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FORMATION OF SOLID SALTS USING HIGH GAS FLOW VELOCITIES IN
HUMIDIFIERS, SUCH AS MULTI-STAGE BUBBLE COLUMN HUMIDIFIERS

RELATED APPLICATIONS
This application claims priority under 35 U.S.C. § 119(e) to U.S. Provisional
Application No. 62/281,828, filed January 22, 2016, and entitled “Formation of Solid
Salts Using High Gas Flow Velocities in Humidifiers, Such as Multi-Stage Bubble
Column Humidifiers,” which is incorporated herein by reference in its entirety for all

purposes.

TECHNICAL FIELD
Systems and methods for the formation of solid salts using humidifiers are

generally described.

BACKGROUND
Solutions containing dissolved salts can be used to make commercially valuable
products, such as solid salts and salt-containing aqueous solutions. Solid salts can be
obtained from aqueous solutions, for example, by precipitating solubilized ions to form a
solid precipitate. In some cases, the aqueous solution can be concentrated during the
precipitation step. In some such cases, the degree that the aqueous solution is
concentrated can be tailored to achieve a desired salt-level in the final product.

Improved precipitation and concentration systems would be desirable.

SUMMARY

The present disclosure is related to systems and methods for the formation of
solid salts using a humidifier. According to certain embodiments, the flow velocity of a
gas in the humidifier can be relatively high during the formation of the solid salt. In
some embodiments, the humidifier comprises a multi-stage bubble column humidifier.
The subject matter of the present invention involves, in some cases, interrelated products,
alternative solutions to a particular problem, and/or a plurality of different uses of one or
more systems and/or articles.

Certain embodiments are related to systems for treating an aqueous inlet stream

containing dissolved salt. In some embodiments, the system comprises a humidifier
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configured to produce a concentrated stream enriched in the dissolved salt relative to the
aqueous inlet stream, the humidifier comprising: a gas inlet in fluidic communication
with a source of a gas; a gas outlet; a liquid inlet in fluidic communication with a source
of the aqueous inlet stream; a liquid outlet discharging the concentrated stream; a first
stage comprising a first liquid layer comprising water from the aqueous inlet stream in
liquid phase, a first vapor distribution region in fluidic communication with the first
liquid layer, and a first bubble generator in fluidic communication with the gas inlet; and
a second stage comprising a second liquid layer comprising water from the aqueous inlet
stream in liquid phase, a second vapor distribution region in fluidic communication with
the second liquid layer, and a second bubble generator in fluidic communication with the
first vapor distribution region. In certain embodiments, the system comprises a
precipitator in fluidic communication with the liquid outlet of the humidifier that
precipitates at least a portion of the dissolved salt from the concentrated stream.

Certain aspects are related to methods of treating an aqueous inlet stream
containing dissolved salt. The method comprises, according to some embodiments,
transporting the aqueous inlet stream and a gas stream through a humidifier such that
water is removed from the aqueous inlet stream to produce a concentrated stream
enriched in the dissolved salt relative to the aqueous inlet stream; and precipitating,
within a precipitator, at least a portion of the dissolved salt from the concentrated stream
to produce a product stream containing less of the dissolved salt relative to the
concentrated stream. In some such embodiments, during operation, the superficial flow
velocity of the gas stream through the humidifier is at least about 50 cm/second.

Other advantages and novel features of the present invention will become
apparent from the following detailed description of various non-limiting embodiments of
the invention when considered in conjunction with the accompanying figures. In cases
where the present specification and a document incorporated by reference include

conflicting and/or inconsistent disclosure, the present specification shall control.

BRIEF DESCRIPTION OF THE DRAWINGS
Non-limiting embodiments of the present invention will be described by way of
example with reference to the accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each identical or nearly identical

component illustrated is typically represented by a single numeral. For purposes of
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clarity, not every component is labeled in every figure, nor is every component of each
embodiment of the invention shown where illustration is not necessary to allow those of
ordinary skill in the art to understand the invention. In the figures:

FIG. 1A is, according to certain embodiments, a schematic illustration of a
system for treating an aqueous inlet stream containing dissolved salt;

FIG. 1B is a schematic illustration of a system for treating an aqueous inlet
stream, wherein the system comprises a dewatering system, according to some
embodiments;

FIG. 2A is a perspective view of a bubble generator, according to certain
embodiments;

FIG. 2B is a top view of the bubble generator shown in FIG. 2A;

FIG. 2C is a cross-sectional schematic illustration of the bubble generator shown
in FIGS. 2A and 2B;

FIG. 3A is a cross-sectional schematic illustration of a humidifier, according to
certain embodiments;

FIG. 3B is, according to some embodiments, a cross-sectional schematic
illustration of a humidifier;

FIG. 4A is a schematic illustration of a stage comprising an exemplary baffle,
according to certain embodiments; and

FIG. 4B is, according to some embodiments, a schematic illustration of a stage

comprising an exemplary weaving baffle.

DETAILED DESCRIPTION

Embodiments described herein generally relate to systems for treating aqueous
inlet streams containing dissolved salts. The systems generally comprise a humidifier
and a precipitator. Associated methods are also described. The humidifier can be used,
according to certain embodiments, to produce a concentrated stream enriched in
dissolved salt relative to the aqueous inlet stream fed to the humidifier. The precipitator
can be used to precipitate at least a portion of the dissolved salt from the concentrated
stream.

In certain embodiments, the flow velocity of a gas (e.g., the gas into which water
is humidified during operation of the humidifier) through the humidifier is relatively

high. It has been recognized, within the context of certain inventive embodiments
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described herein, that it may be advantageous to employ relatively high gas velocities in
the humidifier, as doing so may reduce or eliminate precipitation (including formation of
crystalline, partially crystalline, or amorphous particles) at undesired locations within the
system (e.g., within the humidifier). Without wishing to be bound by any particular
theory, it is believed that, by employing relatively high gas flow velocities within the
humidifier, one can disrupt liquid regions within the humidifier and avoid creating
quiescent zones of liquid within the humidifier. It is believed that the formation of
quiescent zones of liquid solution can trigger precipitation of solid salts from the
solution. Thus, avoiding the formation of quiescent zones of liquid solution can reduce
or eliminate unwanted precipitation, according to certain embodiments.

While, generally, embodiments of the invention may employ a variety of
humidifier designs (including but not limited to those involving direct contact between
gas and liquid phases), in some embodiments, multi-stage bubble column humidifiers are
described. The multi-stage bubble column humidifiers, according to certain
embodiments, can be associated with certain advantages over certain other types of
humidifiers. For example, bubble column humidifiers may exhibit higher
thermodynamic effectiveness than certain other types of humidifiers (e.g., packed bed
humidifiers, spray towers, wetted wall towers). Without wishing to be bound by a
particular theory, the increased thermodynamic effectiveness may be at least partially
attributed to the use of gas bubbles for heat and mass transfer in bubble column
humidifiers, since gas bubbles may have more surface area available for heat and mass
transfer than other types of surfaces (e.g., metallic tubes, liquid films, packing material).
As described in further detail herein, a bubble column humidifier may have certain
features that further increase thermodynamic effectiveness, including, but not limited to,
relatively low liquid level height, relatively high aspect ratio liquid flow paths, and
multi-staged designs.

As noted above, certain embodiments are related to systems for treating an
aqueous inlet stream containing dissolved salt, and associated methods. The system
comprises, according to certain embodiments, a humidifier configured to produce a
concentrated stream enriched in the dissolved salt relative to the aqueous inlet stream,
and a precipitator in fluidic communication with a liquid outlet of the humidifier that

precipitates at least a portion of the dissolved salt from the concentrated stream.
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FIG. 1A is an exemplary schematic illustration of a system for treating aqueous
stream, according to certain embodiments. In FIG. 1A, system 100 comprises humidifier
301 and precipitator 102. As illustrated in FIG. 1A, precipitator 102 is in fluidic
communication with liquid outlet 104 of humidifier 301 via stream 106. In some
embodiments, the precipitator is in direct fluidic communication with the liquid outlet of
the humidifier.

In the humidifier, the gas may come into contact (e.g., direct or indirect contact)
with at least a portion of the aqueous inlet stream. In some embodiments, the
temperature of the liquid from the aqueous inlet stream is higher than the temperature of
the gas, and upon contact of the gas and the liquid, heat and/or mass may be transferred
from the liquid to the gas. According to certain embodiments, at least a portion of the
water from the aqueous inlet stream 1is transferred to the gas via an evaporation (e.g.,
humidification) process, thereby producing a vapor-containing humidified gas (i.e., gas
that contains vapor and is at least partially humidified, relative to the gas inlet stream)
and a concentrated stream (which contains a higher concentration of dissolved salt(s)
than the dissolved salt -containing aqueous inlet stream fed to the humidifier).

According to certain embodiments, the humidifier comprises a gas inlet in fluidic
communication with a source of a gas. For example, in FIG. 1A, humidifier 301
comprises gas inlet 108 in fluidic communication with gas source 110 via gas inlet
stream 112. A variety of types of gas may be used in association with the embodiments
described herein, as described in more detail below. In some embodiments, the gas inlet
of the humidifier is in direct fluidic communication with the source of the gas.

In some embodiments, the humidifier comprises a liquid inlet in fluidic
communication with a source of the aqueous inlet stream that is treated by the system.
For example, in FIG. 1A, humidifier 301 comprises liquid inlet 114 in fluidic
communication with aqueous inlet stream source 116 via stream 118. As noted above,
the aqueous inlet stream contains, according to certain embodiments, one or more
dissolved salts. A variety of types of aqueous inlet streams may be used in association
with the embodiments described herein, as described in more detail below. In some
embodiments, the liquid inlet of the humidifier is in direct fluidic communication with
the source of the aqueous inlet stream that is treated by the system.

In some embodiments, the humidifier is configured to produce a concentrated

stream enriched in the dissolved salt relative to the aqueous inlet stream. For example,
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referring to FIG. 1A, humidifier 301 can be configured to produce concentrated stream
106, which can be enriched in the dissolved salt(s) contained within aqueous inlet stream
118, relative to aqueous inlet stream 118. Certain embodiments comprise transporting
the aqueous inlet stream and a gas stream through a humidifier such that water is
removed from the aqueous inlet stream to produce a concentrated stream enriched in the
dissolved salt relative to the aqueous inlet stream. For example, referring to FIG. 1A, in
some embodiments, aqueous inlet stream 118 and gas inlet stream 112 can be transported
through humidifier 301 such that water is removed from aqueous inlet stream 118 to
produce concentrated stream 106. Concentrated stream 106 can be enriched — relative to
aqueous inlet stream 118 — in the dissolved salt(s) contained within aqueous inlet stream
118. In some embodiments, water from the aqueous inlet stream may be evaporated into
the gas. For example, in some embodiments, the gas may have a relatively low
humidity, and upon exposure of the gas to the aqueous inlet stream, water from the
aqueous inlet stream may be evaporated into the relatively low humidity gas stream.

In some embodiments, the humidifier comprises a liquid outlet that discharges
the concentrated stream. For example, in FIG. 1A, humidifier 301 comprises liquid
outlet 104, which discharges concentrated stream 106. In some embodiments, the
humidifier comprises a gas outlet. For example, in FIG. 1A, humidifier 301 comprises
gas outlet 120. The gas outlet can, according to certain embodiments, discharge a
humidified gas stream (which is to say, a gas stream that has a higher humidity than the
gas inlet stream). For example, in FIG. 1A, system 100 comprises humidified gas stream
122, through which humidified gas from humidifier 301 is transported.

According to certain embodiments, the humidifier comprises a plurality of stages
within which the gas and the aqueous liquid interact to produce the concentrated stream
and humidified gas. Such humidifiers can be referred to as “multi-stage” humidifiers.

In certain embodiments, the humidifier comprises a first stage comprising a first
liquid layer comprising water from the aqueous inlet stream in liquid phase. For
example, referring to FIG. 1A, humidifier 301 comprises first stage 124 comprising first
liquid layer 126. Liquid layer 126 can contain water from aqueous inlet stream 118 in
liquid phase. The first stage comprises, according to certain embodiments, a first vapor
distribution region in fluid communication with the first liquid layer. For example,
referring to FIG. 1A, humidifier 301 comprises first vapor distribution region 128 in

fluid communication with first liquid layer 126. In some embodiments, the first vapor
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distribution region can be positioned above the first liquid layer. In certain
embodiments, the first vapor distribution region can be in direct contact with the first
liquid layer.

In some embodiments, the humidifier comprises at least one bubble generator.
The bubble generator can be used, according to certain embodiments, to produce bubbles
of gas within one or more liquid regions (e.g., one or more liquid layers) in the
humidifier. Without wishing to be bound by any particular theory, it is believed that
generating bubbles of gas within the liquid regions increases the surface area over which
the liquid in the gas interact, which can lead to enhancements in the effectiveness with
which water is transferred from the liquid phase to the gas phase within the humidifier.

In some embodiments, the first stage of the humidifier comprises a first bubble
generator. The first bubble generator can be in fluidic communication with the gas inlet
of the humidifier. For example, referring to FIG. 1A, first stage 124 of humidifier 301
comprises first bubble generator 130. First bubble generator 130 can be in fluidic
communication with gas inlet 108, for example, via the space between gas inlet 108 and
first bubble generator 130. In some embodiments, the first bubble generator is in direct
fluidic communication with the gas inlet of the humidifier.

According to certain embodiments, gas may be transported through the first
bubble generator such that the gas forms a plurality of bubbles within the first liquid
layer of the first stage. For example, referring to FIG. 1A, in some embodiments, gas
from gas inlet stream 112 (which may original from gas source 110), is transported
through gas inlet 108 to first bubble generator 130. In some such embodiments, the gas
is transported through first bubble generator 130 such that a plurality of bubbles
containing gas from gas inlet stream 112 are formed within first liquid layer 126.

In some embodiments, water may be transported from the first liquid layer into
the gas-containing bubbles during operation of the humidifier. In some cases, the gas
bubbles flow through the first liquid layer of the first stage of the humidifier. As the gas
bubbles contact the first liquid layer, which may have a higher temperature than the gas
bubbles, heat and/or water may be transferred from the first liquid layer to the gas
bubbles through an evaporation (e.g., humidification) process. For example, in some
embodiments, after gas has been transported through first bubble generator 130 to
produce bubbles of gas within first liquid layer 126, water may be transferred from first

liquid layer 126 into the gas-containing bubbles via an evaporation process.
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In some embodiments, the gas-containing bubbles may be subsequently
transported to the vapor distribution region of the first stage. For example, bubbles of
heated, humidified gas can exit the first liquid layer and recombine in the first vapor
distribution region. In some such embodiments, the heated, humidified gas is
substantially evenly distributed throughout the first vapor distribution region. Referring
to FIG. 1A, for example, after water has been transported from first liquid layer 126 into
the gas-containing bubbles contained within first liquid layer 126, the gas-containing
bubbles may be transported to first vapor distribution region 128 of first stage 124, where
they may recombine. In some embodiments, the transfer of water from the first liquid
layer to the gas-containing bubbles produces a first liquid layer that is relatively
concentrated in dissolved salt(s) relative to the initial liquid layer present in the first
stage, and a first vapor distribution region that is relatively humid compared to the gas
inlet stream. For example, in FIG. 1A, transfer of water from first liquid layer 126 to
gas-containing bubbles within first liquid layer 126 and subsequent transport of those
bubbles to first vapor distribution region 128 results in the concentration of dissolved
salt(s) within first liquid layer 126 and the humidification of first vapor distribution
region 128.

In certain embodiments, the humidifier comprises a second stage comprising a
second liquid layer comprising water from the aqueous inlet stream in liquid phase. For
example, referring to FIG. 1A, humidifier 301 comprises second stage 132 comprising
second liquid layer 134. Second liquid layer 134 can contain water from aqueous inlet
stream 118. The second stage comprises, according to certain embodiments, a second
vapor distribution region in fluid communication with the second liquid layer. For
example, referring to FIG. 1A, humidifier 301 comprises second vapor distribution
region 136 in fluid communication with second liquid layer 134. In some embodiments,
the second vapor distribution region can be positioned above the second liquid layer. In
certain embodiments, the second vapor distribution region can be in direct contact with
the second liquid layer.

In some embodiments, the second stage of the humidifier comprises a second
bubble generator. The second bubble generator can be in fluidic communication with the
first vapor distribution region. For example, referring to FIG. 1A, second stage 132 of
humidifier 301 comprises second bubble generator 138. Second bubble generator 138

can be in fluidic communication with first vapor distribution region 128, for example, by
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positioning the second bubble generator next to the first vapor distribution region, as
shown in FIG. 1A. In some embodiments, the second bubble generator is in direct
fluidic communication with the first vapor distribution region.

According to certain embodiments, gas (e.g., humidified gas) may be transported
through the second bubble generator such that the gas forms a plurality of gas-containing
bubbles within the second liquid layer of the second stage. For example, referring to
FIG. 1A, in some embodiments, gas from first vapor distribution region 128 is
transported through second bubble generator 138 such that a plurality of bubbles
containing gas from first vapor distribution region gas inlet stream 112 are formed within
second liquid layer 134.

