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Say “Good-bye” to the Weakest Link: Introducing a New Method for
Coupling Membrane Elements

Abstract

For more than 15 years, sliding couplers have been used by the industry to join the permeate tubes of adjacent spiral wound
membrane elements contained in pressure vessels. Although there are slight variations in the coupler designs offered by
membrane suppliers, all are based on the same principal: a pipe segment with radially compressed o-rings at both ends,
internally or externally connected to the adjacent permeate tubes. Anyone responsible for the construction, start-up,
operation, reliability, quality, maintenance or efficiency of a reverse osmosis system is familiar with the cost and quality
issues stemming from this methodology. Problems encountered include: rolled or twisted o-rings during element installation
into pressure vessels, o-ring abrasion and subsequent leaking due to excessive movement of the coupler relative to the
permeate tube during system operation and cleaning, excessive number of o-rings used to improve seal reliability, and
energy-consuming flow resistance caused by the reduced inside diameter of the coupler.

The purpose of this paper is to describe a new, patented method for connecting the permeate tubes of adjacent membrane
elements contained in pressure vessels. The innovation eliminates the previously mentioned weaknesses of standard
couplers and provides the following additional features and benefits:

A static, axial seal rather than a sliding, radial seal

Increased sealing force as a result of naturally occurring, flow-induced compressive loads
Fewer sealing surfaces

Fewer parts

Elimination of interconnector lubricants

Full backward compatibility with current element and vessel designs

An audible, tactile, and visual indication that the seal has been achieved during installation
Increased element strength through permanent connection of the permeate tube to the end cap
Efficient element loading and unloading

Reduced permeate backpressure
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The new method relies upon the industrially-proven concept of a single o-ring, axially compressed. This is combined with a
locking, rotational connection to couple adjacent elements. A list of desired features and performance attributes was
compiled prior to development. This list is presented, together with a brief discussion of the rationale for the design phase
that followed. The interconnector is described in detail, with emphasis on the degree to which the desired features were
integrated. Finally, data is presented from laboratory tests and field trials that show the interconnector to be mechanically
robust, reliable in sealing, and efficient to install and operate.
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1. Introduction

Advances in reverse osmosis (RO) membrane performance have outpaced advances in other aspects of RO system design.
Most notably, the permeate quality of today's state-of-the-art systems rely upon a decades-old coupler technology for
connecting membrane elements in series. A new method of connection will be described which addresses the shortcomings
of the present couplers using proven principles of seal and mechanical design.

Reverse osmosis membranes for the purification of potable water, waste water, and industrial feed water have become
highly standardized. Where standardization is not required, the products supplied by various manufacturers nonetheless
have much in common. The methods of connecting elements in series are remarkably similar. All methods incorporate a
sliding coupler comprised of a pipe segment with radially compressed o-rings at both ends. These may be internally or
externally connected to the adjacent permeate tubes.

The shortcomings of this common approach are well known to system installers and operators, with leakage topping the list.
Leakage problems may become evident upon startup when pinched or damaged o-rings affect permeate quality. System
performance may also suffer over time, as o-rings wear and fail due to movement of the couplers inside the permeate tubes.

Achieving trouble-free seal operation is primarily a matter of matching an appropriately-designed seal configuration with the
criteria of a specific application. The new technology is a result of careful analyses of existing seal alternatives, conducted to
obtain the best match with current needs. Although leakage elimination was the initial focus, the scope was broadened to
address needs related to energy consumption, element integrity, ease of installation, and reliance on lubricants.

/1. Design Criteria for a New Interconnector

The new design was developed in compliance with a list of sixteen criteria. The criteria are a combination of desired
physical characteristics and performance benchmarks. The list was nearly complete prior to the start of the design phase,
although the items related to seal integrity and connection resilience under conditions imposed by a sagging pressure vessel
were added in response to concerns arising later in the process. While the text refers to the seal as an o-ring, other seal
cross-sections, including square, four-lobed, and even eight-pointed, are valid options for this application.

The success with which the criteria were addressed by the design are evaluated later in this report. The list is as follows:

2.1 Long-Term Seal Integrity
Criterion 1. Fewer Seals — The improved connection shall have fewer seal surfaces, corresponding to fewer potential leak
sites. It must also eliminate redundant backup seals for new simplicity of design and ease of installation.

