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BRINE DISPERSAL SYSTEM

Cross Reference to Related AppHeation
6001} This applcation claims priority to U.S. Provisional Application Serial Ne.
§62/457,034 filed February 9, 2017, the disclosure of which is incorporated herein by

reference.

Technical Field

[8602] This invention relates to water desalination.

Background Art
{8083] The growth of saltwater {(e.g., seawater} desalination has been Himited by a number
of factors, Such systems typically employ an onshore facility containing a distillation or
gvaporation apparatus or separation membranes {e.g., reverse osmosis or “R{O” membranes)
supplied with seawater from a submerged offshore intake system, and producing a
concentrated brine stream that is returned to the sea. Both the intake seawater and the
concenirated brine stream have high corrosion potential and consequently require expensive
components and equipment. Onshore desalination facilities typically also reguire significant
amounts of expensive seaside real estate. Saltwater desalination has in addition been
criticized for various environmental impacts, including entrainment of marine life in the
intake water, greenhouse gas production associated with producing the energy required,
potential harm to marine life caused by the discharged brine, and the use of treatment
chemicals that may enter the ocean.
[6004] In the 50 vears since the invention of semi-permeable RO membranes, various
concepts for submerging such membranes and emploving natural hydrostatic water pressore
to help desalinate seawater been proposed. Representative examples include the systems
shown i U.S. Patent Nos. 3,456,802 (Cole), 4,125,463 (Chenowith), 5,229,005 (Fok et al.},
5,366,635 {Watking), 5,914,041 {(Chancellor ‘041), 5,944,999 {Chancellor 999}, 5,980,751
{Chancellor “751) and 6,348,148 B1 {Bosley), US Patent Application Publication Nos.
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2008/0190849 Al (Vuong) and 2010/0270236 Al {Scialdone), GB Patent No. 2068 774 A
{Mesple) and International Application No WO0/41971 Al (Gu). An experimental system
is described in Pacenti et al., Submarine seawaier veverse osmosis desalination system,
Desalination 126, pp. 21318 (November, 1999}, It appears however that submerged RO
systems (SRO systems) have not been placed in widespread use, due in part to factors such as
the energy cost of pumping the desalinated water to the surface from great depth and the
difficulty of maintaining mechanical moving parts at depth.

HEIRY For both conventional (viz., onshore, offshore platform-mounted or ship-bome}
desalination systems and submerged desalination systems, the brine discharge stream remains
an environmental concern. California recently adopted an amendment (the “Desalination
Amendment”™) to its Water Quality Contrel Plan for the Ocean Waters of California to
address effects associated with the construction and operation of saliwater desalination
facilities. lncluded in the Desalination Amendment are requirements concerning brine
discharge. In an cffort to meet these requirements, many desalination facilities have been
exploring the use of multipori diffusers (viz., spaced ports or nozzles installed on submerged
marine outfalls) and the use of ever-higher pressures o inject bring into the swrrounding
seawater. However, doing so creates high-shear brine plumes that can harm marine life.
{0006] From the foregoing, it will be appreciated that what remains needed in the art is an
improved desalination brine dispersal system featoring one or more of lower energy cosi,
iower capital cost, lower operating cost or reduced environmental fropact. Such systems are

disclosed and clatmed herein

Summary of the Invention
{68671 This invention provides in one aspect a wide-area desalination brine dispersal
system comprising 3 brine removal conduit having
a} a brine inlet that receives brine from a desalination apparatus;
b)Y a plorality of brine outlets submerged in seawater; and
¢} one or more air intreduction poinis located at depths below the brine cutlets, for
oxygenating and moving brine through the brine removal conduit and outlets via
airlift and dispersing the brine into seawater away from the brine removal conduit,
{B008] The invention provides in another aspect a method for dispersing desalination

brine from a desalination apparatus over a wide area, the method comprising supplying brine

2.




WO 2018/148542 PCT/US2018/017618

and air {o a brine removal conduit having a brine inlet in fluid conymunication with the
desalination apparatus, a plurality of brine outlets submerged in seawater and one or more air
introduction points located at depths below the brine outlets; wherein the supplied air
oxvgenates and moves brine through the brine removal conduit and outlets via atrlift and

disperses the brine into seawater away from the brine removal conduit,

Brief Deseription of the Drawing
{80097 Fig. 1a and Fig. 1h are graphs illustrating efficiency, capacity and recommended
operating conditions for pumping Hquids using an airdift pump;
{6018} Fig. I depicts vartous flow regimes overlaid atop a graph of superficial liguid
velocity ve. superficial gas velocity for a vertical airlift pump system operated over a rangs of
air and hiquid flow rates;
{0011} Fig. 3 depicis various flow regimes overlaid atop a graph of superficial liquid
velocity vs. superficial gas velocity for a horirountal arrlift pomp system operated over a range
of air and hguid flow rates;
8812} Fig. 4 is a schematic side view of an onshore RO desalination facility using the
disclosed brine dispersal system;
{8313] Fig, § is a side perspective view of a portion of the Fig. 4 brine removal condut;
and
8814] Fig. 6 and Fig. 7 are schematic sectional views of an SRO desalination system
using the disclosed brine dispersal system.
j0015] Like reference symbols in the various figures of the drawing indicate like

clements. The elements in the drawing are not to scale.