In some embodiments, water may be transported from the second liquid layer into
the gas-containing bubbles within the second liquid layer during operation of the
humidifier. In some cases, the gas bubbles flow through the second liquid layer of the
second stage of the humidifier. As the gas bubbles contact the second liquid layer, which
may have a higher temperature than the gas bubbles, heat and/or water may be
transferred from the second liquid layer to the gas bubbles through an evaporation (e.g.,
humidification) process. For example, in some embodiments, after gas has been
transported through second bubble generator 138 to produce gas-containing bubbles
within second liquid layer 134, water may be transferred from second liquid layer 134
into the gas-containing bubbles via an evaporation process.

In some embodiments, the gas-containing bubbles may be subsequently
transported to the vapor distribution region of the second stage. For example, bubbles of
heated, humidified gas can exit the second liquid layer and recombine in the second
vapor distribution region. In some such embodiments, the heated, humidified gas is
substantially evenly distributed throughout the second vapor distribution region.
Referring to FIG. 1A, for example, after water has been transported from second liquid
layer 134 into the gas-containing bubbles contained within second liquid layer 134, the
gas-containing bubbles may be transported to second vapor distribution region 136 of
second stage 132, wherein they may recombine. In some embodiments, the transfer of
water from the second liquid layer to the gas-containing bubbles produces a second
liquid layer that is relatively concentrated in dissolved salt(s) relative to the initial liquid
layer present in the second stage, and a second vapor distribution region that is relatively

humid compared to the gas inlet stream and the first vapor distribution region. For
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example, in FIG. 1A, transfer of water from second liquid layer 134 to gas-containing
bubbles within second liquid layer 134 and subsequent transport of those bubbles to
second vapor distribution region 136 results in the concentration of dissolved salt(s)
within second liquid layer 134 and the humidification of second vapor distribution region
136.

In some embodiments, the humidifier comprises an optional third stage
comprising a third liquid layer comprising water from the aqueous inlet stream in liquid
phase. The third stage can also comprise, according to certain embodiments, a third
vapor distribution region in fluid communication with the third liquid layer. In some
embodiments, the third vapor distribution region can be positioned above the third liquid
layer. In certain embodiments, the third vapor distribution region can be in direct contact
with the third liquid layer. In some embodiments, the third stage of the humidifier
comprises a third bubble generator. The third bubble generator can be in fluidic
communication with the second vapor distribution region. The fluidic connection
between the third bubble generator and the second vapor distribution region may be
achieved, for example, by positioning the third bubble generator next to the second vapor
distribution region. In some embodiments, the third bubble generator is in direct fluidic
communication with the second vapor distribution region.

According to certain embodiments, gas (e.g., humidified gas) may be transported
through the third bubble generator such that the gas forms a plurality of gas-containing
bubbles within the third liquid layer of the third stage. In some embodiments, water may
be transported from the third liquid layer into the gas-containing bubbles within the third
liquid layer during operation of the humidifier. In some cases, the gas bubbles flow
through the third liquid layer of the third stage of the humidifier. As the gas bubbles
contact the third liquid layer, which may have a higher temperature than the gas bubbles,
heat and/or water may be transferred from the third liquid layer to the gas bubbles
through an evaporation (e.g., humidification) process. In some embodiments, the gas-
containing bubbles may be subsequently transported to the vapor distribution region of
the third stage. For example, bubbles of heated, humidified gas can exit the third liquid
layer and recombine in the third vapor distribution region. In some such embodiments,
the heated, humidified gas is substantially evenly distributed throughout the third vapor
distribution region. In some embodiments, the transfer of water from the third liquid

layer to the gas-containing bubbles produces a third liquid layer that is relatively
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concentrated in dissolved salt(s) relative to the initial liquid layer present in the third
stage, and a third vapor distribution region that is relatively humid compared to the gas
inlet stream, the first vapor distribution region, and the second vapor distribution region.

It should be understood that the humidifier may have any number of stages. In
some embodiments, the humidifier may have at least one, at least two, at least three, at
least four, at least five, at least six, at least seven, at least eight, at least nine, or at least
ten or more stages. One example of a humidifier comprising four stages is shown, for
example, in FIG. 3B, described in more detail below. In some embodiments, the
humidifier may have no more than one, no more than two, no more than three, no more
than four, no more than five, no more than six, no more than seven, no more than eight,
no more than nine, or no more than ten stages. In some embodiments, the stages may be
arranged such that they are substantially parallel to each other. In certain cases, the
stages may be positioned at an angle.

In some embodiments in which the humidifier comprises a plurality of stages, the
stages may be arranged such that a gas flows sequentially from a first stage to a second
stage. In some cases, the stages may be vertically arranged (e.g., a second stage may be
positioned above or below a first stage of the humidifier) or horizontally arranged (e.g., a
second stage may be positioned to the right or left of a first stage of the humidifier). In
some embodiments, stages may be arranged such that a gas stream flows sequentially
through a first stage, a second stage, a third stage, and so on. In some cases, each stage
may comprise a liquid layer. In certain embodiments in which the humidifier comprises
a plurality of stages, the temperature of a liquid layer of a first stage (e.g., the
bottommost stage in a vertically arranged humidifier) may be lower than the temperature
of a liquid layer of a second stage (e.g., a stage positioned above the first stage in a
vertically arranged humidifier), which may be lower than the temperature of a liquid
layer of an optional third stage (e.g., a stage positioned above the second stage in a
vertically arranged humidifier). In some embodiments, each stage in a multi-stage
humidifier operates at a temperature above that of the previous stage (e.g., the stage
below it, in embodiments comprising vertically arranged humidifiers).

The presence of multiple stages within the humidifier may, in some cases,
advantageously result in increased humidification of a gas. For example, the presence of
multiple stages may provide numerous locations where the gas may be humidified. That

is, the gas may travel through more than one liquid layer in which at least a portion of the
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gas undergoes humidification (e.g., evaporation). Additionally, the presence of multiple
stages may, in certain cases, enable greater flexibility for fluid flow within the
humidifier.

In some cases, at least one stage of the humidifier comprises a chamber. For
example, in FIG. 1A, first stage 124 comprises a chamber within which first liquid layer
126 and first vapor distribution region 128 are located. The chamber may be, according
to certain embodiments, in fluid communication with one or more bubble generators.
For example, referring to FIG. 1A, the chamber of first stage 124 is in fluid
communication with first bubble generator 130. In some cases, a liquid layer of the stage
occupies a portion of the chamber. In some embodiments, a vapor distribution region
comprises at least a portion of the chamber not occupied by the liquid layer. For
example, the vapor distribution region can comprise at least a portion (or all) of the
chamber space above the liquid layer. Referring to FIG. 1A, for example, first liquid
layer 126 of first stage 124 occupies a first portion of the chamber of the first stage, and
first vapor distribution region 128 occupies the portion of the chamber of first stage 124
that is not occupied by first liquid layer 126. Second stage 132 includes a chamber that
is arranged in a similar manner.

In some embodiments, the humidifier comprises one or more vapor distribution
region(s) positioned between two liquid layers of two consecutive stages. For example,
referring to FIG. 1A, first vapor distribution region 128 is positioned between first liquid
layer 126 of first stage 124 and second liquid layer 134 of second stage 132. The vapor
distribution region may, in certain cases, advantageously damp out flow variations
created by random bubbling by allowing a gas to redistribute evenly across the cross
section of the humidifier. Additionally, in the free space of the vapor distribution region,
large droplets entrained in the gas may have some space to fall back into the liquid layer
before the gas enters the subsequent stage. The vapor distribution region may also serve
to separate two subsequent stages, thereby increasing the thermodynamic effectiveness
of the apparatus by keeping the liquid layers of each stage separate. As discussed in
further detail below, the chamber may further comprise one or more weirs and/or baffles
to control liquid flow through the chamber. The chamber may, additionally, comprise
one or more conduits (e.g., liquid conduits) to adjacent stages.

The bubble generator(s) may have various features (e.g., holes) used for

generation of bubbles. The selection of a bubble generator can affect the size and/or
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shape of the gas bubbles generated, thereby affecting heat and/or mass transfer between
gas bubbles and a liquid layer in the humidifier. Appropriate bubble generator and/or
bubble generator conditions (e.g., bubble generator speeds) may be selected to produce a
particular desired set of gas bubbles. Non-limiting examples of suitable bubble
generators include a sparger plate (e.g., a plate comprising a plurality of holes through
which a gas can travel), a device comprising one or more perforated pipes (e.g., having a
radial, annular, spider-web, or hub-and-spoke configuration), a device comprising one or
more nozzles, and/or porous media (e.g., microporous metal).

In some embodiments, a bubble generator (e.g., the first bubble generator, the
second bubble generator, the optional third bubble generator, and/or additional (optional)
bubble generators) comprises a sparger plate. An exemplary sparger plate 200 is shown,
for example, in FIGS. 2A-2C. FIG. 2A is a perspective view schematic illustration of
sparger plate 200, FIG. 2B is a top view schematic illustration of sparger plate 200, and
FIG. 2C is a cross-sectional schematic illustration of sparger plate 200 as taken through
cross section line CS of FIG. 2B. The sparger plate can comprise a plurality of holes.
For example, in FIGS. 2A-2C, sparger plate 200 comprises holes 202. It has been
recognized that a sparger plate may, in certain cases, have certain advantageous
characteristics. For example, the pressure drop across a sparger plate may be relatively
low. Additionally, the simplicity of the sparger plate may render it inexpensive to
manufacture and/or resistant to the effects of fouling.

According to some embodiments, the bubble generator (e.g., a sparger plate)
comprises a plurality of holes, at least a portion (e.g., at least about 25%, at least about
50%, at least about 75%, at least about 90%, at least about 95%, or at least about 99%,
by number) of which have a maximum cross-sectional dimension in the range of about
0.1 mm to about 50 mm, about 0.1 mm to about 25 mm, about 0.1 mm to about 15 mm,
about 0.1 mm to about 10 mm, about 0.1 mm to about 5 mm, about 0.1 mm to about
1 mm, about 1 mm to about 50 mm, about 1 mm to about 25 mm, about 1 mm to about
15 mm, about 1 mm to about 10 mm, or about 1 mm to about 5 mm. The maximum
cross-sectional dimension of a given hole corresponds to the largest distance between
two opposed boundaries of the cross-section. The cross-section is generally taken along
a plane that is perpendicular to the thickness of the bubble generator (and is generally
taken along a plane that is perpendicular to the flow of gas through the bubble

generator). For example, in FIG. 2C, hole 202X has a maximum cross-sectional
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dimension corresponding to dimension 204. The maximum cross sectional diameter of a
hole with a circular cross-section corresponds to the diameter of the circular cross-
section.

The holes may have any suitable shape. For example, at least a portion (e.g., at
least about 25%, at least about 50%, at least about 75%, at least about 90%, at least about
95%, or at least about 99%, by number) of the plurality of holes may be substantially
circular, substantially elliptical, substantially square, substantially rectangular,
substantially triangular, and/or irregularly shaped.

In some cases, the bubble generator (e.g., sparger plate) may be arranged along
the bottom surface of a stage within the humidifier. In some embodiments, the bubble
generator (e.g., sparger plate) may have a surface area that covers at least about 50%, at
least about 60%, at least about 70%, at least about 80%, at least about 90%, at least about
95%, or about 100% of a cross-section of the humidifier.

In certain cases, the humidifier comprises a gas distribution chamber. Referring
to FIG. 1A, for example, humidifier 301 comprises gas distribution chamber 140. In
some embodiments, the gas distribution chamber is in fluidic communication with the
gas inlet of the humidifier. For example, in FIG. 1A, gas distribution chamber 140 is in
fluidic communication with gas inlet 108 of humidifier 301. In some embodiments, the
gas distribution chamber is in direct fluidic communication with the gas inlet of the
humidifier.

The gas distribution chamber may comprise a gas distribution region. For
example, in FIG. 1A, gas distribution chamber 140 comprises gas distribution region
142. The gas distribution region may have, according to certain embodiments, sufficient
volume to allow the gas to substantially evenly diffuse over the cross section of the
humidifier. The gas distribution region of the gas distribution chamber generally refers
to the space within the gas distribution chamber throughout which gas is distributed.

In some cases, the gas distribution chamber further comprises a liquid layer (e.g.,
a liquid sump volume). Referring to FIG. 1A, for example, gas distribution chamber 140
comprises liquid layer 144. In some embodiments, liquid (e.g., comprising water in
liquid phase and one or more dissolved salts) may collect in the liquid layer of the gas
distribution chamber. In some cases, the liquid layer (e.g., liquid sump volume) of the
humidifier is in fluidic communication with (e.g., in direct contact with) the liquid outlet

of the humidifier. For example, referring to FIG. 1A, liquid layer 144 of gas distribution
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chamber 140 is in direct fluidic communication with liquid outlet 104 of humidifier 301.
In certain embodiments, the liquid layer of the gas distribution chamber is in fluid
communication (e.g., direct fluidic communication) with a pump that pumps liquid out of
the humidifier. The liquid layer of the gas distribution chamber may, for example,
provide a positive suction pressure on the intake of the pump, and may advantageously
prevent negative (e.g., vacuum) suction pressure that could induce deleterious cavitation
bubbles. In some cases, the liquid layer of the gas distribution region may
advantageously decrease the sensitivity of the bubble column apparatus to sudden
changes in heat transfer rates (e.g., due to intermittent feeding of salt-containing water to
and/or intermittent discharge of concentrated stream from the apparatus). In certain
embodiments, such as some embodiments in which the humidifier comprises a plurality
of vertically-arranged stages, the gas distribution chamber is positioned at or near the
bottom portion of the humidifier (e.g., below the first stage of the humidifier).

According to certain embodiments, one or more mixers, one or more splash bars,
and/or one or more baffles is positioned within the liquid layer (e.g., sump volume) of
the gas distribution chamber of the humidifier. According to some such embodiments,
the mixer(s), splash bar(s), and/or baffle(s) can reduce or eliminate the degree to which
quiescent zones of aqueous solution are formed, which can reduce the degree to which
precipitation occurs within the liquid layer of the gas distribution chamber of the
humidifier. The presence of the mixer(s), the splash bar(s), and/or the baffle(s) can, in
some cases, inhibit or prevent the buildup of solids in the liquid layer of the gas
distribution chamber. In some embodiments, at least one of the mixers positioned within
the liquid layer of the gas distribution chamber of the humidifier is an eductor. Suitable
eductors are commercially available, for example, from Spraying Systems Co. (Wheaton,
IL), such as a Model Number 46550-3/4-PP.

As noted above, in certain embodiments, the humidifier is a multi-stage bubble
column humidifier. FIG. 3A shows a schematic cross-sectional diagram of an exemplary
multi-stage bubble column humidifier, according to some embodiments. In FIG. 3A,
combined multi-stage bubble column humidifier 301 comprises vessel 394 comprising
gas distribution chamber 140 and humidification region 304. Humidification region 304
may be arranged vertically above gas distribution chamber 140. In some embodiments,
humidifier 301 comprises gas inlet 108 and liquid outlet 104. Gas inlet 108 may be

fluidly connected to a source of a first gas comprising a condensable fluid in vapor phase
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and/or a non-condensable gas (not shown in FIG. 3A). In some cases, gas distribution
chamber 140 comprises a gas distribution region 142, throughout which a gas entering
through gas inlet 108 is substantially evenly distributed (e.g., along a bottom surface of
first bubble generator 130). In some embodiments, gas distribution chamber 140 further
comprises liquid layer 144 (e.g., a sump volume) occupying at least a portion of gas
distribution chamber 140 that is not occupied by gas distribution region 142. In some
cases, liquid (which can be enriched in dissolved salt(s) relative to the aqueous inlet
stream) collects in liquid layer 144 prior to exiting humidifier 301. As shown in FIG.
3A, liquid layer 144 may be in direct contact with humidifier liquid outlet 104. Liquid
layer 144 and liquid outlet 104 may, in some cases, be in fluid communication with a
pump (not shown in FIG. 3A) that pumps liquid out of humidifier 301. In some cases,
liquid layer 144 may provide a positive suction pressure on the intake of the pump and
may advantageously prevent negative suction pressure that may induce cavitation
bubbles. Liquid layer 144 may also decrease the sensitivity of humidifier 301 to sudden
changes in heat transfer rates.

As shown in FIG. 3A, humidifier 301 comprises first stage 124 and second stage
132, where second stage 132 is arranged vertically above first stage 124. First stage 124
comprises chamber 320, which is partially occupied by first liquid layer 126. In some
cases, first liquid layer 126 comprises water in liquid phase and one or more dissolved
salts. A first vapor distribution region 128 may occupy at least a portion of first
humidification chamber 320 that is not occupied by first liquid layer 126 (e.g., the region
above first liquid layer 126). First vapor distribution region 128 may be positioned
between first liquid layer 126 of first stage 124 and second liquid layer 134 of second
stage 132. In FIG. 3A, humidification chamber 320 is in fluid communication with first
bubble generator 130, which may act as a gas inlet of first stage 124 and allow fluid
communication between gas distribution chamber 140 and first stage 124, and second
bubble generator 138, which may act as a gas outlet of first stage 124 and allow fluid
communication between first stage 124 and second stage 132. First bubble generator
130 may occupy substantially the entire bottom surface of first stage 124 or may occupy
a smaller portion of the bottom surface of first stage 124. Second bubble generator 138
may occupy substantially the entire top surface of second stage 132 or may occupy a
smaller portion of the top surface of second stage 132. Chamber 320 may also be in

fluid communication with downcomer 328, which provides a liquid conduit between first
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stage 124 and second stage 132, and downcomer 330, which provides a liquid conduit
between first stage 124 and gas distribution chamber 140. Downcomer 328, which is
positioned between first stage 124 and second stage 132, provides a path for any
overflowing condensable fluid (e.g., from second liquid layer 134) to travel from second
stage 132 to first stage 124.

