the sclenold-operated spool valve used before, and completely eliminate
water hammer.

The total run time on the Mark II device 1s nearly 1000 hours
(175,000 complete cycles)., Of those 1000 hours, approximately 10 per-
cent were run with a 3.5 percent weight sodium chloride solution (about
the salinity of seawater). The salt solution caused galvanic corrosion
of the steel cylinder end plates, center housing, and pistons. The
steel cylinder walls were protected by the durable chrome plating and
showed corrosion only in a single spot, where a dent in the cylinder
wall caused the piston to erode the chrome plating and expose steel.
The stalnless-steel fittings and piping and the bronze Sinclair Collins
valves withstood the harsh saline environment very well,

Te combat the problems of corrosion, we plated the end plates and
center housing with on electrolous nickel plating and replaced the steel
plstons with 316 stainless-steel pistons. The electrolous nickel-plated
components were not able to withstand 3.5 percent salt water, but the
stainless pistons remained unharmed after many hours of testing. A pair
of Lexan” pistons was also tested, and remained unharmed by the strong
saline environment, The problems of corrosion were finally eliminated
by fabricating the end plates and center housing out of 314 stainless
steel. The Lexan® pistons sre preferred to the stainless plstons
because of thelr lower cost and lightness in weight,
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FIGURE 9 MARK II DEVICE
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FIGURE 10 MARK Il PERFORMANCE EFFICIENCY AS A FUNCTION
OF QUTPUT PRESSURE

The Mark II device pumps an output of 4800 gal/day at more than 850
psi, or 1,7 fluild horsepower. An additional 330D gal/day (1.l fluid
horsepower) would be required of the primary pump to separate 2400
gal/day of fresh water from seawater.

3. Modifications EE.EEE Mark_ll Device

Although substantial Improvements were made in going from the Hark
I device to the Mark II device, the Mark II device is not yet an optimal
design. To Iincrease performance we made two further changes in the con=-
struction of two additional Mark II devices. The first chanmge was to
increase the plumbing size on all valves, fittings, ports, and tubes
from 1/2-inch to 3/4-inch, to reduce some of the fluid flow losses
through the device. The second change was to eliminate valves A and B
(shown in Figure 5) and replace valve C with a regulating valve
appropriate for this particular application. A Dragon valve made of 316
stainless-steel with a 9/16-inch orifice was chosen as the regulating
control valve., The modified Mark II devices are thus plumbed to fit
directly into an exlsting reverse~osmosis plant. A set of operating and
hook-up instructions which indicate how to connect the Hark II device to
reverse-osmosis system I1s given in the Appendix. A list of cautions and
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troubleslooting procedures, which summarize 871’5 experience with the
operation and installation of the enmergy-recovery devi¢es, is also con-
tained in the Appundix.

In the gttempt co slmplify the device and reduce its component and
fabrication cost, SRI performed preliminary tests oc a Barksdale shear-
seal four-way valve. The seal is achieved by a metal ring pressed
against a metal plate, This device ig particularly attractive in small
alzes because its plastic housing is resistant to seawater. It has been
uged with considerable success in high~pressure water applications. The
Barksdale valve must be activated with a pneumatic rotary actuator. The
rotary actuator, in turn, is piloted by a four-way solencid valve which
is tripgered by limit switches on the cylinder ends. This entire valve
systam 18 much more compact, easier to mount, and less expensive than
the currently used Sinclair Collins aystem, The Barksdale setup is
shown in Figure 12.

d,.

FIGURE 12 VIEW OF 8ARKSDALE VALVE AND ROTARY
ACTUATOR ON MARK Il DEVICE

Freliminary pcrSormance and demonstration tests with the Barksdale
valve i{nstalled on the Mark II device indicated that efficiencies up to
97 percent can be rezlized with no leakage. Flow losaes through the
Barksdale valve are les~ than through the Sinclair Collins valves, ena-
bling Mark II to pump more (~10 percent) water for a given input pres-
sure. The Barkedale valve showed no signs of corrosion after 35 hours
of testing with 3 percent sodium chloride. The pneuvmatic rotary
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actuator switched very smoothly, so that water hammer was minimal. The
Barksdale valve would seem to be preferabie to the Sinclair Collins sys-

tem. However, no life cycle testing of any significant duration has
been conducted to confirm this,
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IV VALUE ANALYSIS