Detailed Description
{8616} The recitation of a pumerical range using endpoints includes all numbers
subsumed within that range {e.g., L 1o S includes 1, 1.5, 2, 2.75, 3, 3.8, 4, §, etc.).
{4017} The terms “a,” “an,” “the,” “at least one,” and “one or more” are used
interchangeably. Thus, for example, an apparatus that contains “a” conduit includes “one or
more” such conduits,
[0818] The lerm “air fraction” when used with respect to a two-phase airliguid (e.g.,

airrwater) flow through a conduit refers to the volumetric fraction, expressed as a percentage,

v 3.
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of the air volume over the length of the conduit compared to the conduit vohume, with the
conduit length and volume referring to the total length and total volume unless otherwise
specified. Expressed somewhat differently, the air fraction for such a two-phase How refers
to the air volume as 3 percent of the total volume of air plus liquid in the conduit.,

{8019 The term “airflow rate” when used with respect to an airhift pumyp supplied by an
air compressor refers o the volumetric airflow measured at the compressor outlet. There are
many possible ways to define compressor operating conditions and specifications {e.g., based
on outlet pressure, flow and temperature). Airflow rates at any given set of conditions and
specifications can be converted, using well known relationships, to airflow rates at other
conditions and specifications. If not otherwise specified herein, airflow rates are measured in
cubic feet per minute at 1 atmosphere {14.73 psi, 1 bar or 100,000 Pascals) and 5-10° F (41-
50° Cy. The resulting rates will be numerically somewhat lower than standard cubic feet per
minuie {sfom) rates determined at 70° F (21° C), but will be used in recognition of the typical
temperatures that may be encountered at the expected brine dispersal depths.

16026} The term “airlift” when used with respect to a pump refers to 8 device or method
for pumping a lquid or slorey by injecting air {and preferably only by injecting air} into the
Hguid or shurry,

{0021} The term “annular flow” when used with respect to a two-phase How regime in a
conduit refers to a regime in which tqguid {e.g., water or brine} flows primarily as a filim
along the conduit wall and gas {e.g., air) flows primarily as a separate phase ju the center of
the conduit. The gas phase may contain enirained droplets of liquid, in which case the flow
regime may be referred to as “annular flow with droplets™ but can still be regarded as an
annular flow regime.

{8922} The term “brine” refers {o an aqueous solution containing more sodium chloride
than that found in typical saltwater, viz., more than about 3.5% sodium chloride.

{BOZ3] The term “bubble flow” when used with respect to a two-phase flow regime i1n a
conduit refers 0 a regime in which gas {e.g., air) primarily flows as small bubbles within a
continuous liguid {e.g., water or brine} phase flowing through the condutt. The bubbles may
be very small, in which case the flow regime may be referred to as “dispersed bubble flow”
or “finely dispersed bubble flow” but may still be regarded as a bubble How regime.

[624] The term “churn flow” when used with respect to a two-phase flow regime in a

conduit refers to a regime between shug flow and annolar flow in which large bubbles of gas
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{e.g., air), typically having a diameter near the diameter of the conduit and 2 length ranging
up to several times the diameter, flow through the conduit in a chaotic and disordered flow
pattern along with lguid that may contain numercus small bubbles.

{3825} The term “conduit” refers o a pipe or other hollow structure {e.g., 8 bore, channel,
duct, hose, line, opening, passage, riser, tube or wellbore) through which a liguid flows
during operation of an apparatus employing such conduit. A conduit ruay be but need not be
linear, and may for example have other shapes incloding branched, coiled or radiating
outwardly from a central hub.

{6026} The term “depth” when used with respect to an airlift pamp {or to a component of
a submerged apparatus) refers to the vertical distance, viz., to the height of g water column,
from the free surface of a body of water in which the pump or component is submerged to the
point of pump air introduction or to the location of the component.

{0627} The terms “desalinated water” and “fresh water” refer to water containing less
than 0.3 paris per thousand {ppt} dissolved inorganic salts by weight. Exemplary such salis
inclhude sodium chloride, magnesium sulfate, potassivmn nitrate, and sodium bicarbonate.
{60281 The terms “efficiency” and “efficiency ratio” when used with respect to an airdift
pump intended to pump Hquids refer to the ratio of the water mass flow rate to the air mass
flow rate. When the context indicates, efficiency may refer to the ratio of cutput pumping
power to the required input power.

{6029} The terms “fHow regime” or “flow pattern” when used with respect o two-phase
flow from an airlift pump refer to the type and appearance of bubbles or other atrflow along a
specified length of the lift conduit. Jt will be appreciated that at constant airflow rates the
flow regime will vary within any vertical conduit by depth, with the flow regime typically
having fewer or smaller air bubbles at the bottom of the conduit, and at sufficiently high
airflow ratios having more or larger bubbles or even an annular colomn of air as the depth
and the associated hydrostatic pressure in the conduit at that depth both decrease.

R The term “Hift height”™ when used with respect to an aithift puop refers to the
vertical distance from the water surface to the point of discharge. For an airlifi pump that
discharges above the water surface, the ift height will be positive, For an airdift pump that

discharges below the water surface, the {ift height will be negative.
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j6831] The term “maximum capacity” when used with respect to an airlift pump at a
given submergence ratio refers to the maximum hiquid discharge flow rate attainable with a
given system configuration using air as the injection gas,

{80321 The term “maximum efficiency”™ when used with respect to an airliff pump at a
given submergence ratio refers to the efficiency ratio for a given system configuration at
which increased energy input provides a diminishing increase in liguid flow rate plotted on
the y-axis in 8 two-dimensional Cartesian coordinate system {viz., the ordinate)} per unit of
additional airflow rate plotted on the x-axis (viz., the abscissa). This corresponds to an
asymptote for such plot bevond which the slope (viz., the ratio of liquid flow rate to airflow
rate) diminishes.

H8G33] The terms “saltwater™ and “seawater” refer to water containing more than 0.5 ppt
dissolved inorganic salts by weight. In oceans, dissolved inorganic salfs typically are
measured based on Total Dissolved Solids (TDI8), and typically average about 35,000 parts
per million (ppm) TDS, though local conditions may result in higher or lower levels of
salinity.

{8034} The term “shug flow” when used with respect to a two-phase flow regime in a
conduit refers to a regime in which gas {e.g., air) primarily flows through the conduit as large
bubbles, typically having a diameter at or near the diameter of the conduit and a length
ranging from the diameter to several times the diameter, along with a liquid that may contain
numerous small additional bubbles,

{8035] The term “submerged” means underwater,

{0636} The term “submergence” when used with respect fo a submerged atrlift pump
refers to the vertical distance from the water surface fo the {or an} air introduction peint.
188374 The term “submergence ratio” when used with respect to an airlift purop refers o
the ratio of submergence to hift height.