First chamber 320 may also comprise one or more liquid flow structures (e.g.,
weirs and/or baffles). For example, as shown in FIG. 3A, first chamber 320 comprises
first weir 332 and second weir 334. First weir 332 is positioned downstream of
downcomer 328 and may form a pool surrounding the outlet of downcomer 328. The
outlet of downcomer 328 may be submerged in the pool, thereby preventing the gas
flowing through first stage 124 from flowing to second stage 132 through downcomer
328 instead of through second bubble generator 138. For example, in some cases, the
pool of liquid surrounding the outlet of downcomer 328 has a height higher than the
height of first liquid layer 126 (e.g., the height of weir 332 is higher than the height of
first liquid layer 126). This may advantageously result in an increased hydrostatic head
around downcomer 328, such that gas bubbles preferentially flow through first liquid
layer 126 instead of through the pool of liquid surrounding downcomer 328 (e.g., the
hydrostatic head of liquid that the gas has to overcome is higher in the pool of liquid
surrounding downcomer 328 than in first liquid layer 126), preventing the gas from
bypassing second bubble generator 138. In some cases, allowing the gas to flow through
downcomer 328 to bypass second bubble generator 138 may have the deleterious effect
of disrupting the flow of liquid through humidifier 301 and may, in certain cases, stop
operation of humidifier 301 entirely. In certain embodiments, the pool of liquid
surrounding downcomer 328 has a height higher than the height of first liquid layer 126
and higher than the height of second liquid layer 134. In certain cases, the portion of the
bottom surface of chamber 320 around and/or beneath downcomer 328 (e.g., the portion
of the bottom surface of chamber 320 between weir 332 and an end wall) is substantially
impermeable to gas flow (e.g., does not comprise a bubble generator), and any pool of
liquid surrounding downcomer 328 may have a height that is higher than, lower than, or
equal to the height of first liquid layer 126 and/or second liquid layer 134. In some
embodiments, the distance D (e.g., vertical distance) between the top of weir 332 and the
bottom of the outlet of downcomer 328 (indicated as 396 in FIG. 3A) is greater than the

height of second liquid layer 134. This may, in some cases, advantageously prevent back
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flow through downcomer 328. In certain embodiments, the distance D (e.g., vertical
distance) between the top of weir 332 and the bottom of the outlet of downcomer 328 is
greater than the height of first liquid layer 126 and greater than the height of second
liquid layer 134. In some cases, second weir 334 is positioned upstream of downcomer
330 and establishes the maximum height of first liquid layer 126, such that any liquid
above that height would flow over weir 334, through downcomer 330, to liquid layer
144. Weir 332 and weir 334 may be positioned such that liquid entering first stage 124
is directed to flow from first weir 332 to second weir 334.

Second stage 132 comprises chamber 336 and second liquid layer 134 positioned
within chamber 336. In the embodiment illustrated in FIG. 3A, second liquid layer 134
is in fluid communication with liquid inlet 114, which may be fluidly connected to a
source of an aqueous liquid comprising one or more dissolved salts. In embodiments in
which the humidifier includes more than two stages, the liquid inlet may be positioned at
a higher stage, such as the top-most stage (e.g., such that the liquid enters the third stage
when three stages are present, the fourth stage when four stages are present, etc.).

In some embodiments, second vapor distribution region 136 occupies at least a
portion of chamber 336 that is not occupied by second liquid layer 134 (e.g., the region
above second liquid layer 134). In FIG. 3A, chamber 336 is in fluid communication with
second bubble generator 138, which may act as a gas inlet of second stage 132 and allow
fluid communication between first stage 124 and second stage 132. Second bubble
generator 138 may occupy substantially the entire bottom surface of second stage 132 or
may occupy a smaller portion of the bottom surface of second stage 132.

Chamber 336 may also be in fluid communication with downcomer 328.
Chamber 336 may further comprise weir 348, which may be positioned upstream of
downcomer 328. Weir 348 may establish the maximum height of second liquid layer
134, such that any liquid that would exceed the height of weir 348 would flow over weir
348, through downcomer 328, and into first liquid layer 126 of first stage 124. Weir 348
may be positioned such that liquid may flow across chamber 336 from liquid inlet 114 to
weir 348.

In operation, a gas stream may be transported to humidifier 301 via humidifier
gas inlet 108, which can be in fluid communication with gas distribution chamber 140.
In gas distribution chamber 140, the first gas stream may be substantially

homogeneously distributed throughout gas distribution region 142, along the bottom
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surface of first bubble generator 130. The gas stream may flow through first bubble
generator 130, thereby forming a plurality of gas bubbles. The gas bubbles may then
flow through first liquid layer 126, which may comprise water in liquid phase and one or
more dissolved salts. As the gas bubbles flow through first liquid layer 126, which may
have a higher temperature than the gas bubbles, heat and/or water may be transferred
from first liquid layer 126 to the gas bubbles through an evaporation (e.g.,
humidification) process, such that the gas bubbles comprise the water in vapor phase.
Bubbles of the at least partially humidified first gas may enter first vapor distribution
region 128 of chamber 320 and recombine, resulting in the at least partially humidified
first gas stream being substantially evenly distributed throughout first vapor distribution
region 128.

The at least partially humidified gas stream may then enter chamber 336 of
second stage 132, flowing through second bubble generator 138 and forming bubbles of
the at least partially humidified gas. The gas bubbles may then flow through second
liquid layer 134, which may have a higher temperature than the gas bubbles. As the gas
bubbles flow through second liquid layer 134, they may undergo an evaporation process,
and heat and/or mass may be transferred from second liquid layer 134 to the gas bubbles.
After exiting second liquid layer 134, the gas bubbles may enter second vapor
distribution region 136 of chamber 336, where they may recombine and form a further
heated and humidified first gas stream that is substantially homogeneously distributed
throughout second vapor distribution region 136. In some embodiments, the humidified
gas within second vapor distribution region can be transported out of the humidifier, e.g.,
via gas outlet 120. In other embodiments, the humidified gas within second vapor
distribution region 136 can be transported to a third stage, within which further
humidification of the gas may occur.

In some embodiments, one or more liquid streams flows through humidifier 301
(e.g., in substantially the opposite direction as the gas stream). According to some
embodiments, an aqueous liquid stream comprising at least one dissolved salt enters
humidifier 301 through liquid inlet 114, which is in fluid communication with second
liquid layer 134 of second stage 132. As the aqueous liquid stream flows across chamber
336, from liquid inlet 114 to weir 348, the aqueous liquid stream (e.g., as part of second
liquid layer 134) may directly contact a plurality of gas bubbles having a temperature

lower than the temperature of the aqueous liquid stream. Heat and/or water may be
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transferred from the first liquid stream to the gas bubbles through an evaporation (e.g.,
humidification) process, resulting in a cooled first liquid stream. If the height of second
liquid layer 134 exceeds the height of weir 348, the cooled first liquid stream may flow
over the top of weir 348, through downcomer 328, to a pool of liquid surrounding the
outlet of downcomer 328. If the height of the pool of liquid exceeds the height of weir
332, the cooled first liquid stream may flow over the top of weir 332 to first liquid layer
126 of first stage 124. As the cooled first liquid stream flows across chamber 320 of first
stage 124, from weir 332 to weir 334, the cooled first liquid stream (e.g., as part of first
liquid layer 126) may directly contact a plurality of gas bubbles having a temperature
lower than the cooled liquid stream. Heat and/or water may be transferred from the
cooled first liquid stream to the gas bubbles through an evaporation process, resulting in
a further cooled liquid stream. If the height of first liquid layer 126 exceeds the height of
weir 334, the further cooled liquid stream may flow over the top of weir 334, through
downcomer 330, to liquid layer 144. The further cooled first liquid stream may then exit
humidifier 301 through liquid outlet 104. The further cooled first liquid stream may form
at least a portion (e.g., at least about 50 wt%, at least about 75 wt%, at least about

90 wt%, at least about 95 wt%, at least about 99 wt%, or all) of concentrated stream 106.

While certain embodiments described above have been directed to a humidifier
comprising a plurality of vertically arranged stages, other humidifier structures and/or
arrangements could be employed. For example, in some cases, the humidifier comprises
a plurality of stages that are horizontally arranged.

FIG. 3B shows, according to some embodiments, a schematic cross-sectional
illustration of an exemplary humidifier 301 comprising horizontally arranged stages. As
shown in FIG. 3B, humidifier 301 comprises gas inlet 108, liquid inlet 114, and liquid
outlet 104. In addition, humidifier 301 comprises a plurality of horizontally arranged
stages 412A-D. Each of stages 412A-D comprises a chamber comprising a liquid layer
(e.g., one of liquid layers 414A-D) and a vapor distribution region above the liquid layer.
Additionally, each of stages 412A-D further comprises a gas conduit (e.g., one of gas
conduits 416A-D), and a bubble generator fluidly connected to the gas conduit (e.g., one
of bubble generators 418A-D). As shown in FIG. 3B, at least a portion of the bubble
generator of each stage is positioned below a top surface of the liquid layer of the stage,
such that a gas flowing through the bubble generator generates gas bubbles that flow
through the liquid layer of the stage. In a particular, non-limiting example, bubble
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generator 418A extends from a top surface of liquid layer 414A to a bottom surface of
stage 412A. In certain embodiments, one or more bubble generators are positioned such
that they extend across a bottom surface of a liquid layer of a stage (e.g., such that the
gas flows beneath the one or more bubble generators and gas bubbles flow upwards
through the liquid layers). FIG. 3B further shows that stages 412A-D are separated by a
plurality of baffles 436A-C. In some embodiments, at least a portion of the baffles
comprise a first end in contact with a top surface of a stage of the humidifier and a
second end submerged in a liquid layer of the stage. In some cases, one or more gas
conduits traverse one or more baffles. For example, in FIG. 3B, each of gas conduits
416B-D traverses (e.g., passes through) one of baffles 436A-C (e.g., gas conduit 416B
traverses baffle 436A, gas conduit 416C traverses baffle 436B, gas conduit 416D
traverses baffle 436C). The baffles thus may prevent a gas flowing through humidifier
301 from bypassing gas conduits 416A-D and bubble generators 418A-D.

In operation, a stream comprising a gas (e.g., a non-condensable gas) may flow
through humidifier 301 in a first direction, and a liquid stream may flow through
humidifier 301 in a second, substantially opposite direction. For example, as shown in
FIG. 3B, a gas stream may flow from right to left through humidifier 301, while an
aqueous liquid stream comprising one or more dissolved salts may flow from left to right
through humidifier 301. In FIG. 3B, the gas stream enters humidifier 301 through gas
inlet 108. The gas stream may enter first stage 412A of humidifier 301, flowing through
gas conduit 416A to bubble generator 418A and forming a plurality of gas bubbles. The
gas bubbles may subsequently travel through liquid layer 414A, which may have a
higher temperature than the gas bubbles. In liquid layer 414 A, heat and mass may be
transferred from liquid layer 414 A to the gas bubbles to produce heated, at least partially
humidified gas bubbles. After traveling through liquid layer 414 A, the gas bubbles may
recombine in the vapor distribution region of first stage 412A positioned above liquid
layer 414, substantially evenly distributing throughout the vapor distribution region. The
heated, at least partially humidified gas stream may then enter second stage 412B,
flowing through gas conduit 416B to bubble generator 418B. The gas stream may
continue to flow from right to left through the humidifier, becoming increasingly heated
and humidified as it flows through each stage of the humidifier. After flowing through
each of stages 412A-D of humidifier 301, the heated, humidified gas stream may exit
humidifier 301 via gas outlet 120.
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While the gas stream flows from right to left through humidifier 301, an aqueous
liquid stream comprising at least one dissolved salt may flow from left to right through
humidifier 301. As shown in FIG. 3B, the liquid stream may enter humidifier 301
through liquid inlet 114, forming at least a portion of liquid layer 414D of fourth stage
412D. In fourth stage 412D, heat and water may be transferred from the liquid stream in
liquid layer 414D to bubbles of the gas stream formed by bubble generator 418D, and the
liquid stream may be cooled. In addition, due to water being transferred from the liquid
stream to the bubbles of the gas stream, the liquid stream may become more concentrated
(e.g., the concentration of one or more dissolved salts may increase). As the liquid
stream flows through each of stages 412C, 412B, and 412A of humidifier 301, the
temperature of the liquid stream may decrease, and the concentration of one or more
dissolved salts in the stream may increase. The cooled, concentrated liquid stream may
then exit humidifier 301 via liquid outlet 104.

Although certain embodiments of the humidifier described above depict the gas
stream flowing from right to left and the aqueous liquid stream flowing from left to right,
opposite orientations (i.e., the aqueous liquid stream flowing from right to left and the
gas stream flowing from left to right) could also be employed.

The humidifier stages described herein may, according to certain embodiments,
have inlets and/or outlets. For example, in some embodiments, the first stage can
comprise a first stage gas inlet, a first stage gas outlet, a first stage liquid inlet, and a first
stage liquid outlet. Similarly, the second stage can comprise a second stage gas inlet, a
second stage gas outlet, a second stage liquid inlet, and a second stage liquid outlet.
Additional stages, when present, can also include a gas inlet, a gas outlet, a liquid inlet,
and a liquid outlet. In some cases, inlets and/or outlets of or within the humidifier (e.g.,
inlets and/or outlets of the humidifier and/or inlets and/or outlets of one or more stages of
the humidifier) may be provided as separate and distinct structural elements/features. In
some cases, inlets and/or outlets of or within the humidifier may be provided by certain
components such as the bubble generator and/or any other features that establish fluid
communication between components of the system. For example, the “gas inlet” and/or
“gas outlet” of a stage may be provided as a plurality of holes of a bubble generator (e.g.,
a sparger plate). In some embodiments, at least one bubble generator is coupled to or
corresponds to a gas inlet of a stage of the humidifier. In some embodiments, a bubble

generator is coupled to or corresponds to a gas inlet of each stage of the humidifier. In
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some embodiments, at least one bubble generator is coupled to or corresponds to a gas
outlet of a stage of the humidifier. In some embodiments, a bubble generator is coupled
to or corresponds to a gas outlet of each stage of the humidifier except for the final stage
through which gas is transported.

While humidifiers comprising multiple stages and/or bubble generators (e.g.,
such as multi-stage bubble column humidifiers) have been primarily described above, it
should be understood that the present invention is not limited to the use of humidifiers
comprising multiple stages or bubble generators, and in some embodiments, other types
of humidifiers may be used. Examples of such humidifiers include, but are not limited
to, packed bed humidifiers, spray towers humidifiers, and wetted wall tower humidifiers.
Furthermore, as described above, the humidifier may be made up of only a single stage,
according to certain embodiments.

As noted above, in some embodiments, during operation of the humidifier, the
flow velocity of the gas can be relatively high. For example, referring to FIG. 1A, in
some embodiments, the flow velocity of the gas (originating from gas inlet stream 112)
through the bubble generator(s) of the humidifier can be relatively high. By maintaining
a relatively high flow velocity of the gas in the humidifier, one can, according to certain
embodiments, limit or avoid the creation of quiescent zones of liquid within the
humidifier, which can reduce the degree to which unwanted precipitation occurs within
the humidifier.

According to certain embodiments, during operation of the humidifier, the
superficial flow velocity of the gas stream through the humidifier is at least about
50 cm/second, at least about 60 cm/second, at least about 75 cm/second, at least about
100 cm/second, at least about 125 cm/second, or at least about 150 cm/second. In certain
embodiments, the superficial flow velocity of the gas stream through the humidifier is
about 500 cm/second or less, about 400 cm/second or less, or about 200 cm/second or
less. Combinations of these ranges are also possible (e.g., from about 50 cm/second to
about 500 cm/second). The “superficial flow velocity” of the gas stream through the
humidifier is calculated by dividing the volumetric flow rate of the gas stream through
the humidifier by the maximum cross-sectional area over which the gas stream and the
aqueous inlet stream interact. The maximum cross-sectional area over which the gas
stream and the aqueous inlet stream interact corresponds to the largest planar cross-

sectional area that is perpendicular to the flow direction of the gas stream and that spans



10

15

20

25

30

WO 2017/127607 PCT/US2017/014228

24

the region over which the gas and the aqueous inlet stream form a combined flow. As an
illustrative example, in cases in which gas is flowed through holes of a sparger plate and
subsequently through a liquid entrained over the sparger plate, the cross-sectional area
over which the aqueous stream and the gas interact corresponds to the facial area of the
sparger plate over which the holes of the sparger plate are distributed. Referring to

FIG. 2B for example, for sparger plate 200, the cross-sectional area over which the
aqueous stream and the gas interact corresponds to the facial area within outline 206
(shown in dotted line in FIG. 2B). As another illustrative example, in cases in which the
gas and liquid are transported through a packed column humidifier, the maximum cross-
sectional area over which the gas stream and the aqueous stream interact corresponds to
the largest internal cross-sectional area of the column. The cross-sectional areas of the
column are measured across planes that are perpendicular to the flow of gas through the
column.