A. Energy-Recovery Device Value Assessment

The value of an energy-recovery device to the operators of a seawa-
ter reverse-osmosls system can be determined by comparing a system with
energy recovery to a system without energy recovery. The value of the
energy~-recovery device is the savings realized with the use of an
energy-recovery system by a reduction of system costs. System costs are
to include boch capital and operating costs. If the value is greater
than the energy-recovery device’s cost, then the energy-recovery device
is useful and should be used by a cost-conscious operatoer,

Systems that use an energy-recovery device will differ from systems
without the device in three significant ways, each of which may affect
the value of the energy-recovery device. First, because the energy-
recovery device is itself a pump in parallel with the high-pressure pump
of the system, the size of the high-pressure pump and its prime mover
can be reduced. (In a retrofit, the system size can be increasad
without additional high-pressure pumping capacity). The difference in
cost in high~pressure pump aad prime mover size is credited as value to
the energy-recovery device. Second, the energy cost between comparable
systems will be less with the energy-recovery device. Whatever energy
i8 recovered is a direct reduction to the amount of energy required, and
the cost of the energy saved contributes to the value of the device.
Finally, because of the significant energy savings, the comparable sys-
tems may be designed differently and operated at different conditions.
In particular, we belleve there 1s incentive to design and operate the
system with energy recovery at a lower recovery (percentage of desalted
water to input brine). This means a smaller membrane area would be
needed for similar performance, and less pretreatment would be required
(possibly filtering alone in many cases). Thus, investment and chemical
costs are reduced, and membrane life may be increased if energy recovery
is used.

However, the energy-recovery device Introduces some complexity, and
some additional service needs. In particular, with the current design,
main seal replacement way be required aftetr each 1300 hours of opera-
tion. This 1s a negative value factor, although it may be small.

SRI’s value analysis takes only the first two factors into account,
the change in capital investment Iin the pump and prime mover, and the
energy saved. That is, the analysis assumes the reverse osmosls system
will operate at the same conditions of pressure and recovery., The jus-
tification for this approach is that different design and operating
points have not yet been verified. Choosing the same operating condi-
tions guarantees that the analysis will be conservative, provided
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equipment maintenance is a minor consideration. This appears to be the
case., The basic assumptions of our analysis are listed below.

e System condltions

- Recovery, 30 percent

Canigster operating pressure, 800 psi

Plumbing pressure drop, 50 pseil

Water production, variable

Pump efficlency, 85 percent

e Energy recovery device specifications
- Area ratio, 0.85

~ Efficlency, 90 percent (greater than 95 percent demonstrated)

e Coats

-~ Pump with prime mover, $100 per gal/min of pump capacity
(higher at smaller sizes)

- Power, $0.10/kWh

e Operating time, 100 days (one year in a seasonal application).

Figure 13 illustrates the energy-saving features of the recovery
device., The ordinate shows the pumping capacity required to produce a
unit of desalinated outflow. The abscisse shows the recovery. Figure
1] indicates that the size of the pump and prime mover, and thus the
enargy consumption, can be reduced by 59 percent. This number was
obtained experimentally by measuring the output flow of the Mark II dev-
ice during demonstration tests. Thus, the system using energy recovery
has a pump and motor of less than half the size used without energy

recovery, and uses less than half the energy of the system without
energy Tecovery.

The difference in capital cost is a function of system size as
shown in Figure 14, The energy cost difference for 100 days of opera-
tion is shown on the same figure, giving the total value., If the cost
of the energy-recovery device is less than the valuc read frem Figure
14, the device should be 1 ged. One hundred days is a short payback
period, which makes the analysis conservative,

As an example, consider a seawater plant with a 20,000 gal/day
capacity. The cost calculations, which ar: shown in Table 1, indicate
that energy recovery is useful for a 20,000 gal/day system if the total

device cost is below $5,415. Similar calculations can bas made for any
other system size.