6038} The term “submersible” mean suitable for use and primarily vsed while
submerged.

{6039 The term “superficial velocity” when used with respect to the flow of afhud ina
conduit refers to the volumetric flow rate Q@ (expressed for example in my'/s) divided by the
conduit cross-sectional area A (expressed for example in m”). When used with respect to a

two-phase flow regime {for example, an ainwater flow regime), this definition can be applied
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to either phase and caleulated to provide a hypothetical flow velocity for a particular phase as
if such phase was the only phase flowing or present in a given cross-sectional area,

8048} The term “two-phase” when used with respect to flowing substances refers fo the
simultaneous flow of such substances in two different phases, typically as a gas and a liquid.
6841] The term “water flow rate” when used with respect to an atrlift pump that pumps
water refers to the volumetric airflow at the outlet from the pump discharge conduit.

16042} The term “wide area” when used with respect to dispersal of a fled {(e.g., brine)
away from a conduit having a plurality of fluid outlets {e.g., brine outlets) distributed along a
fength of the conduit, means dispersal into an ares, and typically into a volume,
encompassing at least 5§ meters of such length.. The disclosed area or volume will also have
other dimensions {e.g., a width, diameter or height) that will depend in part upon the direction
and velocities of fluid streams passing through the fluid outlets. Because such other
dimensions will be affected by variable factors including fluid How rates inside and outside
the conduit, and the overall shape of the dispersed fluid plume, the term “wide area” has been
defined by focusing merely on the recited length along the recited conduti, as such length
typically will represent a fixed guantity in a given dispersal system,

{8043} Airlift pumping systems may be used for a variety of pumping tasks, including not
only the pumping of water but also in undersea mining operations such as dredging the sea
floor to recover gold nuggets or manganese nodules. “Gas L™ is a term comumonly used in
oil and gas production, including offshore and onshore applications, to raise desired gaseous
or oily products to the surface. Alrlift and gas it systems can also transport solids, e.g, the
ahove-mentioned nuggets and nodules, sand, gold and the like. However, the disclosed brine
dispersal system will typically involve only the transport of a Hguid (viz., brine} using a gas
{viz., air}.

00441 Airlift and gas lift systems normally are operated using air or gas and hiquid tlow
rates selected fo maximize the amount of desivred product obtained per unit of pumping
energy expended. For a two-phase system that transports air or another gaseous phase and a
desired Haguid product phase, maximum pumping efficiency typically arises when the average
flow within the conduit carrying the desired liguid product to the surface represents a so-
called “stug” or “chum” flow regime as discussed in more detail below. Further details
regarding airhift pump flow regimes may be found for example in Frangois et al., 4 physically

based model for aivlifi pumping, Water Resources Research, 32, 8, pp. 23832399 (1896},
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Nenes et al., Simulation of 4irlift Pumps for Deep Water Wells, Can. 1. Chem. Eng., 74, 448-
456 (August 1996) and Pougatch et al., Numerical modeling of deep sea aiv-iifi, Ocean
Hogineering, 3§, 1173-1182 {2008).

{0045] Fig. 1a shows a plot 108 of liquid flow rate Qy, versus air flow rate Qg for a
vertical airlifi system. Al a given 1ift height, there is a minimuom air flow value 182
{designated in Fig. 2a as “Quu. ) that is required (o maintain the initial flow of hquid at a
steady state rate. As the atr flow rate Qg and cousequently the volume of air 1 the discharge
water conduit are increased above Qo the flow of liguid from the discharge water conduit
and efficiency both initially increase. At an asymptote represented by point 104, the avlift
pump efficiency, which corresponds o the slope Q¢/Qg, reaches a maximum value
designated as “Qaess, Qrew > and thereafter declines as the atr flow rate increases further. Fig.
1h Husirates the pump efficiency 3 as a function of the energy input from air introduction,
and shows the change in slope for curve 280 with increasing air flow rate Qg. The point of
maximum efficiency and the point of maximum capacity occur at different air flow rate
values. For airlifting bring, an airlift pump preferably is operated between the points of
maximum efficiency and maxionnmm capacity. However, operation in other flow regimes may
be used if desired, for example o provide greater or lesser oxygenation of the flowing brine.
{80467 The brine removal conduit in the disclosed system may include a combination of
vertical, horizontal or obligue sections, The nature of the flow regimes that might arise is
however most easily undersiood by primarily considering the limiting situations represented
by vertical and horizontal discharge conduits. Fig, 2 depicts several potential vertical flow
regimes overlaid atop a graph of superficial liguid velocity ve, superficial gas velocity for a
vertical brine airlift pump system operated over a range of air and liquid How rates. At small
air flow rates and at liguid flow rates up o a superficial liguid velocity of about 3 m/s, the
system operates in a bubble flow regime in which in which air flows as small bubbles
dispersed in water. As the air flow rate increases, the bubbles coalesce to form large bubbles
that drive a “slug” of liquid up the conduit in a slug flow regime. Further airflow rate
increases cause the large bubbles to become unstable and form a chwm flow regime. Fora
vertical conduit pumping liquids, the transition from maximurm efficiency to maximuam
capacity {see Fig. 1a} occurs in the transition regime between shug flow and churn flow. At

vet larger air flow rates, annular flow regimes arise.
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{6047} Fig. 3 depicts several potential horizontal flow regimes overlaid atop a graph of
superficial ligquid velocily vs. superficial gas velocity for a horizontal brine airlift pump
system operated over a range of air and Hguid flow rates. At small air flow rates and at Hguid
flow rates up to a superficial liguid velocity of about 0.1 w/s, the system operates in a
stratified-smooth flow regime. At somewhat higher air flow rates, a siratified-wavy flow
regime arises. As the water flow rate increases above that required to maintain a siratified-
smooth flow regime, a bubble flow regime eventually arises, with intermittent cccurrence of
clongated bubble, slug flow and churn flow regimes. At very high air How rates and over a
relatively wide range of Higuid flow rates, an anmular flow regime arises.