In some embodiments, the pressure in the humidifier may be selected to be
approximately ambient atmospheric pressure during operation. Those of ordinary skill in
the art would understand that approximately ambient atmospheric pressure corresponds
to the pressure within the normal variations caused by elevation and/or barometric
pressure fluctuations in normal operations under various weather conditions and
locations of installation. It may be desirable, in some embodiments, for the pressure in
the humidifier to be less than approximately ambient atmospheric pressure during
operation. For example, according to certain embodiments, the pressure in the
humidifier may be selected to be about 90 kPa or less during operation. In some cases,
as the pressure inside the humidifier decreases, the ability of the humidified carrier gas to
carry more water vapor increases, allowing for increased production of the concentrated
stream. Without wishing to be bound by any particular theory, this effect may be
explained by the humidity ratio, which generally refers to the ratio of water vapor mass
to dry air mass in moist air, being higher at pressures lower than atmospheric pressure.

In some embodiments, the humidifier may have a relatively low pressure drop
during operation. As used herein, the pressure drop across an apparatus refers to the
difference between the pressure of a gas stream entering the apparatus at an inlet and the
pressure of a gas stream exiting the apparatus at an outlet. In FIG. 1A, for example, the
pressure drop across humidifier 301 would be the difference between the pressure of the

gas at gas inlet 108 and the pressure of the gas at gas outlet 120. It should be understood
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that, in this context, the pressure drop does not include the effect of pressure-increasing
devices (e.g., fans, blowers, compressors, pumps). For example, the pressure drop would
be obtained by subtracting the effect of one or more pressure-increasing devices on a gas
stream from the difference between the pressure of the gas stream entering the apparatus
at an inlet and the pressure of the gas stream exiting the apparatus at an outlet. In some
embodiments, the pressure drop across the humidifier is about 200 kPa or less, about 150
kPa or less, about 100 kPa or less, about 75 kPa or less, about 50 kPa or less, about 20
kPa or less, about 15 kPa or less, about 10 kPa or less, about 5 kPa or less, about 2 kPa or
less, or about 1 kPa or less. In certain embodiments, the pressure drop across the
humidifier is in the range of about 1 kPa to about 2 kPa, about 1 kPa to about 5 kPa,
about 1 kPa to about 10 kPa, about 1 kPa to about 15 kPa, about 1 kPa to about 20 kPa,
about 1 kPa to about 50 kPa, about 1 kPa to about 75 kPa, about 1 kPa to about 100 kPa,
about 1 kPa to about 150 kPa, or about 1 kPa to about 200 kPa. In some embodiments,
the pressure of the gas at inlet 108 of humidifier 301 is substantially the same as the
pressure of the gas at outlet 120 of humidifier 301 (i.e., the pressure drop is substantially
Zero).

In some embodiments, one or more stages of the humidifier have certain
advantageous characteristics. Some of these characteristics may relate to the liquid
layers of one or more stages of the humidifier. For example, in some cases, one or more
stages may comprise liquid layers having relatively low heights.

As noted above, one or more stages of the humidifier may comprise a liquid
layer. The liquid layer(s) may comprise, for example, an aqueous liquid comprising one
or more dissolved salts. In some embodiments, the liquid layer of the humidifier stage
comprises seawater, brackish water, water produced form an oil and/or gas extraction
process, flowback water, and/or wastewater (e.g., industrial wastewater).

In some embodiments, the height of the liquid layer in one or more stages of the
humidifier is relatively low during operation of the system. The height of the liquid
layer within a stage is, in this context, measured as the vertical distance between the
surface of the bubble generator that contacts the liquid layer and the top surface of the
liquid layer.

Having a relatively low liquid layer height in at least one stage may, in some
embodiments, advantageously result in a relatively low pressure drop between the inlet

and outlet of an individual stage. Without wishing to be bound by a particular theory,
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the pressure drop across a given stage of the humidifier may be due, at least in part, to
the hydrostatic head of the liquid in the stage that the gas has to overcome. Therefore,
the height of the liquid layer in a stage may be advantageously kept low to reduce the

pressure drop across that stage.

In addition, a relatively low liquid layer height may enhance heat and/or mass
transfer. Without wishing to be bound by a particular theory, the theoretical maximum
amount of heat and/or mass transfer may occur under conditions where the gas reaches
the same temperature as the liquid and the amount of vapor in the gas is exactly at the
saturation concentration. The total area available via the gas-liquid interface at the
bubble surfaces and the residence time of the bubble in the liquid, which is determined
by the liquid layer height in each stage (although above a minimum liquid layer height
the performance is unaffected), may determine how close the heat and/or mass transfer
gets to the aforementioned theoretical maximum. Therefore, it may be advantageous to
maintain the liquid layer height at the minimum required to operate the system without
affecting performance. In some cases, the liquid layer height is maintained at a height
lower than the minimum height to reduce the energy associated with moving air through
the system. Although hydrostatic head generally varies linearly with respect to liquid
layer height, heat and/or mass transfer efficiency may vary exponentially. It has been
discovered in the context of certain aspects of this invention that conditions in a bubble
column humidifier may approach the maximum amount of heat and/or mass transfer at a
liquid layer height of about 1-2 inches.

In some embodiments, during operation of the humidifier (e.g., substantially
continuous operation and/or substantially transient operation), the liquid layer within at
least one stage of the humidifier has a height of about 0.1 m or less, about 0.09 m or less,
about 0.08 m or less, about 0.07 m or less, about 0.06 m or less, about 0.05 m or less,
about 0.04 m or less, about 0.03 m or less, about 0.02 m or less, about 0.01 m or less, or,
in some cases, about 0.005 m or less. In some embodiments, during operation of the
humidifier (e.g., substantially continuous operation and/or substantially transient
operation), the liquid layer within at least one stage of the humidifier has a height in the
range of about 0 m to about 0.1 m, about 0 m to about 0.09 m, about 0 m to about 0.08
m, about O m to about 0.07 m, about 0 m to about 0.06 m, about O m to about 0.05 m,
about 0 m to about 0.04 m, about 0 m to about 0.03 m, about 0 m to about 0.02 m, about
0 m to about 0.01 m, about 0 m to about 0.005 m, about 0.005 m to about 0.1 m, about
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0.005 m to about 0.09 m, about 0.005 m to about 0.08 m, about 0.005 m to about 0.07 m,
about 0.005 m to about 0.06 m, about 0.005 m to about 0.05 m, about 0.005 m to about
0.04 m, about 0.005 m to about 0.03 m, about 0.005 m to about 0.02 m, or about 0.005 m
to about 0.01 m. In some embodiments, during operation of the humidifier (e.g.,
substantially continuous operation and/or substantially transient operation), the liquid
layer within each stage of the humidifier has a height of about 0.1 m or less, about 0.09
m or less, about 0.08 m or less, about 0.07 m or less, about 0.06 m or less, about 0.05 m
or less, about 0.04 m or less, about 0.03 m or less, about 0.02 m or less, about 0.01 m or
less, or, in some cases, about 0.005 m or less. In some embodiments, during operation of
the humidifier (e.g., substantially continuous operation and/or substantially transient
operation), the liquid layer within each stage of the humidifier has a height in the range
of about 0 m to about 0.1 m, about 0 m to about 0.09 m, about 0 m to about 0.08 m,
about 0 m to about 0.07 m, about 0 m to about 0.06 m, about 0 m to about 0.05 m, about
0 m to about 0.04 m, about 0 m to about 0.03 m, about 0 m to about 0.02 m, about 0 m to
about 0.01 m, about 0 m to about 0.005 m, about 0.005 m to about 0.1 m, about 0.005 m
to about 0.09 m, about 0.005 m to about 0.08 m, about 0.005 m to about 0.07 m, about
0.005 m to about 0.06 m, about 0.005 m to about 0.05 m, about 0.005 m to about 0.04 m,
about 0.005 m to about 0.03 m, about 0.005 m to about 0.02 m, or about 0.005 m to
about 0.01 m.

In certain embodiments, the ratio of the height of the liquid layer in a stage of the
humidifier to the length of the stage may be relatively low. The length of the stage refers
to the largest internal cross-sectional dimension of the stage. In some embodiments, the
ratio of the height of the liquid layer within at least one stage of the humidifier during
operation of the humidifier (e.g., substantially continuous operation and/or substantially
transient operation) to the length of the at least one stage is about 1.0 or less, about 0.8 or
less, about 0.6 or less, about 0.5 or less, about 0.4 or less, about 0.2 or less, about 0.18 or
less, about 0.16 or less, about 0.15 or less, about 0.14 or less, about (.12 or less, about
0.1 or less, about .08 or less, about 0.06 or less, about 0.05 or less, about 0.04 or less,
about 0.02 or less, about 0.01 or less, or, in some cases, about 0.005 or less. In some
embodiments, the ratio of the height of the liquid layer within at least one stage of the
humidifier during operation of the humidifier (e.g., substantially continuous operation
and/or substantially transient operation) to the length of the at least one stage is in the
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about 0.005 to about 0.5, about 0.005 to about 0.4, about 0.005 to about 0.2, about 0.005
to about 0.18, about 0.005 to about 0.16, about 0.005 to about 0.15, about 0.005 to about
0.14, about 0.005 to about 0.12, about 0.005 to about 0.1, about 0.005 to about 0.08,
about 0.005 to about 0.06, about 0.005 to about 0.05, about 0.005 to about 0.04, about
0.005 to about 0.02, or about 0.005 to about 0.01. In some embodiments, the ratio of the
height of the liquid layer within each stage of the humidifier during operation of the
humidifier (e.g., substantially continuous operation and/or substantially transient
operation) to the length of each corresponding stage is about 1.0 or less, about 0.8 or
less, about 0.6 or less, about 0.5 or less, about 0.4 or less, about 0.2 or less, about 0.18 or
less, about 0.16 or less, about 0.15 or less, about 0.14 or less, about (.12 or less, about
0.1 or less, about .08 or less, about 0.06 or less, about 0.05 or less, about 0.04 or less,
about 0.02 or less, about 0.01 or less, or, in some cases, about 0.005 or less. In certain
embodiments, the ratio of the height of the liquid layer within each stage of the
humidifier during operation of the humidifier to the length of each corresponding stage is
in the range of about 0.005 to about 1.0, about 0.005 to about 0.8, about 0.005 to about
0.6, about 0.005 to about 0.5, about 0.005 to about 0.4, about 0.005 to about 0.2, about
0.005 to about 0.18, about 0.005 to about 0.16, about 0.005 to about 0.15, about 0.005 to
about 0.14, about 0.005 to about 0.12, about 0.005 to about 0.1, about 0.005 to about
0.08, about 0.005 to about 0.06, about 0.005 to about 0.05, about 0.005 to about 0.04,
about 0.005 to about 0.02, or about 0.005 to about 0.01.

In some embodiments, the height of an individual stage within the humidifier
(e.g., measured vertically from the bubble generator positioned at the bottom of the stage
to the top of the chamber within the stage) may be relatively low. As noted above,
reducing the height of one or more stages may potentially reduce costs and/or potentially
increase heat and mass transfer within the system. In some embodiments, the height of
at least one stage of the humidifier is about 0.5 m or less, about 0.4 m or less, about 0.3
m or less, about 0.2 m or less, about 0.1 m or less, or, in some cases, about (.05 m or
less. In certain cases, the height of at least one stage of the humidifier is in the range of
about 0 m to about 0.5 m, about 0 m to about 0.4 m, about 0 m to about 0.3 m, about 0 m
to about 0.2 m, about O m to about 0.1 m, about 0 m to about 0.05 m, about 0.05 m to
about 0.5 m, about 0.05 m to about 0.4 m, about 0.05 m to about 0.3 m, about 0.05 m to
about 0.2 m, or about 0.05 m to about 0.1 m. In some embodiments, the height of each

stage of the humidifier is about 0.5 m or less, about 0.4 m or less, about 0.3 m or less,
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about 0.2 m or less, about 0.1 m or less, or, in some cases, about 0.05 m or less. In
certain cases, the height of each stage of the humidifier is in the range of about O m to
about 0.5 m, about 0 m to about 0.4 m, about O m to about 0.3 m, about 0 m to about 0.2
m, about O m to about 0.1 m, about 0 m to about 0.05 m, about 0.05 m to about 0.5 m,
about 0.05 m to about 0.4 m, about 0.05 m to about 0.3 m, about 0.05 m to about 0.2 m,
or about 0.05 m to about 0.1 m.

In some embodiments, the pressure drop across a stage (i.e. the difference
between inlet gas pressure and outlet gas pressure) for at least one stage of the humidifier
is about 200 kPa or less, about 150 kPa or less, about 100 kPa or less, about 75 kPa or
less, about 50 kPa or less, about 20 kPa or less, about 15 kPa or less, about 10 kPa or
less, about 5 kPa or less, or about 1 kPa or less. In certain cases, the pressure drop across
at least one stage of the humidifier is in the range of about 1 kPa to about 5 kPa, about 1
kPa to about 10 kPa, about 1 kPa to about 15 kPa, about 1 kPa to about 20 kPa, about 1
kPa to about 50 kPa, about 1 kPa to about 75 kPa, about 1 kPa to about 100 kPa, about 1
kPa to about 150 kPa, or about 1 kPa to about 200 kPa. In some embodiments, the
pressure drop across at least one stage of the humidifier is substantially zero. In certain
cases, the pressure drop across each stage of the humidifier is about 200 kPa or less,
about 150 kPa or less, about 100 kPa or less, about 75 kPa or less, about 50 kPa or less,
about 20 kPa or less, about 15 kPa or less, about 10 kPa or less, about 5 kPa or less, or
about 1 kPa or less. In certain embodiments, the pressure drop across each stage of the
humidifier is in the range of about 1 kPa to about 5 kPa, about 1 kPa to about 10 kPa,
about 1 kPa to about 15 kPa, about 1 kPa to about 20 kPa, about 1 kPa to about 50 kPa,
about 1 kPa to about 75 kPa, about 1 kPa to about 100 kPa, about 1 kPa to about 150
kPa, or about 1 kPa to about 200 kPa. According to certain embodiments, the pressure
drop across each stage of the humidifier is substantially zero.

The stage(s) of the humidifier may have any shape suitable for a particular
application. In some embodiments, at least one stage of the humidifier has a cross-
sectional shape that is substantially circular, substantially elliptical, substantially square,
substantially rectangular, substantially triangular, or irregularly shaped. In some
embodiments, at least one stage of the humidifier has a relatively large aspect ratio. As
used herein, the aspect ratio of a stage refers to the ratio of the length of the stage to the
width of the stage. The length of the stage refers to the largest internal cross-sectional
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the width of the stage refers to the largest cross-sectional dimension of the stage (e.g., in
a plane perpendicular to a vertical axis of the stage) measured perpendicular to the
length.

In some embodiments, at least one stage of the humidifier has an aspect ratio of
at least about 1.5, at least about 2, at least about 5, at least about 10, at least about 15, or
at least about 20. In some embodiments, at least one stage of the humidifier has an
aspect ratio in the range of about 1.5 to about 5, about 1.5 to about 10, about 1.5 to about
15, about 1.5 to about 20, about 2 to about 5, about 2 to about 10, about 2 to about 15,
about 2 to about 20, about 5 to about 10, about 5 to about 15, about 5 to about 20, about
10 to about 15, about 10 to about 20, or about 15 to about 20. In some embodiments,
each stage of the humidifier has an aspect ratio of at least about 1.5, at least about 2, at
least about 5, at least about 10, at least about 15, or at least about 20. In some
embodiments, each stage of the humidifier has an aspect ratio in the range of about 1.5 to
about 5, about 1.5 to about 10, about 1.5 to about 15, about 1.5 to about 20, about 2 to
about 5, about 2 to about 10, about 2 to about 15, about 2 to about 20, about 5 to about
10, about 5 to about 15, about 5 to about 20, about 10 to about 15, about 10 to about 20,
or about 15 to about 20.

In some embodiments, one or more weirs in one or more stages of the humidifier
are positioned within a chamber of the stage so as to control or direct flow of a liquid
(e.g., within one stage and/or between two or more stages). The chamber(s) can have any
of the properties (e.g., dimensions, aspect ratios, etc.) of the stages described elsewhere
herein, in some embodiments.

In some embodiments, the maximum height of a liquid layer in one or more
stages of the humidifier may be set by one or more weirs. As used herein, a weir refers
to a structure that obstructs liquid flow in a stage. In some cases, a weir may be
positioned adjacent or surrounding a region of the chamber where liquid may flow out of
the chamber, for example, into a different chamber below. For example, if a weir is
positioned upstream of a liquid outlet, any additional liquid that would cause the height
of a liquid layer to exceed the height of the weir would flow over the weir and exit the
stage through the liquid outlet.

In some embodiments, one or more weirs create a pool of liquid surrounding an
outlet of a liquid conduit between two stages. In some embodiments, a weir is positioned

adjacent or surrounding a region of the stage that receives a stream of liquid from, for
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example, a different chamber above the region or adjacent to the region. For example, a
first stage may be positioned vertically below a second stage, and the liquid outlet of the
second stage may be a downcomer that feeds into the first stage. A weir may be
positioned immediately downstream of the downcomer, such that the weir either
encircles the downcomer or extends all the way to the walls of the chamber to create a
pool in which the outlet of the downcomer is submerged. The pool may prevent air from
entering the downcomer. In some cases, the height of the pool is greater than the height
of the liquid layer in the first stage (e.g., the height of the weir is greater than the height
of the liquid layer in the first stage). Otherwise, the hydrostatic head for air sparging
through the liquid layer in the first stage would be greater than the hydrostatic head
required for air to flow up the downcomer. Accordingly, a pool height greater than the
height of the liquid layer in the first stage may advantageously prevent air from flowing
up the downcomer. In some embodiments, as additional liquid is introduced into the
pool and the height of the liquid in the pool exceeds the height of the weir, excess liquid
may flow over the top of the weir (e.g., into the liquid layer of the first stage). In certain
embodiments, the distance (e.g., vertical distance) between the top of a weir creating a
pool encircling a downcomer and the bottom of an outlet of the downcomer is greater
than the height of the liquid layer in the second stage. In some cases, this may
advantageously prevent back flow through the downcomer.