Criterion 2: Repeatable Seal Compression — The improved connection must compress the seal to the same final dimension
with repeatability and with negligible sensitivity to part tolerances or wear.

Criterion 3: Elimination of O-ring Abrasion — Relative motion of the elements in a vessel during startup and shutdown causes
o-ring abrasion. This can lead to a deterioration in permeate quality over the long term. Movement can also cause o0-rings to
become pinched, leading to sudden and significant leakage. Silicon grease, while useful for reducing o-ring friction, is often
not used. The improved connection will make use of a non-sliding seal between adjacent elements.

Criterion 4: Utilization of Flow-Induced Forces — Elements inside a vessel are subject to axial compressive loads
proportional to the pressure drop experienced by the flowing feed stream. That compression will be cooperatively deployed
to provide sealing forces higher than can be readily obtained during installation.

2.2 Leak-Tight Startup Performance
Criterion 5: No Pinching or Rolling — During installation, o-rings can be rolled from the groove or pinched and damaged as
the couplers are inserted. The potential for rolling and pinching associated with a sliding seal will be eliminated.

Criterion 6: Protected Sealing Surfaces — Elements are often set on end or rolled along the edge of an endcap when

handled prior to installation. Additionally, push-rods may be used to remove the elements from their pressure vessels.
These activities require sensitive sealing surfaces to be recessed and protected from possible damage.
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2.3 Lubricant-Free Operation

Criterion 7: Full Performance without O-ring Lubricant — O-ring lubricants are sometimes omitted in the interest of preserving
permeate quality, particularly in ultra pure water (UPW) applications. Ideally, installation without o-ring lubricant will require
no additional effort and will not compromise sealing performance.

2.4 Backward Compatibility
Criterion 8: Backward-Compatibility with Standard Couplers and Adapters — To permit the mixing of element types within a
single vessel, the interconnector will remain fully compatible with existing couplers and vessel adapters.

2.5 Immediate Feedback

Criterion 9: Multiple Indicators of Successful Installation — The redesigned interconnector will provide a combination of
visual, audible, and tactile feedback indicating a leak-tight connection between adjacent elements has been achieved upon
installation.

2.6 Reduced Permeate Pressure Drop

Criterion 10: Elimination of Flow Restrictions — Internal couplers and vessel adapters account for more than 70 percent of
the permeate tube pressure drop in some systems. Eliminating these restrictions will impose less permeate backpressure,
reducing the feed pressure and improving system efficiency.

2.7 Robust Mechanical Design

Criterion 11: Cantilever Load Capability — During installation, an element may be momentarily supported by its connection to
a second element already installed and protruding from the vessel. The strength of the components will substantially exceed
the loadings anticipated in this cantilever situation. A safety factor of 2 was targeted, whereby the connection must withstand
at least twice the bending moment imposed by a wet element supported as shown in Figure 1.

Figure 1: Element temporarily supported in cantilever mode during installation.

Criterion 12: Absolute Endcap Retention - The redesigned interconnector will solve an existing problem whereby endcaps
may come loose from the element.

Criterion 13: Durability with Repeated Installation — Repeated installation cycles, as may occur when the elements are
frequently removed for cleaning, will not degrade interconnector performance.

Criterion 14: Seal Integrity Inside a Sagging Vessel — The permeate connection between elements will not leak as a result of
deflections induced by a sagging pressure vessel. The bending deflection is shown in Figure 2.

Al

f

Figure 2: Bending condition imposed upon coupled elements inside a sagging pressure vessel.

Criterion 15: High Pressure Capability — The feed-water pressure required to induce seal leakage will exceed that
encountered in actual service by a factor of at least 2.
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2.8 Easy Loading and Unloading

Criterion 16: No Increase in Time, Personnel, or Effort — Element loading and unloading is typically carried out by a team of
two individuals. The time required for these operations varies widely, depending upon the accessibility of the vessel in
question, the force required to slide the elements, the lubrication protocol, and the care taken during insertion of the
couplers. When compared under similar circumstances, the redesigned interconnector will require no additional time or
personnel for such operations. Furthermore, the effort required by an individual to connect the elements, one to the next, will
be equal or diminished.