The final concern of SRI‘s value analysis is the redesign of
reverse~-osmosis systems to function at another operating point. Con-
gider Figure 13. The upper curve shows the pumping requirements with no
attempt at energy recovery. For example, at the operating pcint for
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Table 1

VALUE CALCULATIONS FOR A 20,000 GAL/DAY REVERSE-OSMOSIS SYSTEM

System Without System With Energy Recovery
Energy Recovery | Energy Recovery Value
Pump size 20,000 gpd % 46.3 Gal/Min
1/0.3 x 1 (1~-0,59)
day/1440 min = 19,0 gal/min
= 46.3 gal/min
Pump ard 54,630 51,900 $2,730
notor cost
Motor size 19 kW 7.8 kW
Energy cost | 19 kW x 2400 hr | $4,550 (1-0.59) §2,685
{100 days) x §0.10 k¥Wh = §1,865
= 54,550
Total 59,180 $3,765 55,415

30-percent recovery from seawater, 3.33 gallons of brine must be pumped
for each gallon of fresh water produced. 1If the recovery were reduced
to 20 percent, 5 gallons of brine would have to be pumped for each gal-
lon of desalinated water. This would mean a proportional increase In
both pump capacity and energy cost. The common operating point of 30-
percent recovery for seawater systems has been arrived at as a tradeof £
between increasing energy costs as the recovery is lowered, and increas-
ing membrane costs, shortened l1ife, and increasing pretreatment costs as
the recovery is increased, The lower curve shows the same information
as the upper curve for a system with an energy-recovery device. Not
only is the energy cost less at 30-percent recovery, but the slope of
the curve is less as well. This suggests that an optimization, based on
energy tradeoffs against membrane area, life, and pretreatment, will
have a different optimum value at 2 lower recovery. This tradeoff has
not been worked out and is situation- and water-chemistry-dependent.

The point, however, remains that the value of the energy-recovery device
will be augmented by optimization of the operating point.
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B.  Energy Recovery Device Cost Asgessment

Table 2 lists the materials and parts cost for the most recently
assembled device. This estimate is approximately $1000 more than the
parts costs of the device actually tested because of

e Price increases of the cylinder and three-way valves.

e Use of larger 1lines and check valves,
The test device was operated at 4800 gal/day (reccvery device output of
6.5 gal/min). It can operate from nearly zero up to 5000 gal/day. The
newer device, with larger flow ports and lines, should be capable of
operation in systems up to 10,000 gal/day water preoduction.

Table 2

PRICE LISTING OF ENERCY-RECOVERY DEVICE COMPONENTS

Material Item Cost
Aeroequip custom cylinder $1,751.50
Sinclair Collins 4000 psi three-way valve, 1,062.00
2 at $531.00 each
Three-way solenold pneumatic valve 112,00
3/4-inch stainless check valve, 820.80
4 at 5205.20 each
Dragon control valve 250.00
Plumbing fittings 945.20
Pneumatic fittings 35,00
Electrical control equipment 51.80
Miscellaneous mounting fixtures lOO.QQ
Total $ 5,128,30

It 1s clear that the cost of the parts and labor for the energy-
recovery device, on a one-of basis, exceeds the value by a factor of
two, The cost of the device, including assembly, must be reduced by at
least a factor of four for the device to be useful, We believe this is
a reasonable goal based on the difference in one-of and OEM prices for
small batech production. 1In addition, the device has yet to undergo
value engineering. The four-way Barksdale "shear-seal" valve most
recently tested, together with its actuator, costs $451. This valve
could replace the two Sinclair Collins three-way valves for a savings of
$611. Two four-way valves with actuator would cost $605, and would
replace the three-way valves and the four check valves. In this case
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the cost reduction on a one-of bacis is §1,277.80. Potential cost sav-
ings through use of other materials have not been examined. In particu-
lar, stainless-steel has been used extensively; plastic or lined-steel
sutstitutes may perform as well or better.

Assuming that the cost can be cut by a factor of four, a retail
price of $2500 for a 0-10,000 gol/day system energy-recovery device
appears to be realistic. The retall price for a much larger device, say
for a 50,000 gal/day system, might be expected to be 510,000. Using
these estimates as the cost of an energy-recovery device, Figure 15
shows how the cost of the device compares with its value. The figure
suggests that for small systems, there are size windows where the system
would be beneficial. The windows bezome larger as system size
increases. For small systems, the sizing as well as the cost of the
device are thus lmportant considerations.