In some cases, a weir may be positioned within a chamber so as to not contact
one or more walls of the chamber. In some cases, a weir may be positioned within a
chamber so as to contact one or more walls of the chamber.

The one or more weirs may be selected to have a height that is less than the
height of the chamber. In some embodiments, the height of the weirs may determine the
maximum height for a liquid layer in the chamber. For example, if a liquid layer
residing in a first chamber reaches a height that exceeds the height of a weir positioned
along a bottom surface of the chamber, then at least a portion of the excess liquid may
flow over the weir. In some cases, the excess liquid may flow into a second, adjacent
chamber, e.g., a chamber positioned below the first chamber. In some embodiments, at
least one weir in a chamber has a height of about 0.1 m or less, about 0.09 m or less,
about 0.08 m or less, about 0.07 m or less, about 0.06 m or less, about 0.05 m or less,
about 0.04 m or less, about 0.03 m or less, about 0.02 m or less, about 0.01 m or less, or,

in some cases, about 0.005 m or Iess. In some embodiments, at least one weir in a
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chamber has a height in the range of about 0 m to about 0.1 m, about 0 m to about 0.09
m, about O m to about 0.08 m, about 0 m to about 0.07 m, about O m to about 0.06 m,
about 0 m to about 0.05 m, about 0 m to about 0.04 m, about 0 m to about 0.03 m, about
0 m to about 0.02 m, about 0 m to about 0.01 m, about 0 m to about 0.005 m, about
0.005 m to about 0.1 m, about 0.005 m to about 0.09 m, about 0.005 m to about 0.08 m,
about 0.005 m to about 0.07 m, about 0.005 m to about 0.06 m, about 0.005 m to about
0.05 m, about 0.005 m to about 0.04 m, about 0.005 m to about 0.03 m, about 0.005 m to
about 0.02 m, or about 0.005 m to about 0.01 m. In some embodiments, each weir in a
chamber has a height of about 0.1 m or less, about 0.09 m or less, about 0.08 m or less,
about 0.07 m or less, about 0.06 m or less, about 0.05 m or less, about 0.04 m or less,
about 0.03 m or less, about 0.02 m or less, about 0.01 m or less, or, in some cases, about
0.005 m or less. In some embodiments, each weir in a chamber has a height in the range
of about 0 m to about 0.1 m, about 0 m to about 0.09 m, about 0 m to about 0.08 m,
about 0 m to about 0.07 m, about 0 m to about 0.06 m, about 0 m to about 0.05 m, about
0 m to about 0.04 m, about 0 m to about 0.03 m, about 0 m to about 0.02 m, about 0 m to
about 0.01 m, about 0 m to about 0.005 m, about 0.005 m to about 0.1 m, about 0.005 m
to about 0.09 m, about 0.005 m to about 0.08 m, about 0.005 m to about 0.07 m, about
0.005 m to about 0.06 m, about 0.005 m to about 0.05 m, about 0.005 m to about 0.04 m,
about 0.005 m to about 0.03 m, about 0.005 m to about 0.02 m, or about 0.005 m to
about 0.01 m.

In some embodiments, one or more weirs may be positioned to promote the flow
of a liquid across the length of the chamber in a substantially linear path. For example,
the chamber may be selected to have a cross-sectional shape having a length that is
greater than its width (e.g., a substantially rectangular cross-section), such that the weirs
promote flow of liquid along the length of the chamber. In some cases, it may be
desirable to promote such cross flow across a chamber to maximize the interaction, and
therefore heat and/or mass transfer, between the liquid phase and the vapor phase of a
condensable fluid.

The humidifiers described herein may further include one or more components
positioned to facilitate, direct, or otherwise affect flow of a fluid within the humidifier.
In some embodiments, at least one chamber of at least one stage of the humidifier may
include one or more baffles positioned to direct flow of a fluid, such as a stream of the

aqueous liquid. In certain cases, each chamber of the humidifier may comprise one or
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more baffles. Suitable baffles for use in embodiments described herein include plate-like
articles having, for example, a substantially rectangular shape. Baffles may also be
referred to as barriers, dams, or the like.

The baffle, or combination of baffles, may be arranged in various configurations
so as to direct the flow of a liquid within the chamber. In some cases, the baffle(s) can
be arranged such that liquid travels in a substantially linear path from one end of the
chamber to the other end of the chamber (e.g., along the length of a chamber having a
substantially rectangular cross-section). In some cases, the baffle(s) can be arranged
such that liquid travels in a non-linear path across a chamber, such as a path having one
or more bends or turns within the chamber. That is, the liquid may travel a distance
within the chamber that is longer than the length of the chamber. In some embodiments,
one or more baffles may be positioned along a bottom surface of at least one chamber
within the humidifier, thereby affecting the flow of liquid that enters the chamber.

In some embodiments, a baffle may be positioned in a manner so as to direct flow
of a liquid within a single chamber, e.g., along a bottom surface of a chamber in either a
linear or non-linear manner. In some embodiments, one or more baffles may be
positioned substantially parallel to the transverse sides (i.e., width) of a chamber having
a substantially rectangular cross-sectional shape, i.e., may be a transverse baffle. In
some embodiments, one or more baffles may be positioned substantially parallel to the
longitudinal sides (i.e., length) of a chamber having a substantially rectangular cross-
sectional shape, i.e., may be a longitudinal baffle. In such configurations, one or more
longitudinal baffles may direct the flow of liquid along a substantially non-linear path.

In some embodiments, one or more baffles may be positioned in a manner so as
to direct flow of a liquid within a single chamber along a path that may promote
enhanced efficiency of heat and/or mass transfer. For example, a chamber may comprise
a liquid entering through a liquid inlet at a first temperature and a gas entering through a
bubble generator at a second, different temperature. In certain cases, heat and mass
transfer between the liquid and the gas may be increased when the first temperature
approaches the second temperature. One factor that may affect the ability of the first
temperature to approach the second temperature may be the amount of time the liquid
spends flowing through the chamber.

In some cases, it may be advantageous for portions of the liquid flowing through

the chamber to spend substantially equal amounts of time flowing through the chamber.
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For example, heat and mass transfer may undesirably be reduced under conditions where
a first portion of the liquid spends a shorter amount of time in the chamber and a second
portion of the liquid spends a longer amount of time in the chamber. Under such
conditions, the temperature of a mixture of the first portion and the second portion may
be further from the second temperature of the gas than if both the first portion and the
second portion had spent a substantially equal amount of time in the chamber.
Accordingly, in some embodiments, one or more baffles may be positioned in the
chamber to facilitate liquid flow such that portions of the liquid flowing through the
chamber spend substantially equal amounts of time flowing through the chamber. For
example, one or more baffles within the chamber may spatially separate liquid located at
the inlet (e.g., liquid likely to have spent a shorter amount of time in the chamber) from
liquid located at the outlet (e.g., liquid likely to have spent a longer amount of time in the
chamber). In some cases, one or more baffles within the chamber may facilitate liquid
flow along flow paths having substantially the same length. For example, the one or
more baffles may prevent a first portion of liquid from travelling along a substantially
shorter path from the inlet of the chamber to the outlet of the chamber (e.g., along the
width of a chamber having a rectangular cross section) and a second portion of liquid
from travelling along a substantially longer path from the inlet of the chamber to the
outlet of the chamber (e.g., along the length of a chamber having a rectangular cross
section).

In some cases, it may be advantageous to increase the amount of time a liquid
spends flowing through a chamber. Accordingly, in certain embodiments, one or more
baffles may be positioned within a single chamber to facilitate liquid flow along a flow
path having a relatively high aspect ratio (e.g., the ratio of the average length of the flow
path to the average width of the flow path). For example, in some cases, one or more
baffles may be positioned such that liquid flowing through the chamber follows a flow
path having an aspect ratio of at least about 1.5, at least about 2, at least about 5, at least
about 10, at least about 20, at least about 50, at least about 75, at Ieast about 100, or
more. In some embodiments, liquid flowing through the chamber follows a flow path
having an aspect ratio in the range of about 1.5 to about 5, about 1.5 to about 10, about
1.5 to about 20, about 1.5 to about 50, about 1.5 to about 75, about 1.5 to about 100,
about 5 to about 10, about 5 to about 20, about 5 to about 50, about 5 to about 75, about
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5 to about 100, about 10 to about 20, about 10 to about 50, about 10 to about 75, about
10 to about 100, or about 50 to about 100.

In some cases, the aspect ratio of a liquid flow path through a chamber may be
larger than the aspect ratio of the chamber. In certain cases, the presence of baffles to
increase the aspect ratio of a liquid flow path may facilitate the use of an apparatus
having a relatively low aspect ratio (e.g., about 1), such as an apparatus having a
substantially circular cross section. For example, FIG. 4A shows, according to some
embodiments, a schematic illustration of an exemplary chamber 400 having a
substantially circular cross section (e.g., bottom surface) and a spiral baffle 402,
according to some embodiments. In operation, liquid may enter chamber 400 through a
liquid inlet (not shown) positioned at or near the center of the substantially circular cross
section. The liquid may then flow along spiral baffle 402 and exit chamber 400 through
a liquid outlet (not shown) positioned at the upper edge of the substantially circular cross
section. While the substantially circular cross section of chamber 400 has an aspect ratio
of about 1, the aspect ratio of the liquid flow path is substantially greater than 1 (e.g.,
approximately 4.5). As an additional example, FIG. 4B shows, according to some
embodiments, a schematic illustration of an exemplary chamber 400 having a
substantially circular cross section (e.g., bottom surface) and comprising a first baffle
402 and a second baffle 404. In operation, liquid may enter chamber 400 through a
liquid inlet (not shown) located in the upper left portion of the substantially circular cross
section. The liquid may first flow in the direction of arrow 406. The liquid may then
flow around baffle 402 and flow in the opposite direction, in the direction of arrow 408.
The liquid may then flow around baffle 404 and flow in the direction of arrow 410 and
subsequently exit chamber 400 through a liquid outlet (not shown) located in the lower
right portion of the substantially circular cross section. While the aspect ratio of the
circular cross section of chamber 400 is about 1, the aspect ratio of the liquid flow path
through chamber 400 is substantially greater than 1.

In some embodiments, the baffle is a longitudinal baffle. For example, a
longitudinal baffle may extend along the length of a stage, from a first end to a second,
opposing end. In some embodiments, there may be a gap between the longitudinal baffle
and the first end and/or the second end of the stage, such that a liquid may flow around
the longitudinal baffle (e.g., in a serpentine path). In some embodiments, a stage may

comprise more than one longitudinal baffle. In some embodiments, at least one
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longitudinal baffle, at least two longitudinal baffles, at least three longitudinal baffles, at
least four longitudinal baffles, at least five longitudinal baffles, at least ten longitudinal
baffles, or more, are arranged within the chamber. In some embodiments, the chamber
includes 1-10 longitudinal baffles, 1-5 longitudinal baffles, or 1-3 longitudinal baffles.

In some embodiments, the baffle is a transverse baffle (e.g., a horizontal baffle).
In some cases, at least one transverse baffle, at least two transverse baffles, at least three
transverse baffles, at least four transverse baffles, at least five transverse baffles, at least
ten transverse baffles, or more, are arranged within the chamber. In some embodiments,
the chamber includes 1-10 transverse baffles, 1-5 transverse baffles, or 1-3 transverse
baffles.

The humidifier may comprise a vessel having any shape suitable for a particular
application. In some embodiments, the vessel of the humidifier has a cross section that is
substantially circular, substantially elliptical, substantially square, substantially
rectangular, substantially triangular, or irregularly shaped. It has been recognized that it
may be advantageous, in certain cases, for the vessel of the humidifier to have a
substantially circular cross section. In some cases, a vessel having a substantially
circular cross section (e.g., a substantially cylindrical vessel) may be easier to
manufacture than a vessel having a cross section of a different shape (e.g., a substantially
rectangular cross section). For example, for a substantially cylindrical vessel of a
humidifier having a certain diameter (e.g., about 0.6 m or less), prefabricated pipes
and/or tubes may be used to form the walls of the vessel of the humidifier. In addition, a
substantially cylindrical humidifier vessel may be manufactured from a sheet material
(e.g., stainless steel) by bending the sheet and welding a single seam. In contrast, a
vessel of a humidifier having a cross section of a different shape may have more than one
welded seam (e.g., a humidifier having a substantially rectangular cross section may
have four welded seams). Further, a humidifier vessel having a substantially circular
cross section may require less material to fabricate than a humidifier vessel having a
cross section of a different shape (e.g., a substantially rectangular cross section). In
certain embodiments, the vessel of the humidifier has a substantially parallelepiped
shape, a substantially rectangular prismatic shape, a substantially cylindrical shape, a
substantially pyramidal shape, and/or an irregular shape. In some cases, it may be

advantageous for a vessel of the humidifier to have a relatively high aspect ratio. For
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example, in some cases, it may be advantageous for the humidifier vessel to have a
substantially rectangular cross section.

The vessel of the humidifier may have any size suitable for a particular
application. In some embodiments, the maximum cross-sectional dimension of the
vessel of the humidifier is about 10 m or less, about 5 m or less, about 2 m or less, about
1 m or less, about 0.5 m or less, or about 0.1 m or Iess. In some cases, the vessel of the
humidifier has a maximum cross-sectional dimension ranging from about 0.01 m to
about 10 m, about 0.01 m to about 5 m, about 0.01 m to about 1 m, about 0.5 m to about
10 m, about 0.5 m to about 5 m, about 0.5 m to about 1 m, about 1 m to about 5 m, or
about 1 m to about 10 m.

The vessel of the humidifier may comprise any suitable material. In certain
embodiments, the vessel of the humidifier comprises stainless steel, aluminum, and/or a
plastic (e.g., polyvinyl chloride, polyethylene, polycarbonate). In some embodiments, it
may be advantageous to minimize heat loss from the vessel of the humidifier to the
environment. In some cases, the exterior and/or the interior of the vessel of the
humidifier may comprise a thermally insulating material. For example, the vessel of the
humidifier may be at least partially coated, covered, or wrapped with a thermally
insulating material. Non-limiting examples of suitable thermally insulating materials
include elastomeric foam, fiberglass, ceramic fiber mineral wool, glass mineral wool,
phenolic foam, polyisocyanurate, polystyrene, and polyurethane.

As noted above, the humidifier may be configured to receive an aqueous inlet
stream containing at least one dissolved salt. A dissolved salt generally refers to a salt
that has been solubilized to such an extent that the component ions (e.g., an anion, a
cation) of the salt are no longer ionically bonded to each other. Non-limiting examples
of dissolved salts that may be present in the liquid include sodium chloride (NaCl),
sodium bromide (NaBr), potassium chloride (KCI), potassium bromide (KBr), sodium
carbonate (Na>COs), sodium sulfate (NaxSQy), calcium chloride (CaCl,), calcium sulfate
(CaS0y), magnesium sulfate (MgSQOy), strontium sulfate (SrSO4), barium sulfate
(BaS0O,), barium-strontium sulfate (BaSr(S0y),), iron (IIT) hydroxide (Fe(OH)3), iron
(IIT) carbonate (Fe,(CO3)3), aluminum hydroxide (Al(OH)3), aluminum carbonate
(AL(CO3)3), boron salts, and/or silicates.

In certain cases, the aqueous inlet stream comprises seawater, brackish water,

flowback water, water produced from an oil or gas extraction process, and/or wastewater
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(e.g., industrial wastewater). Non-limiting examples of wastewater include textile mill
wastewater, leather tannery wastewater, paper mill wastewater, cooling tower blowdown
water, flue gas desulfurization wastewater, landfill leachate water, and/or the effluent of
a chemical process (e.g., the effluent of another desalination system and/or chemical
process).

In some embodiments, the aqueous inlet stream can further comprise one or more
additional liquids (e.g., the liquid may be a liquid mixture).