/11. Design Rationale

3.1 Compressible Seals: Axial or Radial?

The design process focused first upon the intended method of sealing. The objective to choose among familiar industrial
seal configurations the best option for connecting elements in series. Three candidate seal configurations were identified, as
shown in Table 1. The method currently in widespread use, the sliding radial seal, is shown to satisfy few of the first seven
design criteria. As noted in Table 1, the radial seal is improved if mechanically restrained or fixed to prevent relative
movement of the elements after installation. This eliminates abrasion during extended operation. The third configuration,
the fixed axial seal, complies with all seven criteria.

Table 1. Evaluation of various methods of sealing using design criteria

Type of seal
Design Criteria Radial Axial
Sliding Fixed Fixed
1. Permits reduction in number of seals v v

2. Provides precise seal compression

3. Prevents abrasion v

4. Utilizes flow-induced forces

5. Precludes pinching or rolling

AN
AN

6. Permits protection of sealing surfaces

ANANRYASANANAN

7. Reduces reliance on lubricants

Fewer Seals — The fixed axial seal achieves a fifty percent reduction in the number of potential leak points by relying on a
single seal between elements, rather than the current two seals acting in parallel.

Precise Seal Compression — For the axial seal, the depth of the o-ring groove can be used to establish the amount of seal
compression with a high degree of precision and accuracy. The part-to-part variation for this feature would be less than 0.5
mil (0.0005 inch, or 0.013 mm) when injection molded. The same precision is not obtained for the machined inner or outer
diameter of a permeate tube, even when the tolerances are improved by secondary machining. A tightly-toleranced tube
with a diameter that varies by as much as 5 mils from part to part would cause variation in radial seal compression of 2.5
mils. This small number accounts for 10 percent of the nominal compression if the seal is squeezed by 25 mils, as might be
expected in the case of an o-ring with a 100-mil cross-section [1].

Elimination of Seal Abrasion — A key benefit of the axially-
compressed seal is that it precludes relative movement of the
sealing surfaces. O-ring wear is eliminated. Evidence of a poorly
lubricated, sliding o-ring is shown in Figure 3. This seal failed due
~ to agradual loss of o-ring compression.

Utilization of Flow-Induced Forces - In an 8-inch pressure vessel
containing seven 40-inch elements with little or no fouling, a typical
compressive load might be 300 pounds(136 kg) between elements
at the upstream end of the vessel and 1200 pounds between
elements at the downstream end. This load is transmitted through
the endcaps, complementing the sealing force imposed by the
endcap locking action.

. -

Figure 3: Evidence of o-ring wear inside a product water
tube due to insufficient lubrication of the sliding seal.
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No Pinching or Rolling — The axial seal requires none of the relative movement that might pinch or roll the o-ring from its
groove during installation.

Lubricant-Free Operation — Lubricants are generally not required for static, axially-compressed seals in liquid applications,
unless desired to ease installation of the o-ring into the groove or to protect the o-ring from a particularly harsh environment.

Based upon the analysis just summarized, the fixed axial seal concept was selected for further development. Its selection
required consideration of a means of mechanically connecting the elements, one to the next, so as to initiate and maintain
the fluid-tight seal.

3.2 Mechanical Connections: Axial, Radial, or Rotational?

Potential connection concepts were sorted into three groups, depending upon the direction of movement when joining
elements. The axial connection, shown in Figure 4(a), uses the same push-on approach found in applications ranging from
electrical receptacles to snap-on lids for plastic bottles. The radial connection (b) involves a sliding motion perpendicular to
the axis of the connected components. The rotational connection (c) encompasses threads and other interlocking concepts
relying on relative rotation. Concepts involving additional parts such as band clamps and fasteners were avoided.

The radial connection was the first to be discarded because it does not lend itself to backward compatibility with the standard
sliding coupler. If the radial connection is left un-made for the purpose of inserting a coupler, then protruding endcap
features cause the effective length of the element stack to increase.

The axial connection was also viewed less favorably when the need to compress an axial seal upon installation was
considered. The manually-applied force needed to make the connection increases in proportion to the amount of
compression desired. Furthermore, if the connection involves a shapping-together of the elements, then the need for
sufficient cantilever load capability imposes a still higher force threshold for the installer. The axial connection does not
readily combine ease-of-installation with other interconnector requirements.

These and other arguments drove selection of the rotational connection, in combination with the axial seal, as the basis for
an improved interconnector.