{6048] Air bubbles expand as the depth and hydrostatic pressure decrease. Thus for a
vertical or oblique discharge conduit, the flow regime can vary along the brine removal
conduit length, and may for example represent bubble flow at the maximuom depth, slug How
or chum flow at intermediate depths and annular flow nearer the surface. In some instances it
may be desirabie to employ an annular flow regime over a substantial portion of the brine
removal conduit length, for example to ncrease oxygenation, to help force brine through
openings in the conduit, or to decrease the average weight of the water:air column and
thereby reduce backpressure at the bottom of the brine removal conduit.

{0049} The disclosed brine dispersal system may used with any conduit that transports
brine from a desalination apparatus to or into a body of water {e.z., to or into a nearby river,
lake, sea or ocean) in which the brine is to be dispersed. Such conduits may carry brine from
a variety of desalination apparatus sources and a variety of desalination processes, including
brine produced by onshore distillation or evaporation facilities, brine produced by onshore
RO facilities, brine produced by SRO systems, brine produced at offshore platform-mounted
or seaborne {e.g., ship-borne) desalination systems, brine in marine outfalls, brine in sub-
seabed tunnels, and other brine sources and condunts that will be familiar to persons having
ordinary skill in the art. The disclosed air supply inserts {e.g., bleeds, pumps, injects or
otherwise provides) air info the brine removal conduit at one or more points located at or
downstream from {viz., distal with respect o) the lowest point in the brine path. The
disclosed brine outlets may be upstream or downstream from the first air introduction point,
but desirably are downstream (and more preferably at least 1, at least 2, at Jeast S or at least
10 meters downstream) from such point. In the interest of overall airlift and dispersal

etficiency, the disclosed brine outlets preferably also are at lesser depths (viz., closer to the

-9.
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surface) than such air introduction point{s). The term “downsiream” consequently may refer
to a point having higher elevation than that of an air introduction point.

{3358) Fig. 4 18 a schematic side view of one embodiment of an onshore RO facility 468
that uses the disclosed brine dispersal system. Compressor 461 delivers compressed air to
high pressure air line 405, Airline 485 supplies airlift air to brine removal conduit 487 at air
introduction point 4688, The distal end of brine removal conduit 487 is supported by buoy
418, which also serves to mark the approximate location of the distal end of conduit 487.
Brine within conduit 407 is dispersed into the surrounding seawater 411 through brine outlets
413 arrayed along the length of brine dispersal section 408, which is positioned downstream
{viz., above} alr introduction point 489,

(8451} Pretreatment facility 418 processes seawater drawn in through intake 417 and
seawater supply conduit 419, and employs filtration elements, settling tanks or other
measures (not shown in Fig. 4} to remove organic contaminants and other solids from the
supplied seawater. Filtrant from facility 418 passes through conduit 421 inlo reverse osmosis
facility 423 where pressure applied to the filirant forces it into RO membranes to separate the
filirant info fresh water and brine. Brine is sent to sea water 411 via brine removal conduit
487, and freshwater is delivered to a water processing facility {not shown in Fig. 4) via
conduit 427 for further treatment such as chlorination, fluoridation or remineralization, and
thence to one or more water customers such as a municipal or rural water system, water
reservoir, hotel, resort, agricultural facility or other entity in need of fresh water.

{6052} Fig. § is a perspective view, partially in phantom, of airline 488, conduit 407 and
a portion of brine dispersal section 488, Compressed air travels within passage 561 past
elhow 383 and enters the flowing brine stream 588 at nozzle 5¢7. Bubbles such as bubble
809 carry the flowing brine stream upwards within brine removal conduit 487 towards brine
dispersal section 408, Brine exits conduit 487 through brine outlets 413 whereupon it mixes
with surrounding scawater 411, Any remaining brine exits conduit 487 at open end 511 and
mixes with seawater 411

{6053} Fig. & is a schematic view of one embodiment of an SRO desalination system that
uses the disclosed brine dispersal system. Further details regarding such system are provided
in Applicant’s copending International Application No. (Attorney Docket No.

4624 31WQO01), filed even date herewith and entitled SUBMERGED REVERSE (8MOSIS

SYSTEM, the disclosure of which is incorporated herein by reference. System 608 1s
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submerged in saliwater at an appropriate depth between seafloor 682 and sea surface 684.
System 600 may if desired rest upon or be anchored to seafloor 602, System 608 s supplied
with compressed air via airline or airlines 606 connected to one or more onshore compressors
{not shown in Fig. 8). Desalinated water product is romoved from system 608 via product
water delivery conduit 608. Systom 608 includes prefilter 6180 for removal of gross seawater
contaminants. Filter 61¢ may contain one or an array of any suitable filtration devices, for
example mermbranes, nonwoven webs, woven webs, particles, hollow or solid fibers or other
filtration structures. System 688 also includes reverse osmosis unit 612 containing one or an
array of reverse osmosis membranes arranged in g preferved parallel configoration for
separation of desalinated water and brine. In other embodiments, the membranes may be
configured in series, or both in series and in parallel. Seawater entors system 608 via inlet
screen 611 atop prefilier 618, Airlines 614, 616 and 618 extend from airline(s) 606 and may
be controlled by on-shore valves, orifice plates or {as shown in Fig. 6), by individaally
actuated valves. Airline 614 supplies iff air to product water delivery conduit 608 for use in
directing desalinated water product through delivery conduit 608 via aulift pumping. Auline
§16 supplies purge air to backflush (and if desired, via a further suitable valved or otherwise
controlled injection point, to flush) prefilter 610, The use of such purge air can remove of
prevent the buildup of contaminanis and overcome or avoid clogging, and may be carried out
continuously or at any appropriate interval or sequence. Airline 618 supplies atrlift to
remove concentrated brine from reverse osmosis unit €312 via brine removal conduit 6§28, for
dispersal at one or more locations remote from system 688, as discussed in more detail
below.