In some embodiments, the aqueous inlet stream has a relatively high
concentration of one or more dissolved salts. In certain embodiments, the concentration
of one or more dissolved salts in the aqueous inlet stream is at least about 100 mg/L, at
least about 200 mg/L, at least about 500 mg/L, at least about 1,000 mg/L, at least about
2,000 mg/L, at least about 5,000 mg/L, at least about 10,000 mg/L, at least about 20,000
mg/L, at least about 50,000 mg/L, at least about 75,000 mg/L, at least about 100,000
mg/L, at least about 102,000 mg/L, at least about 110,000 mg/L, at least about 120,000
mg/L, at least about 150,000 mg/L, at least about 175,000 mg/L, at least about 200,000
mg/L, at least about 210,000 mg/L, at least about 219,000 mg/L, at least about 220,000
mg/L, at least about 250,000 mg/L, at least about 275,000 mg/L, at least about 300,000
mg/L, at least about 310,000 mg/L, at least about 312,000 mg/L, at least about 320,000
mg/L, at least about 350,000 mg/L, or at least about 375,000 mg/L (and/or, in certain
embodiments, up to the solubility limit of the one or more dissolved salts in the liquid
stream). In some embodiments, the concentration of one or more dissolved slats in the
aqueous inlet stream is in the range of about 100 mg/L to about 375,000 mg/L, about
1,000 mg/L to about 10,000 mg/L, about 1,000 mg/L to about 50,000 mg/L, about 1,000
mg/L to about 75,000 mg/L, about 1,000 mg/L to about 100,000 mg/L, about 1,000 mg/L
to about 150,000 mg/L, about 1,000 mg/L to about 200,000 mg/L, about 1,000 mg/L to
about 250,000 mg/L, about 1,000 mg/L to about 300,000 mg/L, about 1,000 mg/L to
about 350,000 mg/L, about 1,000 mg/L to about 375,000 mg/L, about 10,000 mg/L to
about 50,000 mg/L, about 10,000 mg/L to about 75,000 mg/L, about 10,000 mg/L to
about 100,000 mg/L, about 10,000 mg/L to about 150,000 mg/L, about 10,000 mg/L to
about 200,000 mg/L, about 10,000 mg/L to about 250,000 mg/L, about 10,000 mg/L to
about 300,000 mg/L, about 10,000 mg/L to about 350,000 mg/L, about 10,000 mg/L to
about 375,000 mg/L, about 50,000 mg/L to about 100,000 mg/L, about 50,000 mg/L to
about 150,000 mg/L, about 50,000 mg/L to about 200,000 mg/L, about 50,000 mg/L to
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about 250,000 mg/L, about 50,000 mg/L to about 300,000 mg/L, about 50,000 mg/L to
about 350,000 mg/L, about 50,000 mg/L to about 375,000 mg/L, about 100,000 mg/L to
about 150,000 mg/L, about 100,000 mg/L to about 200,000 mg/L, about 100,000 mg/L
to about 250,000 mg/L, about 100,000 mg/L to about 300,000 mg/L, about 100,000
mg/L to about 350,000 mg/L, about 100,000 mg/L to about 375,000 mg/L, about
102,000 mg/L to about 219,000 mg/L, about 102,000 mg/L to about 312,000 mg/L,
about 150,000 mg/L to about 200,000 mg/L, about 150,000 mg/L to about 250,000
mg/L, about 150,000 mg/L to about 300,000 mg/L, about 150,000 mg/L to about
350,000 mg/L, about 150,000 mg/L to about 375,000 mg/L, about 200,000 mg/L to
about 250,000 mg/L, about 200,000 mg/L to about 300,000 mg/L, about 200,000 mg/L
to about 350,000 mg/L, about 200,000 mg/L to about 375,000 mg/L, about 250,000
mg/L to about 300,000 mg/L, about 250,000 mg/L to about 350,000 mg/L, about
250,000 mg/L to about 375,000 mg/L, about 300,000 mg/L to about 350,000 mg/L, or
about 300,000 mg/L to about 375,000 mg/L. The concentration of a dissolved salt
generally refers to the combined concentrations of the cation and the anion of the salt.
For example, the concentration of dissolved NaCl would refer to the sum of the
concentration of sodium ions (Na*) and the concentration of chloride ions (CI"). The
concentration of a dissolved salt may be measured according to any method known in the
art. For example, methods for measuring the concentration of a dissolved salt include
inductively coupled plasma (ICP) spectroscopy (e.g., inductively coupled plasma optical
emission spectroscopy). As one non-limiting example, an Optima 8300 ICP-OES
spectrometer may be used.

In some embodiments, the aqueous inlet stream contains at least one dissolved
salt in an amount of at least about 1 wt%, at least about 5 wt%, at least about 10 wt%, at
least about 15 wt%, at least about 20 wt%, at least about 25 wt%, at least about 26 wt%,
at least about 27 wt%, at least about 28 wt%, at least about 29 wt%, or at least about 30
wt% (and/or, in certain embodiments, up to the solubility limit of the at least one
dissolved salt in the liquid stream). In some embodiments, the aqueous inlet stream
comprises at least one dissolved salt in an amount in the range of about 1 wt% to about
10 wt%, about 1 wt% to about 20 wt%, about 1 wt% to about 25 wt%, about 1 wt% to
about 26 wt%, about 1 wt% to about 27 wt%, about 1 wt% to about 28 wt%, about 1
wt% to about 29 wt%, about 1 wt% to about 30 wt%, about 10 wt% to about 20 wt%,
about 10 wt% to about 25 wt%, about 10 wt% to about 26 wt%, about 10 wt% to about
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27 wt%, about 10 wt% to about 28 wt%, about 10 wt% to about 29 wt%, about 10 wt%
to about 30 wt%, about 20 wt% to about 25 wt%, about 20 wt% to about 26 wt%, about
20 wt% to about 27 wt%, about 20 wt% to about 28 wt%, about 20 wt% to about 29
wt%, about 20 wt% to about 30 wt%, about 25 wt% to about 26 wt%, about 25 wt% to
about 27 wt%, about 25 wt% to about 28 wt%, about 25 wt% to about 29 wt%, or about
25 wt% to about 30 wt%.

According to some embodiments, the aqueous inlet stream has a relatively high
total dissolved salt concentration (i.e., the total concentration of all dissolved salts in the
aqueous inlet stream). In certain cases, the total dissolved salt concentration of the
aqueous inlet stream is at least about 1,000 mg/L, at least about 2,000 mg/L, at least
about 5,000 mg/L, at least about 10,000 mg/L, at least about 20,000 mg/L, at least about
50,000 mg/L, at least about 75,000 mg/L, at least about 100,000 mg/L, at least about
110,000 mg/L, at least about 120,000 mg/L, at least about 150,000 mg/L, at least about
175,000 mg/L, at least about 200,000 mg/L, at least about 210,000 mg/L, at least about
220,000 mg/L, at least about 250,000 mg/L, at least about 275,000 mg/L, at least about
300,000 mg/L, at least about 310,000 mg/L, at least about 320,000 mg/L, at least about
350,000 mg/L, at least about 375,000 mg/L, at least about 400,000 mg/L, at least about
450,000 mg/L, or at least about 500,000 mg/L (and/or, in certain embodiments, up to the
solubility limit of the dissolved salt(s) in the aqueous inlet stream). In some
embodiments, the total dissolved salt concentration of the aqueous inlet stream is in the
range of about 1,000 mg/L to about 10,000 mg/L, about 1,000 mg/L to about 20,000
mg/L, about 1,000 mg/L to about 50,000 mg/L, about 1,000 mg/L to about 75,000 mg/L,
about 1,000 mg/L to about 100,000 mg/L, about 1,000 mg/L to about 150,000 mg/L,
about 1,000 mg/L to about 200,000 mg/L, about 1,000 mg/L to about 250,000 mg/L,
about 1,000 mg/L to about 300,000 mg/L, about 1,000 mg/L to about 350,000 mg/L,
about 1,000 mg/L to about 400,000 mg/L, about 1,000 mg/L to about 450,000 mg/L,
about 1,000 mg/L to about 500,000 mg/L, about 10,000 mg/L to about 20,000 mg/L,
about 10,000 mg/L to about 50,000 mg/L, about 10,000 mg/L to about 75,000 mg/L,
about 10,000 mg/L to about 100,000 mg/L, about 10,000 mg/L to about 150,000 mg/L,
about 10,000 mg/L to about 200,000 mg/L, about 10,000 mg/L to about 250,000 mg/L,
about 10,000 mg/L to about 300,000 mg/L, about 10,000 mg/L to about 350,000 mg/L,
about 10,000 mg/L to about 400,000 mg/L, about 10,000 mg/L to about 450,000 mg/L,
about 10,000 mg/L to about 500,000 mg/L, about 20,000 mg/L to about 50,000 mg/L,
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about 20,000 mg/L to about 75,000 mg/L, about 20,000 mg/L to about 100,000 mg/L,
about 20,000 mg/L to about 150,000 mg/L, about 20,000 mg/L to about 200,000 mg/L,
about 20,000 mg/L to about 250,000 mg/L, about 20,000 mg/L to about 300,000 mg/L,
about 20,000 mg/L to about 350,000 mg/L, about 20,000 mg/L to about 400,000 mg/L,
about 20,000 mg/L to about 450,000 mg/L, about 20,000 mg/L to about 500,000 mg/L,
about 50,000 mg/L to about 100,000 mg/L, about 50,000 mg/L to about 150,000 mg/L,
about 50,000 mg/L to about 200,000 mg/L, about 50,000 mg/L to about 250,000 mg/L,
about 50,000 mg/L to about 300,000 mg/L, about 50,000 mg/L to about 350,000 mg/L,
about 50,000 mg/L to about 400,000 mg/L, about 50,000 mg/L to about 450,000 mg/L,
about 50,000 mg/L to about 500,000 mg/L, about 100,000 mg/L to about 150,000 mg/L,
about 100,000 mg/L to about 200,000 mg/L, about 100,000 mg/L to about 250,000
mg/L, about 100,000 mg/L to about 300,000 mg/L, about 100,000 mg/L to about
350,000 mg/L, about 100,000 mg/L to about 400,000 mg/L, about 100,000 mg/L to
about 450,000 mg/L, or about 100,000 mg/L to about 500,000 mg/L.

In some embodiments, the aqueous inlet stream has a total dissolved salt
concentration of at Ieast about 1 wt%, at least about 5 wt%, at least about 10 wt%, at
least about 15 wt%, at least about 20 wt%, at least about 25 wt%, at least about 26 wt%,
at least about 27 wt%, at least about 28 wt%, at least about 29 wt%, or at least about 30
wt% (and/or, in certain embodiments, up to the solubility limit of the dissolved salt(s) in
the liquid stream). In some embodiments, the humidifier aqueous inlet stream has a total
dissolved salt concentration in the range of about 1 wt% to about 10 wt%, about 1 wt%
to about 20 wt%, about 1 wt% to about 25 wt%, about 1 wt% to about 26 wt%, about 1
wit% to about 27 wt%, about 1 wt% to about 28 wt%, about 1 wt% to about 29 wt%,
about 1 wt% to about 30 wt%, about 10 wt% to about 20 wt%, about 10 wt% to about 25
wt%, about 10 wt% to about 26 wt%, about 10 wt% to about 27 wt%, about 10 wt% to
about 28 wt%, about 10 wt% to about 29 wt%, about 10 wt% to about 30 wt%, about 20
wt% to about 25 wt%, about 20 wt% to about 26 wt%, about 20 wt% to about 27 wt%,
about 20 wt% to about 28 wt%, about 20 wt% to about 29 wt%, about 20 wt% to about
30 wt%, about 25 wt% to about 26 wt%, about 25 wt% to about 27 wt%, about 25 wt%
to about 28 wt%, about 25 wt% to about 29 wt%, or about 25 wt% to about 30 wt%.

In some embodiments, the aqueous inlet stream contains two or more dissolved
salts. The concentration of a plurality of dissolved salts generally refers to the combined

concentrations of all the cations and anions of the dissolved salts. As a simple, non-
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limiting example, in a liquid stream comprising dissolved NaCl and dissolved MgSO,,
the total dissolved salt concentration would refer to the sum of the concentrations of the
Na*, CI, Mg®*, and SO4” ions.

According to certain embodiments, the aqueous liquid stream can be heated
before it is transported to the humidifier. For example, referring to FIG. 1A, aqueous
inlet stream 118 may, in some embodiments, be heated before it is transported to
humidifier 301. According to certain embodiments, the amount of heat transferred to the
aqueous inlet stream during the heat step raises the temperature of the aqueous inlet
stream by at least about 1 °C, at least about 2 °C, at least about 3 °C, at least about 4 °C,
at least about 5 °C, at least about 10 °C, or at least about 25 °C, relative to the
temperature the aqueous inlet stream would be under identical operating conditions but
in the absence of the heating step. Heat may be added to the aqueous inlet stream using
any suitable heating device. For example, a standalone heater may be used to heat the
aqueous inlet stream before the aqueous inlet stream is transported to the humidifier. In
some embodiments, heat from another part of the system (e.g., a dehumidifier, when
present) can be used to heat the aqueous inlet stream before the aqueous inlet stream is
transported to the humidifier.

According to certain embodiments, the aqueous liquid stream can be contained
within a tank prior to being transported to the humidifier. For example, in FIG. 1B,
aqueous inlet liquid (e.g., from source stream 162) can be contained within feed tank 160
prior to being transported to humidifier 301.

In some embodiments, the aqueous feed stream can be mixed prior to being
transported to the humidifier. For example, in FIG. 1B, feed tank 160 includes optional
mixer 164. The mixer may be used, according to certain embodiments, to inhibit or
prevent the formation of quiescent zones within the aqueous feed liquid (e.g., within the
feed tank or at some other location) prior to the aqueous feed liquid being transported to
the humidifier. In some embodiments, feed tank 160 comprises one or more splash bars
and/or one of more baffles, which can be configured to inhibit or prevent the formation
of quiescent zones within the feed tank. Inhibiting or preventing the formation of
quiescent zones within the aqueous feed liquid can reduce or eliminate the amount of
precipitation of dissolved salt that occurs in the feed stream. The presence of the
mixer(s), the splash bar(s), and/or the baffle(s) can, in some cases, inhibit or prevent the

buildup of solids in the feed tank and/or the feed stream. In some embodiments, at least
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one of the mixers positioned within the feed tank is an eductor. Suitable eductors are
commercially available, for example, from Spraying Systems Co. (Wheaton, IL), such as
a Model Number 46550-3/4-PP.

As noted above, the humidifier may be configured to receive a gas from a source
via at least one gas inlet. In some cases, the gas comprises at least one non-condensable
gas. A non-condensable gas generally refers to a gas that cannot be condensed from gas
phase to liquid phase under the operating conditions of the humidifier. Examples of
suitable non-condensable gases include, but are not limited to, air, nitrogen, oxygen,
helium, argon, carbon monoxide, carbon dioxide, sulfur oxides (SOy) (e.g., SO,, SO3),
and/or nitrogen oxides (NOy) (e.g., NO, NO,). In some embodiments, in addition to the
at least one non-condensable gas, the gas further comprises one or more additional gases
(e.g., the gas may be a gas mixture).

The source gas may be stored, according to certain embodiments, in any suitable
type of gas storage container, which are generally known to those of ordinary skill in the
art. The source of gas may be, according to certain embodiments, the ambient
environment.

According to some embodiments, the concentrated stream that exits the
humidifier (e.g., stream 106 in FIG. 1A) has a relatively high concentration of one or
more dissolved salts. In certain embodiments, the concentration of one or more
dissolved salts in the concentrated stream is at least about 100 mg/L, at least about 200
mg/L, at least about 500 mg/L, at least about 1,000 mg/L, at least about 2,000 mg/L, at
least about 5,000 mg/L, at least about 10,000 mg/L, at least about 20,000 mg/L, at least
about 50,000 mg/L, at least about 75,000 mg/L, at least about 100,000 mg/L, at least
about 150,000 mg/L, at least about 200,000 mg/L, at least about 250,000 mg/L, at least
about 300,000 mg/L, at least about 350,000 mg/L, at least about 400,000 mg/L, at least
about 450,000 mg/L, or at least about 500,000 mg/L (and/or, in certain embodiments, up
to the solubility limit of the one or more dissolved salts in the concentrated stream). In
some embodiments, the concentration of one or more dissolved salts in the concentrated
stream is in the range of about 1,000 mg/L to about 10,000 mg/L, about 1,000 mg/L to
about 20,000 mg/L, about 1,000 mg/L to about 50,000 mg/L, about 1,000 mg/L to about
100,000 mg/L, about 1,000 mg/L to about 150,000 mg/L, about 1,000 mg/L to about
200,000 mg/L, about 1,000 mg/L to about 250,000 mg/L, about 1,000 mg/L to about
300,000 mg/L, about 1,000 mg/L to about 350,000 mg/L, about 1,000 mg/L to about
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400,000 mg/L, about 1,000 mg/L to about 450,000 mg/L, about 1,000 mg/L to about
500,000 mg/L, about 10,000 mg/L to about 20,000 mg/L, about 10,000 mg/L to about
50,000 mg/L, about 10,000 mg/L to about 100,000 mg/L, about 10,000 mg/L to about
150,000 mg/L, about 10,000 mg/L to about 200,000 mg/L, about 10,000 mg/L to about
250,000 mg/L, about 10,000 mg/L to about 300,000 mg/L, about 10,000 mg/L to about
350,000 mg/L, about 10,000 mg/L to about 400,000 mg/L, about 10,000 mg/L to about
450,000 mg/L, about 10,000 mg/L to about 500,000 mg/L, about 20,000 mg/L to about
50,000 mg/L, about 20,000 mg/L to about 100,000 mg/L, about 20,000 mg/L to about
150,000 mg/L, about 20,000 mg/L to about 200,000 mg/L, about 20,000 mg/L to about
250,000 mg/L, about 20,000 mg/L to about 300,000 mg/L, about 20,000 mg/L to about
350,000 mg/L, about 20,000 mg/L to about 400,000 mg/L, about 20,000 mg/L to about
450,000 mg/L, about 20,000 mg/L to about 500,000 mg/L, about 50,000 mg/L to about
100,000 mg/L, about 50,000 mg/L to about 150,000 mg/L, about 50,000 mg/L to about
200,000 mg/L, about 50,000 mg/L to about 250,000 mg/L, about 50,000 mg/L to about
300,000 mg/L, about 50,000 mg/L to about 350,000 mg/L, about 50,000 mg/L to about
400,000 mg/L, about 50,000 mg/L to about 450,000 mg/L, about 50,000 mg/L to about
500,000 mg/L, about 100,000 mg/L to about 150,000 mg/L, about 100,000 mg/L to
about 200,000 mg/L, about 100,000 mg/L to about 250,000 mg/L, about 100,000 mg/L
to about 300,000 mg/L, about 100,000 mg/L to about 350,000 mg/L, about 100,000
mg/L to about 400,000 mg/L, about 100,000 mg/L to about 450,000 mg/L, or about
100,000 mg/L to about 500,000 mg/L.