Figure 4: Representative examples of three methods of mechanical interconnection.
(a) Axial; (b) Radial; (c) Rotational.
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3.3 Design Configuration of the Interlocking Endcap

Prototypes with the improved design are shown in Figure 5. The smaller downstream endcap nests inside the larger
upstream endcap, which holds a single axially-compressed o-ring for sealing between the concentrate and permeate. This
arrangement is diagrammed in Figure 6b. Interlocking tabs around the periphery of each endcap provide a fixed mechanical
connection between elements, compressing the o-ring upon
installation and maintaining a tight seal thereafter. The injection-
molded prototype endcaps are made from ABS plastic, a material
already in widespread use for such parts.

Because the o-ring seal resides on the endcap, a leak-tight
connection between the permeate tube and endcap is required.
Processes involving adhesives, solvents, and various means of
welding are available to create this connection. Vacuum testing of
every tube-endcap connection, in isolation from the rest of the
element, is carried out after attachment to insure complete

Downstream Upstream mer
Endcap Endcap reliability.

Protected Sealing Surfaces — The critical surfaces of the axial seal
are recessed away from those parts of the endcap that make first
contact with the ground, push rods, tools, and other objects.
Together with the need for retention of the o-ring upon disengagement of the elements, this required dissimilar element
endcaps - one with a groove for o-ring retention, and one with a flat surface opposing the groove. The use of dissimilar
endcaps is not new insofar as current element configurations rely upon a brine seal installed at one end of the element.

Figure 5: Interlocking endcaps with axially-compressed
0-ring seal.

Backward Compatibility — Compatibility with existing hardware is maintained. The smooth inner bore located at each end of
the permeate tube is unchanged, which permits insertion of sliding couplers and vessel adapters. The net length of the
elements, when connected, remains 40 inches (101.6 cm).

Immediate Installation Feedback — The interlocking endcap relies upon four radially-deflected tabs on the downstream
endcap to provide tactile and audible feedback. These move up and over protrusions on the upstream endcap, snapping
into place when the elements are fully locked together. Because the deflecting tabs are not load bearing, there is no danger
of relaxation of the locking mechanism resulting in disengagement of the elements during operation. Rotational alignment
markings on the rim of each endcap provide a visual verification of the connection.

N ) 7 \
Concentrate >
! H |
N = Sl « 7 A 7/
Permeate >

/4 ZAES N N
Concentrate

(@) (b)

Figure 6: Comparison of cross-sections through the connection interface between two elements.
(a) Standard sliding coupler, (b) Interlocking endcaps.
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IV. Laboratory And Field Trial Evaluation

At the time this report was written, validation of the interlocking endcap was ongoing at five field trial sites involving the
conversion of seawater for potable use, the treatment of surface water for industrial feed, and the production of ultra pure
water for semiconductor fabrication. Trouble-free operation has been verified in all five cases; results for three of the trials
will be briefly discussed.

4.1 Long-Term Seal Integrity

Six interlocking elements were installed into a plant in Freeport, Texas, that produces high-quality industrial feedwater from a
high-fouling surface source. The plant is owned and operated by USFilter, a Veolia Environment company. The elements
were put into service in March, 2002. They reside in the first stage of a two-stage system operating at 130 to 240 psi (9.0 to
1.65 bar), depending upon feed temperature. The elements are removed three to four times per year for off-site cleaning.
An ongoing comparison between the vessel permeate conductivities for the interlocking elements and six control elements
has shown no leaks among either group. The elements continue to operate successfully.

Twelve more interlocking elements were installed into a municipal seawater RO system in San Pedro, Belize, in April, 2002.
The system is owned and operated by the Consolidated Water Company, Ltd., of the Cayman Islands. The elements were
placed in two side-by-side vessels within a single-stage array operating at a feed pressure of approximately 870 psi. (6.0
bar) The system is shut down twice per day, as dictated by demand. Periodic probing of the vessels has revealed no leaks
among the interlocking connections. The elements continue to operate successfully.