{00541 Fig. 7 shows system 688 in greater detail. Rough screen 602 blocks the entry of
fish and other large objects into system 688, Coupling 704 joins prefilter 618 to reverse
osmosts unit 613, and delivers fltered scawater to reverse osmosis unit 12, Air bubbles 708
may be supplied from time to time or continuously beneath prefilter 618 to carry out air
purging as discussed above, Fresh product water exits reverse osmosis unit 612 via collector
786 and enters product water conduit 608, whereupon aulift (supplied from airline 686 via
submerged valve 710 and airline 614} can be used to remove the product water. Manifold
716 collects brine from reverse osmosis unit §12 and directs it into brine removal conduit
§28. Brine removal conduit 628 is provided with airlift using air supplied from sirhine 686

vig submerged valve 714 and aitline 618. Submerged valves 718, 712 and 714 can be used to
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regulate the flow of air through airlines 614, 616 and 618 info system 688, and may in the
interest of simplicity and reduced maintenance be climinated and replaced by onshore valves
or other airflow control measures. Brine removal conduit 628 may if desired be combined
with or serve a5 an anchor or tether for 2 buoy that indicates the SRO system location. Any
desired flow regime may be used in brine removal conduit §28, for exarple a slug, chur or
anmular flow regime. A substantial portion of brine removal conduit 628 beyond (viz., above
as shown in Fig, & and Fig. 7} airline 618 includes g plurality of perforations or other
openings 718 in the sidewsll of brine removal conduit 628, The openings 718 provide brine
outlets through which brine can disperse into seawater away from brine removal conduit 628.
Depending on the size, shape, extent and axial orientation of such openings and the flow of
brine within brine removal conduit 620, seawater may be drawn into some of the openings
718 in brine removal conduit 628 and thereby provide brine dilution within brine removal
conduit 6§26,

{8035} Although not shown in Fig. & and Fig. 7, persons having ordinary skill in the ant
will understand that system 608 may include an electrical supply and appropriate electronic
controls to operate atr valves or other submerged components, measure desired operating
parameters {e.g., pressures, temperatures, flow rates and the like), and to handle other
electrically-driven or elecirically operated equipment or other signaling needs. Preferably
however the use of submerged electrical components is minimized or eliminated. The
disclosed submerged optional valves may for example be operated using air pressure
provided via one or more additional air supply lines, or eliminated altogether by supplying air
at appropriately varied pressures from the air compressor systems, optionally together with
appropriate arrangement of the respective depths at which the disclosed airlines inject atr into
the prefilier, product water stream or briuve stream.

{8056] The Fig. 6 and Fig. 7 SRO system preferably lacks submerged moving parts and
especially wearing parts {e.g., pump impellers, shafis, valves and other components) that
might by design or through the failure of a seal or enclosure come into contact with seawster
or brine beyond their designed capability or suitability. Io preferved embodiments, the
disclosed SRO system operates entirely without such failure-prone submerged parts as
pumps, motors and valves, is composed entirely of seawater-tolerant materials, and provides
steady-state, continuous or essentially continuous RO desalination using the hydrostatic

weight of the ocean above the membrane or membrane assembly to supply the pressure
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required to drive the pure water through the membrane while leaving most of its salts behind.
Maintenance needs can accordingly be reduced by avoiding frictional shiding surfaces, pump
cavitation, motor or bearing failure and other causes of wear or premature component failure,
In one embodiment of the disclosed system, the brine airlifl pressure can be set at the same
pressure as the discharge airlifl pressure by injecting air for the bripe airlift at an
appropriately higher elevation than for the discharge airhft. This allows the use of one air
pressure line instead of two separate lines having different pressures, helps prevent the
accidental injection of alr into the RO membranes, and provides further simplification.
{6057} The disclosed brine dispersal system may be vsed {o remove and airlifl brine
produced by a vartety of types of onshore, offshore platform-mounted, seaborme {e.g., ship-
bome} or submerged desalination apparatus, and to disperse it into seawater info two and
more preferably into three dimensions. In preferred embodiments the brine is dispersed into
one or more substantial vertical portions of 8 water column or columns above or remote from
the disclosed SRO apparatus. The recited dispersion can occur over a wide area or areas at
one or more locations romote from the desalination apparatus, Doing so can avoid the
focalized discharge of concentrated brine dispersed by high-pressure point-source diffusers as
commmonly used to disperse RO brine today, and the possible harm to marine life from high
salinity or diffuser shear forces. If desired, more than one air introduction {e.g., air injection}
point may be employed, with higher infroduction poinis typically requiring less energy to
operate the associated brine airlift, and lower introduction points providing a greater conduit
ength along which oxygenation, dilution or dispersion may take place. The brine removal
conduit preferably rises vertically or upwardly away from the air introduction point{s} and
terminates at a lesser depth than the atr introduction point{s) so as to facilitate airhifl of brine
within the brine removal conduit. The brine removal conduit preferably has a substantial
fength bevond the air introduction point, e.g., at least 5 meters, at least 10 meters, at least 20
meters, at least 30 meters, at least 50 meters or at least 100 meters. The brine removal
conduit preferably rises vertically or upwardly away from the air introduction point(s) and
terminates at a lesser depth than the air introduction point(s} so as to facilitate airlift of brine
within the brine removal conduit. The brine removal conduit preferably has a substantial
length beyond the air introduction point, e.g., at least 5§ meters, at least 10 meters, at least 20
meters, at least 30 meters, at least 530 meters, at least 100 meters, at least 500 meters or at

least 1,000 meters. If desired, the brine removal conduit may divide or subdivide info a
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plurality of preferably upwardly-directed arms each of which may carry airlified brine and
disperse it into the surrounding seawater.