In some embodiments, the concentrated stream contains at least one dissolved
salt in an amount of at least about 1 wt%, at least about 5 wt%, at least about 10 wt%, at
least about 15 wt%, at least about 20 wt%, at least about 25 wt%, at least about 26 wt%,
at least about 27 wt%, at least about 28 wt%, at least about 29 wt%, or at least about 30
wt% (and/or, in certain embodiments, up to the solubility limit of the dissolved salt(s) in
the concentrated stream). In some embodiments, the concentrated stream comprises at
least one dissolved salt in an amount in the range of about 1 wt% to about 10 wt%, about
1 wt% to about 20 wt%, about 1 wt% to about 25 wt%, about 1 wt% to about 26 wt%,
about 1 wt% to about 27 wt%, about 1 wt% to about 28 wt%, about 1 wt% to about 29
wt%, about 1 wt% to about 30 wt%, about 10 wt% to about 20 wt%, about 10 wt% to
about 25 wt%, about 10 wt% to about 26 wt%, about 10 wt% to about 27 wt%, about 10
wt% to about 28 wt%, about 10 wt% to about 29 wt%, about 10 wt% to about 30 wt%,
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about 20 wt% to about 25 wt%, about 20 wt% to about 26 wt%, about 20 wt% to about
27 wt%, about 20 wt% to about 28 wt%, about 20 wt% to about 29 wt%, about 20 wt%
to about 30 wt%, about 25 wt% to about 26 wt%, about 25 wt% to about 27 wt%, about
25 wt% to about 28 wt%, about 25 wt% to about 29 wt%, or about 25 wt% to about 30

wit%.

In some embodiments, the concentration of one or more dissolved salts in the
concentrated stream is substantially greater than the concentration of the one or more
dissolved slats in the aqueous inlet stream received by the humidifier (e.g., stream 118 in
FIG. 1A). In some cases, the concentration of one or more dissolved salts in the
concentrated stream is at Ieast about 0.5%, about 1%, about 2%, about 5%, about 10%,
about 15%, or about 20% greater than the concentration of the one or more dissolved
salts in the aqueous inlet stream received by the humidifier.

According to some embodiments, the concentrated stream has a relatively high
total dissolved salt concentration (i.e., the total concentration of all dissolved salts
present in the concentrated stream). In certain cases, the concentrated stream has a total
dissolved salt concentration of at least about 1,000 mg/L, at least about 2,000 mg/L, at
least about 5,000 mg/L, at least about 10,000 mg/L, at least about 20,000 mg/L, at least
about 50,000 mg/L, at least about 75,000 mg/L, at least about 100,000 mg/L, at least
about 150,000 mg/L, at least about 200,000 mg/L, at least about 250,000 mg/L, at least
about 300,000 mg/L, at least about 350,000 mg/L, at least about 400,000 mg/L, at least
about 450,000 mg/L, at least about 500,000 mg/L, at least about 550,000 mg/L, or at
least about 600,000 mg/L (and/or, in certain embodiments, up to the solubility limit of
the dissolved salt(s) in the concentrated stream). In some embodiments, the total
dissolved salt concentration of the concentrated stream is in the range of about 10,000
mg/L to about 20,000 mg/L, about 10,000 mg/L to about 50,000 mg/L, about 10,000
mg/L to about 100,000 mg/L, about 10,000 mg/L to about 150,000 mg/L, about 10,000
mg/L to about 200,000 mg/L, about 10,000 mg/L to about 250,000 mg/L, about 10,000
mg/L to about 300,000 mg/L, about 10,000 mg/L to about 350,000 mg/L, about 10,000
mg/L to about 400,000 mg/L, about 10,000 mg/L to about 450,000 mg/L, about 10,000
mg/L to about 500,000 mg/L, about 10,000 mg/L to about 550,000 mg/L, about 10,000
mg/L to about 600,000 mg/L, about 20,000 mg/L to about 50,000 mg/L, about 20,000
mg/L to about 100,000 mg/L, about 20,000 mg/L to about 150,000 mg/L, about 20,000
mg/L to about 200,000 mg/L, about 20,000 mg/L to about 250,000 mg/L, about 20,000
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mg/L to about 300,000 mg/L, about 20,000 mg/L to about 350,000 mg/L, about 20,000
mg/L to about 400,000 mg/L, about 20,000 mg/L to about 450,000 mg/L, about 20,000
mg/L to about 500,000 mg/L, about 20,000 mg/L to about 550,000 mg/L, about 20,000
mg/L to about 600,000 mg/L, about 50,000 mg/L to about 100,000 mg/L, about 50,000
mg/L to about 150,000 mg/L, about 50,000 mg/L to about 200,000 mg/L, about 50,000
mg/L to about 250,000 mg/L, about 50,000 mg/L to about 300,000 mg/L, about 50,000
mg/L to about 350,000 mg/L, about 50,000 mg/L to about 400,000 mg/L, about 50,000
mg/L to about 450,000 mg/L, about 50,000 mg/L to about 500,000 mg/L, about 50,000
mg/L to about 550,000 mg/L, about 50,000 mg/L to about 600,000 mg/L, about 100,000
mg/L to about 200,000 mg/L, about 100,000 mg/L to about 250,000 mg/L, about
100,000 mg/L to about 300,000 mg/L, about 100,000 mg/L to about 350,000 mg/L,
about 100,000 mg/L to about 400,000 mg/L, about 100,000 mg/L to about 450,000
mg/L, about 100,000 mg/L to about 500,000 mg/L, about 100,000 mg/L to about
550,000 mg/L, or about 100,000 mg/L to about 600,000 mg/L.

In some embodiments, the concentrated stream has a total dissolved salt
concentration of at Ieast about 10 wt%, at least about 15 wt%, at least about 20 wt%, at
least about 25 wt%, at least about 26 wt%, at least about 27 wt%, at least about 28 wt%,
at least about 29 wt%, or at least about 30 wt% (and/or, in certain embodiments, up to
the solubility limit of the dissolved salt(s) in the concentrated stream). In some
embodiments, the concentrated stream has a total dissolved salt concentration in the
range of about 10 wt% to about 20 wt%, about 10 wt% to about 25 wt%, about 10 wt%
to about 26 wt%, about 10 wt% to about 27 wt%, about 10 wt% to about 28 wt%, about
10 wt% to about 29 wt%, about 10 wt% to about 30 wt%, about 20 wt% to about 25
wt%, about 20 wt% to about 26 wt%, about 20 wt% to about 27 wt%, about 20 wt% to
about 28 wt%, about 20 wt% to about 29 wt%, about 20 wt% to about 30 wt%, about 25
wit% to about 26 wt%, about 25 wt% to about 27 wt%, about 25 wt% to about 28 wt%,
about 25 wt% to about 29 wt%, or about 25 wt% to about 30 wt%.

In some embodiments, the concentrated stream has a substantially greater total
dissolved salt concentration than the aqueous inlet stream received by the humidifier. In
some cases, the total dissolved salt concentration of the concentrated stream is at Ieast
about 5%, at least about 6%, at least about 10%, at least about 14%, at least about 15%,
at least about 20%, or at least about 25% greater than the total dissolved salt

concentration of the aqueous inlet stream received by the humidifier.
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In some embodiments, the humidifier is configured such that the liquid inlet is
positioned at a first end (e.g., a top end) of the humidifier, and the gas inlet is positioned
at a second, opposite end (e.g., a bottom end) of the humidifier. Such a configuration
may facilitate the flow of a liquid stream in a first direction (e.g., downwards) through
the humidifier and the flow of a gas stream in a second, substantially opposite direction
(e.g., upwards) through the humidifier, which may advantageously result in high thermal
efficiency.

In certain embodiments, the system for treating the aqueous inlet stream
comprises a precipitator in fluidic communication (e.g., in direct fluid communication)
with the liquid outlet of the humidifier. The precipitator can precipitate at least a portion
of the dissolved salt from the concentrated stream. For example, referring to FIG. 1A,
system 100 can comprise precipitator 102, which can precipitate at least a portion of the
dissolved salt from concentrated stream 106. The precipitate may be in the form of, for
example, crystalline particles, partially crystalline particles, and/or amorphous particles.

Certain embodiments comprise precipitating, within the precipitator, at least a
portion of the dissolved salt from the concentrated stream to produce an aqueous product
stream containing less of the dissolved salt relative to the concentrated stream. For
example, referring to FIG. 1A, certain embodiments comprise precipitating, within
precipitator 102, at least a portion of the dissolved salt from concentrated stream 106 to
produce aqueous precipitator product stream 146, which contains less of the dissolved
salt than concentrated stream 106.

In some embodiments, the precipitator can also produce a solid precipitated salt-
containing product. For example, referring to FIG. 1A, in some embodiments,
precipitate-containing product stream 148 can be removed from precipitator 102. The
precipitate-containing product may be in the form of, for example, a suspension, a slurry,
a sludge, and/or a solid discharge. According to certain embodiments, at least about
80 wt%, at least about 90 wt%, at least about 95 wt%, at least about 98 wt%, at least
about 99 wt%, at least about 99.9 wt%, or all of the solid precipitate formed in and
transported out of the precipitator is contained in one or more precipitate-containing
product streams. According to certain embodiments, less than about 20 wt%, less than
about 10 wt%, less than about 5 wt%, less than about 2 wt%, less than about 1 wt%, or
less than about 0.1 wt%, or none of the solid precipitate formed in and transported out of

the precipitator is contained within the aqueous precipitator product stream (e.g., stream
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146 in FIG. 1A) that contains less of the dissolved salt relative to the concentrated stream
fed to the precipitator. In some embodiments, the aqueous precipitator product stream
(or streams) contains at least about 50 wt%, at least about 60 wt%, at least about 70 wt%,
at least about 80 wt%, at least about 90 wt%, at least about 95 wt%, at least about

98 wt%, at least about 99 wt%, at least about 99.9 wt%, or all of the water that is fed to
and subsequently transported out of the precipitator.

In some cases, the precipitator comprises a vessel, such as a settling tank. The
vessel may include an inlet through which at least a portion of the concentrated stream
(e.g., stream 106 in the case of FIG. 1A) produced by the humidifier is transported into
the precipitator. The precipitator vessel may also include at least one outlet. For
example the precipitator vessel may include an outlet through which the aqueous
precipitator product stream (e.g., stream 146 in FIG. 1A) — containing less of the
dissolved salt relative to the concentrated stream fed to the precipitator — is transported.
In some embodiments, the precipitator vessel includes an outlet through which solid,
precipitated salt is transported (e.g., via stream 148 in FIG. 1A). According to certain
embodiments, the precipitator comprises a conical sludge thickener.

In some embodiments, the precipitator comprises a low shear mixer. The low
shear mixer can be configured to keep the crystals that are formed mixed (e.g.,
homogeneously mixed) in the liquid contained within the precipitator. According to
certain embodiments, the precipitator vessel is sized such that there is sufficient
residence time for crystals to form and grow. In certain embodiments, the precipitator
comprises a vessel which provides at least 20 minutes of residence time for the
concentrated stream (e.g., stream 106 in FIG. 1A). As one non-limiting example, the
vessel comprises, according to certain embodiments, a 6000 gallon vessel, which can be
used to provide 24 minutes of residence in a 500 U.S. barrel per day fresh water
production system. Those of ordinary skill in the art are capable of determining the
residence time of a volume of fluid in a vessel. For a batch (i.e., non-flow) system, the
residence time corresponds to the amount of time the fluid spends in the vessel. For a
flow-based system, the residence time is determined by dividing the volume of the vessel
by the volumetric flow rate of the fluid through the vessel.

In some embodiments, the precipitator comprises at least one vessel comprising a
volume within which the concentrated stream is substantially quiescent. In some

embodiments, the flow velocity of the fluid within the substantially quiescent volume is
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less than the flow velocity at which precipitation (e.g., crystallization) is inhibited. For
example, the fluid within the substantially quiescent volume may have, in certain
embodiments, a flow velocity of zero. In some embodiments, the fluid within the
substantially quiescent volume may have a flow velocity that is sufficiently high to
suspend the formed solids (e.g., crystals), but not sufficiently high to prevent solid
formation (e.g., crystal nucleation). The substantially quiescent volume within the vessel
may occupy, in some embodiments, at least about 1 %, at least about 5%, at least about
10%, or at least about 25% of the volume of the vessel. As one particular example, the
precipitator can comprise a vessel including a stagnation zone. The stagnation zone may
be positioned, for example, at the bottom of the precipitation vessel. In certain
embodiments, the precipitator can include a second vessel in which the solids
precipitated in the first vessel are allowed to settle. For example, an aqueous stream
containing the precipitated solids can be transported to a settling tank, where the solids
can be allowed to settle. The remaining contents of the aqueous stream can be
transported out of the settling tank. While the use of two vessels within the precipitator
has been described, it should be understood that, in other embodiments, a single vessel,
or more than two vessels may be employed.

In certain embodiments, the system (e.g., system 100 in FIG. 1A) can be operated
such that a large majority of the precipitation of the salt occurs within the precipitator
(e.g., within a stagnation zone of the precipitator). For example, in some embodiments,
at least about 80 wt%, at least about 85 wt%, at least about 90 wt%, at least about
95 wt%, at least about 98 wt%, at least about 99 wt%, at least about 99.9 wt%, or at least
about 99.99 wt% of the solid precipitate that is formed in the system is formed in the
precipitator. In certain embodiments, substantially more precipitate is formed in the
precipitator than is formed in the humidifier. For example, in some embodiments, the
amount of solid precipitate formed in the precipitator makes up at least about 80 wt%, at
lIeast about 85 wt%, at least about 90 wt%, at least about 95 wt%, at least about 98 wt%,
at least about 99 wt%, at least about 99.9 wt%, or at least about 99.99 wt% of the
combined amount of solid precipitate that is formed in the humidifier and the
precipitator. As a non-limiting illustrative example, in some embodiments, 99 kilograms
of solid precipitate may be formed in the precipitator and 1 kilogram of solid precipitate

may be formed in the humidifier, in which case, the amount of solid precipitate formed
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in the precipitator would make up 99 wt% of the combined amount of solid precipitate
that is formed in the humidifier and the precipitator.

According to certain embodiments, a relatively large amount of precipitate is
formed in the stagnation zone of the precipitator. In certain embodiments, at least about
80 wt%, at least about 85 wt%, at least about 90 wt%, at least about 95 wt%, at least
about 98 wt%, at least about 99 wt%, at least about 99.9 wt%, or at least about
99.99 wt% of the solid precipitate that is formed in the system is formed in the stagnation
zone of the precipitator. In some embodiments, the amount of solid precipitate formed in
the stagnation zone of the precipitator makes up at least about 80 wt%, at least about
85 wt%, at least about 90 wt%, at least about 95 wt%, at least about 98 wt%, at least
about 99 wt%, at least about 99.9 wt%, or at least about 99.99 wt% of the combined
amount of solid precipitate that is formed in the humidifier and the precipitator. In some
embodiments, the amount of solid precipitate formed in the stagnation zone of the
precipitator makes up at least about 80 wt%, at least about 85 wt%, at least about
90 wt%, at least about 95 wt%, at least about 98 wt%, at least about 99 wt%, at least
about 99.9 wt%, or at least about 99.99 wt% of the amount of solid precipitate that is
formed in the precipitator.

According to certain embodiments, at least a portion (e.g., at least about 50 wt%,
at least about 75 wt%, at least about 90 wt%, at least about 95 wt%, at least about
98 wt%, at least about 99 wt%, at least about 99.9 wt%, or all) of the aqueous
precipitator product that contains less of the dissolved salt relative to the concentrated
stream fed to the precipitator is recycled back to the humidifier. For example, as shown
in FIG. 1A, aqueous precipitator product stream 146 is recycled back to humidifier 301
via optional recycle stream 150. While recycle stream 150 is shown as being merged
with aqueous inlet stream 118 in FIG. 1A, it should be understood that at least a portion
of the recycle stream from the precipitator to the humidifier could, in some cases, first be
transported to the source of the aqueous inlet stream (e.g., source 116 in FIG. 1A) and/or
could be fed directly into the humidifier (e.g., co-fed with stream 118 in FIG. 1A).