50,000

40,000 —

L

30,000 —

20,000 ~

COST AND VALUE

10,000 [~

0 50,000 100,000 150,000
SYSTEM SIZE —— gal/day

FIGURE 15 ENERGY RECOVERY VALUE/COST COMPARISCN FOR VARIOUS SYSTEM SIZES
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V COMMERCIALIZATION
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The work on this project has reduced teo practice the concept of
pressure-amplified energy recovery. The principles have been clearly
demonstrated and potential capital and operating savings elucidated.
The energy recovery device is ready for evaluation as a commercial ven—
ture.

SRI, by its charter, is prohibited from commercial ventures. Cow-
merclalization could take place through existing companles already in
reverse osmosis or by suppliers to the fleld such as pump manufacturers.
Ancther alternative is an entrepreneurial venture based on the device.
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We have kept many manufacturers of reverse-csmosis systems and sup-
pliers to those manufacturers aware of the progress of this project
through conversations with them and distribution of quarterly progress
reports to them, This has been to determine thelr interest in purchas-
ing manufacturing energy recovery devices.

o aw m a e o A XA

Manufacturing may be especially attractive to small entvepreneurial
operations. The research investment from the current device status to
commercialization is small., Furthermore, the productlon investment can
be handled with small inventorlies of components.
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VI CONCLUSIONS

In the course of this project, the original concept (energy
recovery with a flow work device) has gone through several design and
test stages. The first energy-recovery device was a "breadboard" type
which demonstrated pressure-augmented flow work energy recovery and pro-
vided a basis for performance and design improvements, The second
energy-recavery device has been subjected to extended Life testing.
Further improvements have been implemented to reduce corrosion and
costas, Frally, the economic value of the device in a reverse-osmosis
gystem has been analyzed and compared with costs.

A device has been delivered to the OWRT test facility at Roswell,
New Hexico, for independent evaluation.

The rasults of the project confirm the original expectation that
significant improvements in the energy and economic performance of sea-
vater desalination systems can be achieved even in small systems (down
to 10,000 gal/day).
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Appendlx

ENERGY~RECOVERY DEVICE

HOOK-UP INSTRUCTIONS

l.

-

All hose connectlons should be 3/4~inch high pressure (HP) lines
with 316 stainless~gteel fittings. Hose connections should be as
short as possible. Hoses larger than 3/4-inch may be used with no
degradation of performance of the energy recovery (ER) device.
Smaller hoses may degrade the ER device performance, and, if on the
suction inlet line to port D (see Figure A=~1), may cause cavitation
in the cylinder.

G) PRESSURE GAUGE, 0-1000 pti
{Not suppliod by SR)) FLOWMETER

10g4pm F.5.
—~— SAISUPPLIED DEVICE
_ FRESH
TTTTTTTT TS '“'} BRINE
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|
|
- !
DRAIN  @® A | E:::]
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B : FLOW METERS CRES
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" : ap DRAIN f QuT
E}-TS-_-.T_HL__1'"
® ¢ : \ RO MEMBF\‘ANES/
_________________________ J DRAIN
3-WAY MANUAL ENERGY
RECOVERY BYPASS VALVE
{Optional}

FIGURE A-1 ENERGY-RECOVERY DEVYICE HOCK-UP D1IAGRAM

Connect an HP line from the cutput port of a feedwater pump to a
TEE at the reverse-osmosis (RC) elements. Join port A on the ER
device with the other available TEE port at the RO elements with an
HP line. During startup of the system, 1t will be necessary to
isolate the ER output (port A) from the ER input (port C). This
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can be done by using an easily removatle fitting at the RO TEE or

by installing a three-way valve at a convenlent point in the con-

recting line between port A and th2 RO TEK. This valve should con~ ,
nect port A to the RO TEE or to o drain (refer to Figure A-1}. The |
pump mey be o posllive dlsplocement or centrifugal type and should

provide at least 2 gal/min at 1000 psi., The ER device functions

best at pressures around 800 psi, so the RO elements should be able

to withstand 800 psl. Testing at lower pressures with lower pres-—

sure RO clements is acceptable. The size and number of the RO ele-

ments may be varied at will. The ER device moy be tested with no

RO elements,

Connect the pump input port to a brine supply tank with a flow
metering device (-10 gal/min full scale) in the connecting line.
This line need not hLe P,

Connect port B on the ER device to a drain. A HP line need not be
used. Spent brine will be exitiug this liue.