[B058] The brine-dispersing portion of the brine removal conduit preferably containg a
phurality of perforations or other openings in the conduit sidewsll {or even one-way or other
valves if desired} that provide brine outlets. The brine cutlets may be located below and
more preferably are located above the air introduction point(s). The outlets may disperse
brine at a varicty of depths, for example at depths above, below or both above and below a
thermocline or halocline, The disclosed brine cutlets are desivably sized, positioned and
oriented to allow the dispersion of brine into the surrounding seawater and well away from
the brine removal conduil. The brine outlets preferably are arranged over a subsiantial length
along the conduit {and more preferably are arranged over a substantial vertical portion of a
water colummn) of at least § meters, and in some embodiments, at least 10 meters, at least 20
meters, at least 30 meters, at least 30 meters, at least 100 meters, at least 500 meters or at
east 1,000 meters. A variety of brine outlet opening shapes may be emploved, including
circular holes, slots, polygons, tapered ducts and other shapes. Vanes or other deflectors may
be positioned within the brine reraoval conduit to add turbulence o or {o divect the brine
through brine outlets. Brine can also be expelled from the brine outlets due to the expansion
of rising air within the brine removal conduit, If desired, some of the disclosed openings may
be sized, oriented or positioned to allow diluting seawater to be drawn into the moving brine
stream within the conduit, e.g., via the Venturi effect, and thereby serve as brine-diluting
seawster inlets, Whether used to expel brine from the conduit or to draw diluting seawater
into the conduit, the disclosed openings may extend along a substantial extent {for example,
at Jeast 19, at least 2%, at least 3%, at least 4%, at least 5%, at least 109, at least 20%, at
teast 30% or at least 40%) of the brine removal conduit length beyond the first air
miroduction point. The size, orientation, frequency and positioning of the disclosed openings
may if desired vary along the length of the conduit, and may for example represent larger
openings at distances close to the first air infroduction point and smaller openings at distances
further from the desalination apparatus, or vice versa. One or more portions along the length
of the brine removal conduit after the {irst air introduction point may be free of openings, for
example to allow for enhanced oxygenation of moving brine within such portion. The
furthest (and preferably uppermost} end{s} of the brine removal conduit may be open,

partially closed, or closed. Preferably there arve sufficient brine outlet openings fo disperse
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the oxvgenated brine stream over a larger area {(viz., to a8 larger volume of seawater} than
would be obtained using point-source diffusers. In addition, the diffusion flow through the
brine cutlets preferably is not highly pressurized and thus does not create shear forces that
might harm marine life.

6059 The extent to which the brine is diluted, oxygenated or dispersed may be
controlied or influenced by a number of factors, inchuding the number, size, shape and axial
orientation of the disclosed openings, the pressure and volume of introduced brine awrhift air,
the respective velocities of the disclosed brine and brine ainrlift flows, and the presence of
turbulence at or after the air introduction point(s}.

{6068} The disclosed combination of an airlift and a brine delivery conduit with
appropriate openings can permit removal, oxygenation, dilution, and dispersal of brine
produced by a desalination apparatus over a substantial area remote from the apparatus. This
can for example permit dispersal of brine high above a seafloor, without creating an unsafe
environmental condition due to brine, which is denser than seawater, pooling on the seafloor.
Such pooled brine could harm benthic-dwelling marine life, for example by causing hyper-
saline conditions on the ocean floor. Use of an awlift pump to disperse the brine can also
save energy compared to the use of marine outfall lines or pressurized brine diffusers
comumonly employved with shore-based RO plants. In addition, the disclosed airlitt brine
diffusion systern can diffuse brine into a moch larger area (viz., volume of nearby water) than
is the case for typical marine outfall lines or pressurized brine diffusers. The disclosed
oxygenation can also reduce the incidence of naturally-occurring or otherwise induced
hypoxia or dead zones in nearby seawater.

{6061} In g further preferred embodiment for use with RO desalination, the volume or
pressure of airlift air supplied to the disclosed brine removal conduit can be designed, set or
adiusted so that during or following startup, the brine airlift air will provide positive control
of the volume of saline water flowing through the RO membranes. This can help prevent
polarization at the boundary layer near the membrane surface, and will also discourage
membrane fouling or scaling. In addition, such conirol can facilitate adjustiment of the
salinity of the brine stream, allow modification {e.g., reduction} of the brine stream airhift
demand, or allow for sizing or resizing of pretreatment conditions and capacities. In an
gspecially preferred embodiment, the volume or pressure of brine airlift air is designed, set or

adjusted to optimize the RO membrane product water recovery rate and membrane health.
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{8062} Expressed in terms of the airbrine volumetric ratio {determined shortly after the
point at which air is injected into the brine removal conduit, and before taking into account
the possible entry into the conduit of seawater dilution streams vig the disclosed openings),
girbrine ratios of at least about 1:99, at least abowt 5:95, at least about 1390, ai least about
15:85 or at least about 20:80 may be employed. The airbrine ratio may under some
conditions be as high as about 99:1, as high as about 95:5, or as high as about 80:10 but under
normal operating conditions typically will be less, for example up to sbout 60:40 or up to
about 50:50,

[¢063] In comparison fo conventional marine outfall lines or multiport diffusers, the
disclosed brine dispersal system can provide improved brine dispersal with reduced capital
and energy requirements. If the disclosed brine airlift system is also used to set or adjust the
volume of saline water Howing through the RO meémbranes, then RO system performance
can be controlled at much lower capital cost thas would typically be required by the variable
frequency drives and scawater pumps typically used to control the pressure and flow rate of
seawater through RO membranes in conventional onshore systems.