According to certain embodiments, the system further comprises an optional
dewatering system. The dewatering system can, according to some embodiments,
remove water from at least a portion of the precipitated salt produced by the precipitator.
For example, referring to FIG. 1B, system 100 is illustrated as including optional

dewatering system 152. Dewatering system 152 can, in some embodiments, remove at
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least a portion of the water retained by the precipitated salt after the precipitated salt exits
the precipitator. In some embodiments, the dewatering system is configured to produce a
cake comprising at least a portion of the precipitated salt from the precipitator. For
example, referring to FIG. 1B, removing water within dewatering system 152 from at
least a portion of precipitated salt containing stream 148 produced by precipitator 102
results in the production of a cake comprising at least a portion of the precipitated salt.
The cake can be removed from dewatering system 152, for example, via pathway 154
illustrated in FIG. 1B. As one non-limiting example, the dewatering system can
comprise a filter (e.g., a vacuum drum filter or a filter press) configured to at least
partially separate the precipitated salt from the remainder of the feed (e.g., suspension,
slurry, etc.) containing the precipitated salt. In some such embodiments, at least a
portion of the liquid within the precipitate-containing feed can be transported through the
filter, leaving behind solid precipitated salt. As one non-limiting example, a Larox FP
2016-8000 64/64 M40 PP/PP Filter (Outotec, Inc.) may be used as the filter. The filter
may comprise, in certain embodiments, a conveyor filter belt which filters the salt from a
suspension containing the salt.

According to certain embodiments, the dewatering system is configured to
produce an aqueous dewatering system product stream. The aqueous dewatering system
product stream can, in some embodiments, contain less of the precipitated salt than the
stream transporting precipitated salt from the precipitator to the dewatering system. For
example, referring to FIG. 1B, in some embodiments, removing water within dewatering
system 152 results in the production of aqueous dewatering system product stream 156.
Aqueous dewatering system product stream 156 can contain less of the precipitated salt
than stream 148 used to transport precipitated salt from precipitator 102 to dewatering
system 152.

According to certain embodiments, at least a portion (e.g., at least about 50 wt%,
at least about 75 wt%, at least about 90 wt%, at least about 95 wt%, at least about
98 wt%, at least about 99 wt%, at least about 99.9 wt%, or all) of the aqueous dewatering
system product stream is recycled back to the humidifier. For example, as shown in
FIG. 1B, aqueous dewatering system product stream 156 is recycled back to humidifier
301 via optional recycle stream 158 (and, subsequently, via recycle stream 150 and
aqueous inlet stream 118). While recycle stream 158 is shown as being merged with

recycle stream 150 in FIG. 1A, it should be understood that at least a portion of recycle
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stream 158 from the dewatering system could, in some cases, first be transported to
aqueous inlet stream 118, the source of the aqueous inlet stream, and/or could be fed
directly into the humidifier (e.g., co-fed with stream 118 in FIG. 1A, co-fed with streams
118 and/or stream 150 in FIG. 1B).

According to certain embodiments, the system for treating the aqueous liquid
stream does not include a conduit that fluidically connects the gas outlet of the
humidifier to a dehumidifier. In fact, in certain cases, the system for treating the aqueous
liquid does not include any dehumidifier in fluidic communication with the humidifier.
For example, as shown in FIG. 1A, there is no conduit fluidically connecting gas outlet
stream 122 (or any other gas outlet stream) of humidifier 301 to a dehumidifier. In fact,
in FIG. 1A, system 100 does not include any dehumidifier in fluidic communication with
humidifier 301. Similarly, as shown in FIG. 1B, there is no conduit fluidically
connecting gas outlet stream 122 (or any other gas outlet stream) of humidifier 301 to a
dehumidifier and, in fact, in FIG. 1B, system 100 does not include any dehumidifier in
fluidic communication with humidifier 301. In some embodiments, the vessel of the
humidifier is not integrated with a dehumidifier (e.g., within a single vessel including
both the humidifier and the dehumidifier). While systems that do not include a
dehumidifier are generally shown and described, it should be understood that, in other
embodiments, the humidifier gas stream (e.g., stream 122 in FIG. 1B) could be
transported to a dehumidifier to produce, for example, a stream containing relatively pure
water (e.g.., containing water in an amount of at least about 95 wt%, at least about
98 wt%, at least about 99 wt%, at least about 99.9 wt%, at least about 99.99 wt%, or
more). Examples of such dehumidifiers are described, for example, in U.S. Patent
Application No. 14/485,606, filed on September 12, 2014, published as U.S. Patent
Publication No. 2015/0129410 on May 14, 2015, entitled “Systems Including a
Condensing Apparatus Such as a Bubble Column Condenser”; International Patent
Application No. PCT/US2014/055525, filed on September 12, 2014, published as
International Patent Publication No. WO 2015/038983 on March 19, 2015, and entitled
“Systems Including a Condensing Apparatus Such as a Bubble Column Condenser™;
U.S. Patent Application No. 14/452,387, filed on August 5, 2014, published as U.S.
Patent Publication No. 2015/0060286 on March 5, 2015, entitled “Water Treatment
Systems and Associated Methods”; International Patent Application No.
PCT/US2014/049812, filed on August 5, 2014, published as International Patent
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Publication No. WO 2015/021062 on February 12, 2015, and entitled “Water Treatment
Systems and Associated Methods”; U.S. Patent Application No. 14/494,101, filed on
September 23, 2014, published as U.S. Patent Publication No. 2015/0083577 on March
26, 2015, entitled “Desalination Systems and Associated Methods”; and International
Patent Application No. PCT/US2014/056997, filed on September 23, 2014, published as
International Patent Publication No. WO 2015/042584 on March 26, 2015, and entitled
“Desalination Systems and Associated Methods”; each of which is incorporated herein
by reference in its entirety for all purposes.

According to some embodiments, the system (e.g., system 100 in FIGS. 1A-1B)
and/or a component thereof (e.g., the humidifier) is substantially continuously operated
and/or configured to facilitate substantially continuous operation. As used herein, a
continuously-operated system (or component thereof) refers to a system in which a liquid
feed stream is fed to the system at the same time that a product (e.g., in the form of a
stream or a solid product) is produced by the system. In some cases, one or more liquid
streams may be in substantially continuous motion. For example, a liquid feed stream
(e.g., a salt-containing aqueous stream) may be fed to the humidifier of the system,
substantially continuously flowed through one or more stages of the humidifier, and
result in a concentrated stream subsequently being discharged from the humidifier. In
some cases, a continuously-operated system may be associated with certain advantages,
including, but not limited to, increased uptime and/or enhanced energy performance.

In some embodiments, the system (e.g., system 100 in FIGS. 1A-1B) and/or a
component thereof is substantially transiently operated and/or configured to facilitate
substantially transient operation (e.g., batch processing). As used herein, a transiently-
operated system refers to a system in which an amount of liquid (e.g., salt-containing
water) is introduced into the system and remains in the system until a certain condition
(e.g., a certain salinity, a certain density) is reached. Upon satisfaction of the condition,
the liquid is discharged from the system. In certain cases, transient operation may allow
cleaning operations to be interspersed with production operations. For example,
transient operation may be advantageous for certain systems comprising filter presses,
bioreactors, and/or other systems that may require periodic cleaning. In some cases,
transient operation may advantageously facilitate processing of highly viscous liquids

(e.g., sugar-containing feedstock) that may be difficult to pump.
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Various of the components described herein can be in “direct fluidic
communication” with another component or components. As used herein, direct fluidic
communication exists between a first component and a second component (and the two
components are said to be in “direct fluidic communication” with each other) when they
are in fluidic communication with each other and the composition of the fluid does not
substantially change (i.e., no fluid component changes in relative abundance by more
than 5% and no phase change occurs) as it is transported from the first component to the
second component. As an illustrative example, a stream that connects first and second
system components, and in which the pressure and temperature of the fluid is adjusted
but the composition of the fluid is not altered, would be said to establish direct fluidic
communication between the first and second components. If, on the other hand, a
separation step is performed and/or a chemical reaction is performed that substantially
alters the composition of the stream contents during passage from the first component to
the second component, the stream would not be said to establish direct fluidic
communication between the first and second components.

U.S. Provisional Application No. 62/281,828, filed January 22, 2016, and entitled
“Formation of Solid Salts Using High Gas Flow Velocities in Humidifiers, Such as
Multi-Stage Bubble Column Humidifiers,” is incorporated herein by reference in its
entirety for all purposes.

While several embodiments of the present invention have been described and
illustrated herein, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the functions and/or obtaining the results and/or
one or more of the advantages described herein, and each of such variations and/or
modifications is deemed to be within the scope of the present invention. More generally,
those skilled in the art will readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exemplary and that the actual
parameters, dimensions, materials, and/or configurations will depend upon the specific
application or applications for which the teachings of the present invention is/are used.
Those skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific embodiments of the invention
described herein. It is, therefore, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and

equivalents thereto, the invention may be practiced otherwise than as specifically
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described and claimed. The present invention is directed to each individual feature,
system, article, material, and/or method described herein. In addition, any combination
of two or more such features, systems, articles, materials, and/or methods, if such
features, systems, articles, materials, and/or methods are not mutually inconsistent, is
included within the scope of the present invention.

The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least
one.”

The phrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both” of the elements so conjoined, i.e., elements that
are conjunctively present in some cases and disjunctively present in other cases. Other
elements may optionally be present other than the elements specifically identified by the
“and/or” clause, whether related or unrelated to those elements specifically identified
unless clearly indicated to the contrary. Thus, as a non-limiting example, a reference to
“A and/or B,” when used in conjunction with open-ended language such as “comprising”
can refer, in one embodiment, to A without B (optionally including elements other than
B); in another embodiment, to B without A (optionally including elements other than A);
in yet another embodiment, to both A and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood
to have the same meaning as “and/or” as defined above. For example, when separating
items in a list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion
of at least one, but also including more than one, of a number or list of elements, and,
optionally, additional unlisted items. Only terms clearly indicated to the contrary, such
as “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will
refer to the inclusion of exactly one element of a number or list of elements. In general,
the term “or” as used herein shall only be interpreted as indicating exclusive alternatives
(i.e. “one or the other but not both™) when preceded by terms of exclusivity, such as

EEINT3

“either,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially of,” when
used in the claims, shall have its ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one
element selected from any one or more of the elements in the list of elements, but not

necessarily including at least one of each and every element specifically listed within the
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list of elements and not excluding any combinations of elements in the list of elements.
This definition also allows that elements may optionally be present other than the
elements specifically identified within the list of elements to which the phrase “at least
one” refers, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, “at least one of A and B” (or, equivalently, “at least one of A
or B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at
least one, optionally including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, to at least one, optionally
including more than one, B, with no A present (and optionally including elements other
than A); in yet another embodiment, to at least one, optionally including more than one,
A, and at least one, optionally including more than one, B (and optionally including other
elements); etc.

In the claims, as well as in the specification above, all transitional phrases such as

9 el

“comprising,” “including,

b INTS EEINT3 99 <l

carrying,” “having,” “containing,” “involving,” “holding,”
and the like are to be understood to be open-ended, i.e., to mean including but not limited
to. Only the transitional phrases “consisting of”” and “consisting essentially of”” shall be
closed or semi-closed transitional phrases, respectively, as set forth in the United States

Patent Office Manual of Patent Examining Procedures, Section 2111.03.
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CLAIMS
What is claimed is:
1. A system for treating an aqueous inlet stream containing dissolved salt,

comprising:
a humidifier configured to produce a concentrated stream enriched in the
dissolved salt relative to the aqueous inlet stream, the humidifier comprising:

a gas inlet in fluidic communication with a source of a gas;

a gas outlet;

a liquid inlet in fluidic communication with a source of the aqueous inlet
stream;

a liquid outlet discharging the concentrated stream;

a first stage comprising a first liquid layer comprising water from the
aqueous inlet stream in liquid phase, a first vapor distribution region in fluidic
communication with the first liquid layer, and a first bubble generator in fluidic
communication with the gas inlet; and

a second stage comprising a second liquid layer comprising water from
the aqueous inlet stream in liquid phase, a second vapor distribution region in
fluidic communication with the second liquid layer, and a second bubble
generator in fluidic communication with the first vapor distribution region; and
a precipitator in fluidic communication with the liquid outlet of the humidifier

that precipitates at least a portion of the dissolved salt from the concentrated stream.

2. The system of claim 1, wherein the gas in the humidifier comprises a non-

condensable gas.

3. The system of claim 2, wherein the non-condensable gas comprises air.

4. The system of any one of claims 1-3, wherein the aqueous inlet stream comprises

seawater, brackish water, flowback water, water produced from an oil or gas extraction

process, and/or wastewater.
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5. The system of any one of claims 1-4, wherein, during operation, the pressure in

the humidifier is maintained at approximately ambient atmospheric pressure.

6. The system of any one of claims 1-4, wherein, during operation, the pressure in

the humidifier is maintained at about 90 kPa or less.

7. The system of any one of claims 1-6, wherein the humidifier comprises a third
stage comprising a third liquid layer comprising water from the aqueous inlet stream in
liquid phase, a third vapor distribution region in fluidic communication with the third
liquid layer, and a third bubble generator in fluidic communication with the second vapor

distribution region.

8. The system of any one of claims 1-7, wherein the first bubble generator and/or

the second bubble generator comprises a sparger plate comprising a plurality of holes.

9. The system of claim 8, wherein at least a portion of the plurality of holes have a

maximum cross-sectional dimension in the range of about 0.1 mm to about 50 mm.

10. The system of any one of claims 1-9, wherein the system further comprises a
dewatering system configured to remove water from at least a portion of the precipitated

salt produced by the precipitator.

11. The system of claim 10, wherein the dewatering system is configured to produce

a cake comprising at least a portion of the precipitated salt.

12. The system of any one of claims 10-11, wherein the dewatering system is
configured to produce an aqueous dewatering system product stream containing less of
the precipitated salt than a stream transporting precipitated salt from the precipitator to

the dewatering system.

13. The system of claim 12, wherein at least a portion of the aqueous dewatering

system product stream is recycled back to the humidifier.



10

15

20

25

30

WO 2017/127607 PCT/US2017/014228

—59
14. The system of any one of claims 10-13, wherein the dewatering system comprises
a filter press.
15. The system of any one of claims 1-14, wherein a conduit does not fluidically

connect the gas outlet of the humidifier to a dehumidifier.

16. The system of any one of claims 1-15, wherein the humidifier is not fluidically

connected to a dehumidifier.

17. A method of treating an aqueous inlet stream containing dissolved salt,
comprising:

transporting the aqueous inlet stream and a gas stream through a humidifier such
that water is removed from the aqueous inlet stream to produce a concentrated stream
enriched in the dissolved salt relative to the aqueous inlet stream; and

precipitating, within a precipitator, at least a portion of the dissolved salt from the
concentrated stream to produce a product stream containing less of the dissolved salt
relative to the concentrated stream,

wherein, during operation, the superficial flow velocity of the gas stream through

the humidifier is at least about 50 cm/second.

18. The method of claim 17, wherein the gas in the humidifier comprises a non-

condensable gas.

19. The method of claim 18, wherein the non-condensable gas comprises air.

20. The method of any one of claims 17-19, wherein the aqueous inlet stream
comprises seawater, brackish water, flowback water, water produced from an oil or gas

extraction process, and/or wastewater.

21. The method of any one of claims 17-20, wherein, during operation, the pressure

in the humidifier is maintained at approximately ambient atmospheric pressure.
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The method of any one of claims 17-20, wherein, during operation, the pressure

in the humidifier is maintained at about 90 kPa or less.

23.

24.

The method of any one of claims 17-22, wherein the humidifier comprises:

a gas inlet in fluidic communication with a source of a gas;

a gas outlet;

a liquid inlet in fluidic communication with a source of the aqueous inlet stream;
a liquid outlet discharging the concentrated stream;

a first stage comprising a first liquid layer comprising water from the
aqueous inlet stream in liquid phase, a first vapor distribution region in fluidic
communication with the first liquid layer, and a first bubble generator in fluidic
communication with the gas inlet; and

a second stage comprising a second liquid layer comprising water from
the aqueous inlet stream in liquid phase, a second vapor distribution region in
fluidic communication with the second liquid layer, and a second bubble

generator in fluidic communication with the first vapor distribution region.

The method of claim 23, wherein the humidifier comprises a third stage

comprising a third liquid layer comprising water from the aqueous inlet stream in liquid

phase, a third vapor distribution region in fluidic communication with the third liquid

layer, and a third bubble generator in fluidic communication with the second vapor

distribution region.

25.

The method of any one of claims 23-24, wherein the first and/or second bubble

generator comprises a sparger plate comprising a plurality of holes.

26.

The method of claim 25, wherein at least a portion of the plurality of holes have a

maximum cross-sectional dimension in the range of about 0.1 mm to about 50 mm.

27.

The method of any one of claims 17-26, comprising removing water, within a

dewatering system, from at least a portion of the precipitated salt produced by the

precipitator.
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28. The method of claim 27, wherein removing water, within the dewatering system,
from at least a portion of the precipitated salt produced by the precipitator comprises

producing a cake comprising at least a portion of the precipitated salt.

29. The method of any one of claims 27-28, wherein removing water, within the
dewatering system, from at least a portion of the precipitated salt produced by the
precipitator comprises producing an aqueous product stream containing less of the
precipitated salt than a stream transporting precipitated salt from the precipitator to the

dewatering system.

30. The method of claim 29, comprising recycling at least a portion of the aqueous

dewatering system product stream back to the humidifier.

31. The method of any one of claims 17-30, wherein a conduit does not fluidically

connect a gas outlet stream of the humidifier to a dehumidifier.

32. The method of any one of claims 17-31, wherein the humidifier is not fluidically

connected to a dehumidifier.
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