A third installation, involving two vessels containing a combined twelve interlocking seawater elements, was completed in
March, 2003, at the INALSA plant on the island of Lanzarote, Spain. The vessels are located in both the first and second
stages of a train with a feed pressure of 920 psi (63 bar). Two days after startup, the first stage provided 34 percent
recovery of a 21°C feed having 38,500 mg/l of total dissolved solids (TDS). The six elements in series operated at an
average flux of 12.0 gfd (20 Imh) and produced water with a conductivity of 180 umho/cm (95 mg/l TDS). Sustained
performance at this level requires standard-test rejection of 99.85 percent! and perfect sealing between elements.

12

10 +— O Before Removal H
g | O After Reinstall o

Vessel Conductivity (wmho/cm)
(2}

1 2 3 4 5 6 7 8 9 10 11 12
Remove/Reinstall Cycle

Figure 7: Vessel permeate conductivities, immediately before and after removal and re-installation
of interlocking and standard elements.

4.2 Leak-Tight Startup Performance

Over the course of six months, the interlocking elements in the Freeport, Texas, industrial feedwater system were repeatedly
removed and re-installed. The objective was to identify installation-related seal failures. Just before and after each
reinstallation cycle, the vessel conductivities were noted. The measurement was highly sensitive to leakage, with feed
conductivities in the range of 450 to 750 umho/cm and permeate conductivities below 10 umho/cm.

The individual vessel conductivities are shown in Figure 7. In all twelve instances, no evidence of leakage was found and
the elements performed as expected upon repeated re-installation.

1 FilmTec single-element standard test conditions are 800 psi (55 bar), 32000 mg/l NaCl, 25°C, and 8 percent recovery.
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4.3 Lubricant-Free Operation

An interlocking endcap connection using a lubricant-free o-ring was submerged in water and externally pressurized to 2000
psi (138 bar) for 14 days. Prior to the test, a small quantity of absorbent was placed inside the small, protected cavity formed
by the connected endcaps. The absorbent mass after 14 days was unchanged, demonstrating the fluid-tightness of the
lubricant-free o-ring.

4.4  Backward Compatibility

Field and laboratory evaluations have shown the interlocking elements to be compatible with current FilmTec couplers along
with the vessel adapters supplied by various North American and European manufacturers. While the verification with
respect to additional vessel suppliers is ongoing, no cases of incompatibility have yet been identified.

4.5 Immediate Installation Feedback

The interlocking endcap provides an audible, tactile and visual indication of a successful connection. These complementary
features were shown to provide the installer with clear information as to the state of the connection, in spite of potential
interferences from the noise of an operating plant and the use of gloves during installation.

4.6 Reduced Permeate Pressure Drop

4.6.1 Elimination of Flow Restrictions — Sliding internal couplers like the one shown in Figure 6, together with similarly-
configured vessel adapters, impose unintended permeate pressure loss. The present effort involved an experimental
evaluation of those losses, although standard engineering texts [2] were found to be useful for obtaining an approximate
result.

Upstream Downstream
Adapter Adapter

Figure 8: Apparatus for measurement of permeate pressure drop Figure 9: Interlocking vessel adapters.
in product water tubes and couplers.

For the laboratory setup, a virtual vessel was simulated using several jacketed permeate tubes connected in series. The
flow entering each 40-inch long tube via the side-holes was controlled to mimic the contribution of an element in operation.
The pressure was measured at the downstream end of each tube, and also on the outlet side of the vessel adapter, using a
digital pressure transducer. The first three permeate tubes in this simulated stack of elements are shown in Figure 8.
Pressure drops were measured at a variety of flowrates using two different sliding couplers. One coupler was designed for
higher pressure and had a smaller inside diameter. Also simulated were the interlocking endcaps, for which the sliding
couplers were simply omitted. Geometrical parameters for these configurations are summarized in Table 2.

Table 2: Inside Diameter of Components The flow contributions of the virtual elements decreased from
Evaluated for Permeate Pressure Drop one element to the next in the downstream direction. By this
method, a permeate outlet located opposite the feed end of the
Component Inside Diameter vessel was simulated. The vessel-average flowrate during a
inches (mm) i i i
Inc given run was expressed in terms of the average flux, in gallons
Product Water Tube 1.00 (25.4) per square foot per day (gfd), assuming an active membrane
area of 380 square feet (35 m2).
Low-pressure Coupler 0.81 (20.6) d ( )

High-pressure Coupler 0.69 (17.5)
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The experimental results are presented in Figure 10. The charts permit interpolation of pressure drops for intermediate flux
schedules, intermediate coupler diameters, and six to eight elements in series. The pressure drop contribution of the
downstream vessel adapter is evident in the non-zero backpressure at the outlet of the last element. The inside diameters of
the adapters were similar to those of the corresponding couplers described in Table 2.