[0064] Suitable compressor equipment for attaining the disclosed airlift is available from
a variety of sources that will be familiar io persons having ordinary skill in the art. If desired,
compressor units of different types or having different capacities may be combined with one
another or with suitable reserve tanks to provide backup, auxiliary or complementary
compressed air supplies. For example, a scaborne, submerged or surface platform-mounted
compressor unit may be emploved in addition to an onshore compressor unit, and any or all
of these may if desired be powered in whole or in part by energy derived from waves, wind
or sunlight,

{80651 As a part of the system design or the startup or operation procedures for any of the
disclosed onshore, platform-mounted, seahbome or submerged desalination systems, the brige
airlift supply should be set, controlied or adjusted to provide proper brine flow and dispersal,
while minimizing high shear conditions near the brine outlets that might harm marine life.
This may be done for example by including an orifice plate (located at the surface or more
preferably submerged) to limit airflow in the brine airdift line, or by using a valve or regulator
(also located at the surface or submerged) for airflow control or adjustment during startup or
operation. The air pressures and air volames reguired for startup and continuous operation of

the brine airlift will depend in part on the depth at which air introduction occurs; the shape,

- 16~




WO 2018/148542 PCT/US2018/017618

size, and inclination of the brine removal conduit; and the shape, size, number and orientation
of the brine outlet openings. Such pressures and volumes may be estimated or empirically
determined. As a starting point, the startup and operating pressures desirably are cach at least
about 14.5 psi {1 bar) above the hydrostatic pressure at the point of air introduction, and may
be al least about 29 psi {2 bar), at least about 44 psi (3 bar), at least about 58 psi {4 bar), at
feast about 73 psi (§ bar) or at least about 145 pst {10 bar) gbove sach hvdrostatic pressure.
The operating pressure and operating airflow desirably are controlled so as to avoid
backflushing the brine removal conduit. For an onshore or submerged desalination apparatus
emploving RO membranes, the operating pressure desirably avoids backflushing or the
creation of high backpressure at the RO membrane cutlet. Fortunately however, operation of
the disclosed brine airlift can reduce salinity buildup at such RO membranes and can increase
the membrane product water flow rate or output.

{3066} Attainment of a desired brine airlift operating condition may depend less on
controlling the air pressure than on controlling the ratio of air to water. The air fraction {as
averaged over the brine removal conduit length from the first air introduction point to the fivst
brine cutlet from which brine leaves the conduit) may for example be at least about 1%, at
least about 594, at least about 10%, at least about 30% or at least about 40%, with the latier
value typically being characteristic of a slug or churn flow regime. Higher air fractions may
be employed, and may be more likely to provide an amular flow regitne over an appreciable
portion of the brine removal conduit, for example an air fraction up fo about 60%, up to about
7(%, up to abouwt 80% and in some embodiments up to about 90%, 93% or even 99%.
Mechanical pumping assist may be used if needed to attain sufficient brine flow. Ina
preferred embodiment however, brine removal is accomplished using ouly the pressure
available at the desalination apparatus brine outlet and the disclosed airlift, and without the
need for mechanical pump components between the desalination apparatus brine augiet and
the brine removal conduit air introdoction poini{s).

{60671 Exemplary depths for operation of the disclosed brine dispersal system are for
example from just below the surface {e.g., from about 10 m}, from about 100 m, from about
300 m, or from about 500 1, and up to about 2,000 m, up to about 1,500 m or up to about
1,000 m. Preferred depths are from just below the surface to about 1500 m depth. Operation
at depths below the photic zone {depending upon water clarity, corresponding to depths up to

about 200 m} {s more preferred, as relatively few marine organisms are found below the

-1

~3



WO 2018/148542 PCT/US2018/017618

photic zone. Biofilm growth may also be discouraged by placing the brine outlets at depths
having no light, low oxygen, and cold water tomperatures.

{8868} For SRO systems using the above-mentioned Dow FILMTEC RO membranes and
airlift without mechanical pump assist to remove product water and disperse brine, a depth of
630 m or more in preferred in order to provide sufficient hydrostatic pressure for permeation
to take place through the membrane at the recomunended 800 psi (55 bar) pressure differential
across the membrane. The chosen depth and pressure values may however vary in RO
svstems that take advantage of future membrane developments enabling or requiring lower or
higher differential pressures or higher or lower membrane backpressures. Adjustments o
accommadate such developments may increase or decrease the preferred operating depth for
the disclosed SRO system. For many membranes, the pressure on the low-pressure side
typically will not change appreciably with depth, and consequently changing the depth of
operation may suffice to adjust the differential pressure across the membrane and achieve
optimal operating conditions. In a preferred SRO embodiment, desalination is driven entirely
by hydrostatic seawater pressure on the high-pressure side of the RO membranes, a low-
pressure condition is maintained on the outlet or product side of the membranes by a flow of
compressed air supplied from the surface at a flow rate and pressure sufficient o create an
annular flow regime for air and water over a significant portion of the delivery conduit and
adeguately evacuate the desalinated water product, and brine dispersal is carried out using
only airlift from the same surface air supply. Once such a system is at the proper depth and
air is flowing at the correct vohune and pressure, the system preferably continuously
desalinates seawater, delivers pure water to the surface, and disperses brine, with no moving
parts below the waterline that would be subject to wear or breakage.

16069 In some prior SRO designs, especially those that rely on a pressure pump to force
seawater through the membranes, thick prossure-resistant vessels are employed to contain the
high pressures needed for membrane separation.  In preferred embodiments of the disclosed
SRO desalination system, the prefiltration elements and RO membranes will not require
pressure-resistant vessels, as they will already be immersed at a sufficiently high pressure in
the fluid to be purified. Desirably the disclosed SRO system merely maintains 8 sufficiently
fow pressure on the membrane discharge side, and a sufficient inlet side-outlet side pressure
differential, so as to sllow proper mernbrane operation without the use of a surrounding

pressure-resistant vessel, The disclosed SRO system consequently can produce sigmficantly
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lower concentrations of salt in the brine stream than will be the case for conventional RO, as
the elimination of the requirement for pressure vessels permifs the RO membranes to be
arrayed in parallel rather than the typical scawater desalination industry practice of 5-7
membranes in a serial arrangement. A parallel array climinates a common fatlure point in
conventional RO systems, namely the o-ring interconnections between membranes. A
paraliel arrangement also permits higher product water production per membrane, In
addition, a paraliel membrane arrangement creates much less salty brine than a train of single
membranes operating in series, and this salinity can be adjusted by adjusting the brine airlif
operating parameters. The disclosed SRO system’s ability to achieve low brine salimty
would be beneficial to sea life and would allow easier brine dilution. For example, using
seawater containing 35,000 ppm TDS, the disclosed system may provide brine containing
38,043 ppm TDS (a 9% increase} versus the near-doubling in discharge stream salinity that
may arise using conventional serially-configured onshore RO.
807461 These and other advantages of the disclosed brine dispersal system thus may
inchude one or more of)

»  Reduced power consurnption.