Connect port C c.a the ER device to the brine output port of the RO
elements., If desired, a bypass valve may be installed in this line
to exclude the ER device at will. These connecting lines should be
dP lines.

If you wish to calculate the hydraulic efficiency, it is necessary
to measure inlet and outlet flows te and from the ER device. The
ER outlet flow can most easily be measured by installing a flow
meter between ER port A and RO input. The Input flow can be mras-
ured by installing an identical flow meter between ER port { and
the RO membrane output. Be careful NOT to install low pressure
flow meters in these HP lines. ____

Connect port D on the ER device with the brine supply. This should
be a HP line 6 ft or less in length.

Connect pressute pauges {1000 psig .full scale) at the three loca-
tions shown in Figure A-1.

Place filters over the pump and ER intake lines to prevent parti-
cles in the feedwater from clogging the pump or ER device. A fine
(25 mesh) wire screen wrapped over the hose ends is sufficient.

Connect an alr supply regulated to 40 psig to the solenold air
valve.

Check that the main power switch 1s off (down) and connect the
power cord te 115 Vac A0 Hz.

Set the pump speed to 1-1/4 gal/min £ 1/4 gal/min.

Check that all connections are tight.
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OPERATING INSTRUCTIONS

1.

A b e e

.

2!

3.

Aol &2

5.

Perform all hookup instructions.
Turn on the main power switch.

Press the switching buttons on the control box. The right switch
should activate the solenoid alr valve ard cause the pneumatically
activated three-way valves to be seated down. The left switeh
should deactivate the rolenoid air valve and release the three-way
valves, I1f the three-way valves do not switch, check alr and power
supplies, Uo not operate the ER device if control switches do not
actlvate three~way valves,

Thae ER device must be filled with water before operating. This can
be accomplished by opening control valve 1 on the ER device and
temporarily connecting the output of the ER device to a drain. Do
this by disconnecting the line from the ER device to the RO mem-
branes or by switching the optional three-way valve in this line
over to drain.

Turn on the pump and checlk that:

e ER inlet pressure is below 100 psig
e HWater begins flowling through inlet flow meter.

Allow system to run for 10 minutes to purge alr from the ER device.
Monitor the inlet pressure, mesking sure that it does not rapidly
increase past 100 psi. Lf inlet pressure escalates, relieve it by
pushing contrul buttons (left if solenoild valve is on, or right if
solenoid valve is off) and, turn pump off immediately. Perform
limit switch adjustment imstructions.

To purge the remaining air from the system, elevate the right side
of the Ek 4evice to approximately a 30° angle from the horizental

when the solenoid valve is on. When the three-way valves switch,

lower the right side and raise the left. Repeat.

The device is now ready to be connected to the RO elements. Turn
of f the pump and switch the ER output (port A) over to the RO mem~
brane input., With the feedwater pump at 1-1/4 gal/min, the ER dev-
ice should operate below 400 psig, inlet pressure. Turn on the
pump and menitoi the ER inlet pressure, allowing the device to
switch a few times. If alr is out of the device, the ER inlet
pressure will drop and rise within | second of the three-way valves
switching. If air is still pesent in the device, turn off the pump
and repeat steps 4 through 8.

With air purged from the system, the ER output pressure may be

varied from O to 950 »sig. Inlet and outlet flows and pressures
may be used to calculate the hydraulic efficiency. The pump speed
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and control valve setting may now be varied as long as the ER
outlet pressure remains below 950 psig.

CAUTIONS

I. Do not allow an outlet pressure of more than 950 psig in any mode
of operation. If an outlet pressure above 950 psig is reached,
reduce it immediately by:

e Opening control valve 1.