An alternative adapter design utilizing the interlocking endcap is shown in Figure 9. The 1-inch inside diameter of the
permeate tube is maintained through the adapter, which permits a more optimal transition to the permeate port and exterior
permeate piping. If that pipe is Schedule 40 1-inch NPT, for example, then its inside diameter is 1.03 inches (26 mm). As
shown in charts below, the pressure drop for the interlocking adapters was generally too low to measure accurately with the
current apparatus. The lab results were corroborated by actual operating data, collected in the field with a combined
permeate probe and pressure transducer.

8 12 24
Interlocking i Low-Pressure i High-Pressure
Endcap Coupler S Coupler

N

O T T T T T

PWT Back Pressure (psi)
SN

O L T T _ T
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Element Position Element Position Element Position

8 elements in series: ——16.1 gfd ——12.3 gfd ——8.5gfd
6 elements in series: —s—16.1 gfd —— 12.3gfd ——8.5gfd

Figure 10: Permeate backpressure for elements in series. Backpressures assume 380 square foot elements with flux profiles characterized by
the average fluxes noted in the legend. Product water tube of 1-inch inside diameter.

4.7 Robust Mechanical Design
4.7.1 Cantilever Load Capability — Three pairs of interlocking elements were tested in cantilever mode as shown in Figure
11. The braced element was supported with two 3 inch-wide padded supports located 6 inches from the ends of the
element. The displacement at the tip of the second element, 5, was measured at each 10-pound increment of applied load.
The cantilevered element was dry and weighed 25 pounds.

Applied Load

| Iy
i ] WT

777 r777

d

Figure 11: Configuration of Cantilever Test

For each pair of elements, the test was stopped shortly after the fiberglass on either element fractured at its junction with the
endcap. The average deflection at failure was 1.26 inches. The average load was 43 pounds, and the lowest of the three
was 39 pounds. The bending moment corresponding to the average load was 185 ft-Ib, which is 2.9 times the moment
induced by a wet element weighing 38 pounds. This strength multiple substantially exceeds the original factor-of-safety goal
of 2.0.
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4.7.2 Absolute Endcap Retention — Three interlocking elements were tested separately under tension conditions using a
Tinius Olsen Universal Testing Machine. Tensile load was applied to the element by gripping the endcaps at either end,

Failure of

Fiberglass Shell. Failure of

© 2030 pounds=p~>Product Water Tube
| Ed e 1930 pounds

ai'fsplacement

N g

Figure 12: Load-Displacement Curve for Tension
Test of Interlocking Element

AETOS2IY -

whereby the force required to remove one of the endcaps was
determined.

The elements failed at 1905 to 1990 pounds (864 to 903 kg), far
exceeding the tensile loads that might be applied when an element is
pulled, by hand, from a pressure vessel. Two of the failures occurred
when the permeate tube was pulled apart in tension; the third element
failed with destruction of the endcap. All three failures were preceded
by failure of the fiberglass outer shell, as typified by the bimodal load-
displacement plot shown in Figure 12.

While loose endcaps have been noted among elements subject to
extensive handling, as may occur with repeated loading and
unloading, such failures are often initiated by an impact that loosens
the connection to the fiberglass shell. In such cases, the new
interlocking endcap will be firmly retained by the element until the
unlikely total destruction of either the tube or endcap.

4.7.3 Durability with Repeated Installation — The key question with respect to durability of the endcaps is their capacity to
withstand repeated locking and unlocking cycles without a significant decline in the locking torque. A substantial change
would signal wear of the locking features, which could lead to unintended disengagement and loss of seal capability during

loading or operation.

To examine durability, four pairs of endcaps were subjected to 100 lock-unlock cycles. The effect of wear upon the peak
torque was recorded using a digital torque wrench with peak torque capture capability.

As shown in Figure 13, the locking and unlocking torques decreased by 22% and 27%, respectively, over the course of 100
cycles. Because most elements will see no more than a few cycles over their lifetime, the observed torque decline was

deemed acceptable.