¢ Reduced greenhouse gas emissions to diffuse a given quantity of brine.

¢ Reduction or elimination of onshore or offshore high pressure water pumps.

e Reduced number of parts requiring expensive alloys and other exotic materials

resistant to seawater corrosion.
¢ Reduced localized brine emission.
s Parallel rather than series membrane configurations with even lower-salinity brine
discharge.

¢ Increased oxygenation of nearby seawater and reduction in hypoxia,

{8071} Having thus described preferred embodiments of the present invention, those of
skill in the art will readily appreciate that the teachings found herein may be applied to vet

other embodiments within the scope of the claims hereto attached. The complete disclosure
of all patents, patent documents, and publications are incorporated herein by reference as if

individually incorporated.
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Claims:
1. A wide-area desalination brine dispersal system comprising a brine removal condutt
having:
a} a brine inlet that receives brine from a desalination apparatus;
b} a plurality of brine outlets submerged in seawater; and
¢} one or more air introduction points located at depths below the brine outlets,
for oxvgenating and moving brine through the brine removal conduit and
gutlets via airlift and dispersing the brine into seawater away from the brine
removal conduit.
2. A method for dispersing desalination brine from a desalination apparatus over a wide

area, the method comprising the step of supplying brine and air {o a brine removal conduit
having a brine inlet in fluid communication with the desalination apparatus, a phavality of
brine outlets submerged in scawater and one or more alr introduction points located at depths
below the brine outlets; wherein the supplied air oxyvgenates and moves brine through the
brine removal conduif and ovtlets via airlifl and disperses the brine into scawater away from

the brine removal conduit,

3. An apparatus according to claim 1 or method according fo claim 2 wherein the

desalination apparatus is an onshore apparatus.

4. An apparatus according to claim 1 or method according to claim 2 wherein the

desalination apparatus is an offshore platform-mounted apparatus.

5. An apparatus according to claim | or method secording to claim 2 wherein the

desalination apparatus is an offshore ship-borne apparatus.

6. An apparatus according to claim 1 or method according to claim 2 wherein the

desalination apparatus is a distillation or evaporation apparatus.

7. An apparatus according to claim 1 or method according to claim 2 wherein the

desalination apparatus is a reverse 0Smosis apparatus.
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&. An apparatus or method according to claim 7 wherein the desalination apparatus
employs reverse osmosis membranes, and when carrying out continuous desalination and
continuous brine airlift, operation of the brine airlift reduces salindty buildup at the reverse
osmosis membranes and increases the flow rate or output of produoct water from such

membranes.

Q. An apparatus or method according to claim 7 wherein the desalination apparatus is

submerged.

10,  An apparatus or method according to claim 9 wherein the membranes are not encased

in a surrounding pressure-resistant housing.

11, An apparatus or method according to claim 9 wherein the desalination apparatus is
deployed at a depth that enables hydrostatic pressure to drive seawater through the

mermnbranes.

12, An apparatus sccording to claim 1 or method according fo claim 2 wherein the system

has ne submerged moving parts.

13, An apparatus according to claim 1 or method according o claim 2 wherein the system

does not include sobmerged frictional shiding surfaces.

14.  An gpparatus according to claim 1 or method according to claim 2 wherein the system

does not include a submerged mechanical pump.

15, An apparatus according to claim 1 or methed according to claim 2 wherein the system

does not include a submerged valve.

16,  An apparatus according to claim 1 or method according to claim 2 wherein the system

has no electrically operated or electrically powered submerged components.

17.  An apparatus according to claim 1 or method according to claim 2 wherein the air
supply comprises an onshore, ship-borne, submerged or surface platform-mounted

COMPrOsSOr ULt
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18, An apparatus according to claim | or method according fo claim 2 wherein the air

supply comprises a compressor unit powered at least in part by energy derived from waves.

19, An apparatus according to claim 1 or methed according to claim 2 wherein the air

supply lifts the brine in a slug or churn flow regime.

20, An apparatus according to claim 1 or method according to claim 2 whergin the brine
removal conduit has a first air infroduction point, a first brine outlet from which brine leaves
the conduuit, a first length between such first air introduction point and fivst brine outlet, and

the air supply lifts brine as averaged over such first length using an air fraction of at least

about 5% and up to about 95%.

21, An apparatus or method according to claim 20 wherein the air fraction is less than
about 60%.
22.  An apparatus or method according to claim 20 wherein the brine removal conduit has

a first length of at teast 1 meter.

23, An apparatus or method according to claim 20 wherein the brine removal conduit has
a second length between such first brine cutlet and the distal end of the brine removal

conduit, and such second length is at least 5 meters.

24, An apparatus or method according to claim 23 wherein the second length is at least 50
meters.
25, An apparatus or method according to claim 23 wherein the second length is at least

130 meters.

26.  An apparatus or method according o claim 23 wherein the brine outlets extend along

at least 5% of the second length.

27.  An apparatus or method according to claim 23 wherein the brine outlets extend along

at least 30% of the second length,
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Z8. An apparatus or method according to claim 23 wherein the second length includes
openings that allow diluting seawater to be drawn into flowing brine within the brine removal

conduit.

28, An apparatus or method according to claim 23 wherein the second length includes
sufficient brine outleis to permit an oxygenated brine stream to exit the brine removal conduit

withowt causing shear forces that might harm marine life.

34, An apparstus according to claim 1 or method according to claim 2 whersin the svstem
34 g 3 3
provides increased oxygenation of nearby seawater and a consequent reduction in hypoxia or

dead zones in nearby seawater,
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