¢ Pushing appropriate control button to change pumping direction.
o Shutting of £ the pump.

2.  Nevur run the system without first performing hook-up and operating
procedures.

3. Do not pound or tap on cylinder walls. This may damage sealing
surface on the inside of the cylinder.

4. Do not run system with cylinder end plates loose. This may bring
the systam out of alignment or damage components,

5. Use only stainless-steel hose connections.
6. Do not allow the ER device to sit with salt solutions inside.

Flush the system with fresh water after each use.

TROUBLESHOOTING

Problem: Three-way valve not activating.
Prohable causes:

e Power is off
o Alr line(s) disconnected

o Limit switch level out of adjustment: see ad justment instruc—
tions.

Problem: Leaking cover plate,
Probable causes:

e Cover plate bolts loose: tighten in diagonal pattern to 20
ft/1b,

e Cover plate seals worn: check and replace 1f necessary.

¢ Limit switch seals worn: <check and replace 1f necessary.
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Problem: Slow pressure response.

Probable causes:

# Alr accumulating within the system: check (tighten) inlet hose
fittings.

® Pressure drop con ER intake hose is large. Pressure in the '
cylinder may be low encugh to vaporize brine: increase ID !
and/or decrease length of hose to port D,

%
j
i
]
i
|

Problem: Poor efficiency in one or both directionms.
Probable causes:

¢ Flow and prassure ratios low:

- Check that flowmeters are vlean and indicating properly.

- Check that three-way valves are seating properly--usually man~
ifest by low flow in one direction only,

- Check Teflon pilston seals—--may be leaking if low flow in one
direction. Check seals on right piston if low flow when driv-
ing to left (solencid valve off) and vice versa,

|
i - Check T-seal 1in center housing--may be leaking if low flow in
i . both directions.

& Pressure ratio low

~ Check Tef10n® piston seals for wear
~ Check T-seal in center housing for wear.
NOTE: To check the Teflon® plston seals or the center shaft T-seal, it

1s necessary to disassemble the ER device. This is a fairly large job
and should be done only if absclutely necessary.

LIMIT SWITCHES

1. Level adjustment: To adjust the position of the electric limit
switches:
e Turn power off and unplug.
e Remove cover plates on limit switech lousing.
e Loosen limit switch mounting screws.

s Position switches so that approximately 1/16-1nch travel of the
mechanical pushrod will activate each switch.
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e Turn power on and check that switches are functioning properly
by tripping each switch with a screwdriver blade.

e Reassemble.
Seal replacement. Pushrod seals should be replaced every 500 hours

of normal operation or if the endcap breather hole{s) begin leaking
water.

e Turn power of £ and unplug.

s Remove limit switch cover plate.
e Remove limit switch housing.

e Remove pushred housing.

e Pull pushrod out from endcap.

e Replace seals: O-ring #135 (2) and O-ring #130 (1) for each
pushroed.

¢ Reassemble.

THREE-WAY VALVES (Cleaning and proper seating)

1.

6.

7.

Unplug power/air connections.

Disconnect all pneumatic and hydraulic lines on the three-way
valves,

Remove each valve from the mounting block structure.

Remove helical spring by unserewlng in CCW direction.

Dislodge any contaminants on the valve seats by briskly raising and
lowering the valve pushrod onto the upper and lower seats. Turn
the pushrod several turns whiled the valve is seated. Repeat.

Flush the valve under running water.

Reassemble. No further adjustment should be necessary.

INSTRUCTIONS FOR DISASSEMBLY OF CYLINDERS (Piston seal and center shaft
seal replacement)

1.

2.

Unplug power/alr connections.
Disconnect all fluid lines to cylinder assembly.
Remove limit switch housings.

Remove end plates.
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5. Pull cylinders free from pistons (do not strike cylinders or pis-
tons).

6. Remove check valve gagembly.
7. Remove (unscrew) tie rods.

8. Remove piston lock nuts and pistons and slide the pushrod free from
the center housing.

9, Disassemble the center housing and unscrew the T-seal mounting fix-
ture,

10. Remove and inspect seals. Replace as necessary.

11. Reassemble in reverse order.
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