Table 3: Vessel Midpoint Sag and

% BT Corresponding Deflection of Individual Element Pairs
5 125 5= ° o -
100 |==2 M Vessel Required Element Pair
S 5§ —=a o o | Midpoint Sag Deflection,
E 75 inches (mm) inches (mm)
() o o
>
g 501 > Locking Torque 0.25 (6.4) 0.06 (L5)
x 25 = Unlocking Torque
& 0 ‘ ‘ ‘ ‘ ‘ 0.5(12.7) 0.11 (2.8)
0 20 40 60 80 100 120
1.0 (25.4 0.22 (5.9
Number of Cycles (254) (59)
Figure 13: Effect of simulated installation cycles 2.0 (50.8) 0.44 (11.1)
upon peak torque during locking and unlocking of ' ' ' '
elements.
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4.7.4 Seal Integrity Inside a Sagging Vessel — Two interlocked 8-inch by 40-inch elements were supported at their opposite
ends and a downward load was applied at the junction as shown in Figure 14. A vacuum of 15 inches (380 mm) of mercury
was applied to the permeate tubes, and the onset of leakage was monitored as the load increased. The elements
incorporated special tubes lacking side-holes for permeate flow. This allowed accurate detection of leakage at the
interlocking o-ring connection.

The deflection, 5, for wet elements and no applied load was 0.13 inches. The maximum applied load was approximately 100
pounds, for which the deflection was 0.44 inches. No vacuum leakage was detected.

Applied
Load _
Center tube plugged, this end Vacuum connection

o T X
Figure 14: Test setup for vacuum test with bending

To put these results into context, the deflection for individual pairs of elements inside a 6-element vessel was estimated as a
function of the vessel mid-point sag, assuming equal deflection at all junctions. As shown in Table 3, the maximum
deflection measured in the course of this experiment corresponded to a vessel sag of 2 inches. A survey of vessel
manufacturers placed this value far in excess of the anticipated worst-case sag for a fully-loaded vessel.

4.7.5 High Pressure Capability — Three pairs of interlocking endcaps were pressurized to failure inside the containment
device shown in Figure 15. To prepare the samples for testing, short lengths of permeate tube were spin-welded to each
endcap. These were sealed at the ends with epoxy to create a protected cavity within the connection. Each assembly was
then placed in the container, which was flooded with water and pressurized. The pressure was increased gradually to the
point of failure.

Figure 15: Chamber for high-pressure testing of Figure 16: High-pressure failure of product water tube in
interlocking endcaps. area adjacent to weld with endcap.

The prepared samples failed by implosion of the permeate tube at 2800, 2950, and 2650 psi, respectively. In all three cases,
the failures occurred within the counter-bored region of the tube. There were no signs of o-ring extrusion. As shown in
Figure 16, the breakage of the tube approached the weld zone, but the welded connection between endcap and tube was
maintained.
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4.8 Easy Loading and Unloading

Field trials revealed significant variation in the time required to connect and push the interlocking elements into the vessel,
depending upon local practices. In most cases the task could be carried out in less than three minutes for a six-element
vessel. A far longer period of time, fifteen to twenty minutes, was required to disconnect the permeate plumbing, open the
vessels, close the vessels, and reconnect the plumbing. Unloading was particularly efficient because the interlocking
elements could be pulled to the downstream end of the vessel during removal. This eliminated the need for push rods in
cases where their use was otherwise customary. The interlocking elements were often installed by a team of two individuals,
which was unchanged from the number of personnel used to load standard elements.

CONCLUSIONS

Numerous well-designed seal technologies exist and are used reliably across many demanding fields and applications.
Achieving trouble free seal operation is primarily a matter of matching the appropriate seal configuration to the criteria of a
specific application.

Sixteen criteria contribute to fully definining the requirements of robust membrane element coupling. An axially-compressed
seal with rotational connection fully meets these criteria while the traditional sliding radial seal is inadequate or marginal in
many functional aspects.

A working prototype embodiment of an axial seal with rotational mechanical connection has been described along with broad
field trial and laboratory results. The fundamental aspects of this seal configuration result in a superior sealing technology
over a sliding radial seal for the given application of coupling membrane elements.

Realizing the full potential of high rejection membranes in advanced reverse osmosis systems requires all components to be
appropriate for the task. An axial seal with rotational mechanical connection is the correct answer for coupling membrane
elements.
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