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CONTINUOUS FLOW MIXER

RELATED APPLICATION
This application claims the benefit of the earlier filing date of U.S. Provisional Patent Application
Serial No. 63/081,513 filed September 22, 2020 and titled “Continuous Flow Mixer,” the entirety of
which is incorporated herein by reference.
FIELD OF THE INVENTION
The invention relates generally to chromatography. More particularly, the invention relates to a
continuous flow mixer for use in chromatography systems.
BACKGROUND
Chromatography is a set of techniques for separating a mixture into its constituents. Well-established
separation technologies for fluid chromatography systems include HPLC (High Performance Liquid
Chromatography), UPLC (Ultra Performance Liquid Chromatography) and SFC (Supercritical Fluid
Chromatography). HPLC systems use high pressure, ranging traditionally between 1,000 psi (pounds
per square inch) to approximately 6,000 psi, to generate the flow required for liquid chromatography
(LC) in packed columns. Compared to HPLC, UPLC systems use columns with smaller particulate
matter and higher pressures approaching 20,000 psi to deliver the mobile phase. SFC systems use
highly compressible mobile phases, which typically employ carbon dioxide (CO3) as a principle
component.
In many of these fluid chromatography applications, it is desirable to mix fluids that are flowing
continuously. For example, in liquid chromatography, a pump is used to deliver precise
compositions of solvents to a chromatographic column for the purpose of separating liquid mixtures.
The flow composition delivered by the pump can vary in time, and it is desirable to blend or mix the
stream as it flows for the purpose of smoothing out compositional discontinuities that can cause
interference with sample detection. In most cases, liquid chromatography systems operate in a
laminar flow regime, where turbulence is not available to aid in mixing, and mixers require creative
designs to promote controlled dispersion. Various mixers exist which seek to achieve a desirable
mixing of fluids in liquid chromatography systems. For example, large volume mixers exist that mix
effectively, but do so with an increase in volume which must be flown-through by a fluid or solvent,
thereby drastically increasing testing time and diminishing throughput. Packed-bead LC mixers are
one example, they are inefficient relative to their delay volume, are difficult to manufacture, and are
prone to contamination and clogging.
Testing has shown that one of the dominant sources of compositional noise is due to the pump stroke
in a fluid chromatography application. Since pumps tend to be piston or syringe-style positive
displacement pumps, pumps deliver flow to the system in discrete strokes. Within a given stroke, the
volume of solvent can be fairly well-mixed, but there tends to be a discontinuity in composition
between strokes, and under certain chromatographic conditions this results in noise introduced at the

stroke frequency of the pump, which can decrease the precision of sample quantification and render
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some samples undetectable.

Thus, a mixer that eliminates or reduces the above-described deficiencies would be well received in
the art.

SUMMARY

In one exemplary embodiment, a fluid chromatography system includes at least one solvent reservoir,
at least one pump connected to the at least one solvent reservoir configured to pump a flow of solvent
from the at least one solvent reservoir downstream, and a continuous flow mixer downstream from
the at least one pump. The mixer includes a mixer inlet configured to receive an inlet flow of fluid, a
mixer outlet configured to provide an outlet flow of the fluid, and a first channel structure located
between the mixer inlet and the mixer outlet. The first channel structure includes a first inlet branch,
a second inlet branch, a plurality of outlet branches including at least a first outlet branch and a
second outlet branch, a first plurality of branches splitting from the first inlet branch, each branch of
the first plurality of branches connected to a different of the plurality of outlet branches, and a second
plurality of branches splitting from the second inlet branch, each branch of the second plurality of
branches connected to a different of the plurality of outlet branches. At least two branches of the first
and second plurality of branches that are connected to the first outlet branch are offset in fluid
residence time through the at least two branches.

Additionally or alternatively, the first channel structure is axially or radially symmetric.

Additionally or alternatively, the first plurality of branches includes a first branch and a second
branch, and the second plurality of branches includes a third branch and a fourth branch, and the first
branch and the fourth branch are each connected to the first outlet branch, and the second branch and
the third branch are each connected to the second outlet branch.

Additionally or alternatively, the first branch includes a greater volume region and a flow restrictor
region and the second branch includes a flow restrictor region such that flow rate is the same through
each of the first branch and the second branch, and the third branch includes a greater volume region
and a flow restrictor region and the fourth branch includes a flow restrictor region such that flow rate
1s the same through each of the third branch and the fourth branch, and flow time is delayed through
the first branch relative to the fourth branch and wherein the flow time is delayed through the second
branch relative to the third branch.

Additionally or alternatively, the continuous flow mixer further includes a flow dispersion channel
structure located downstream from at least one of the first outlet branch and the second outlet branch.
Additionally or alternatively, the continuous flow mixer further includes a second channel structure
located between the mixer inlet and the mixer outlet, wherein the first channel structure comprises a
first stage and wherein the second channel structure comprises a second stage. The second channel
structure includes a first inlet branch; a second inlet branch; a plurality of outlet branches including at
least a first outlet branch and a second outlet branch, a first plurality of branches splitting from the

first inlet branch, each branch of the first plurality of branches connected to a different of the
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plurality of outlet branches, and a second plurality of branches splitting from the second inlet branch,
each branch of the second plurality of branches connected to a different of the plurality of outlet
branches. At least two branches of the first and second plurality of branches that are connected to the
first outlet branch are offset in fluid residence time through the at least two branches.

Additionally or alternatively, the first plurality of branches of the second channel structure includes a
first branch and a second branch, and wherein the second plurality of branches of the second channel
structure includes a third branch and a fourth branch, and wherein the first branch and the fourth
branch of the second channel structure are each connected to the first outlet branch of the second
channel structure, and wherein the second branch and the third branch of the second channel
structure are each connected to the second outlet branch of the second channel structure.
Additionally or alternatively, the first branch of the second channel structure includes a greater
volume region and a flow restrictor region and the second branch of the second channel structure
includes a flow restrictor region such that flow rate is the same through each of the first branch and
the second branch of the second channel structure, and the third branch of the second channel
structure includes a greater volume region and a flow restrictor region and the fourth branch of the
second channel structure includes a flow restrictor region such that flow rate is the same through
each of the third branch and the fourth branch of the second channel structure. Flow time is delayed
through the first branch of the second channel structure relative to the fourth branch and wherein the
flow time is delayed through the second branch of the second channel structure relative to the third
branch.

Additionally or alternatively, the greater volume region of the first and third branches of the second
channel structure of the second stage has a different volume than the greater volume region of the
first and third branches of the first channel structure.

According to another embodiment, a continuous flow mixer for use in a chromatography system
includes a mixer inlet configured to receive an inlet flow of fluid, a mixer outlet configured to
provide an outlet flow of the fluid, and a first channel structure located between the mixer inlet and
the mixer outlet. The first channel structure includes a first inlet branch, a second inlet branch, a
plurality of outlet branches including at least a first outlet branch and a second outlet branch, a first
plurality of branches splitting from the first inlet branch, each branch of the first plurality of branches
connected to a different of the plurality of outlet branches, and a second plurality of branches
splitting from the second inlet branch, each branch of the second plurality of branches connected to a
different of the plurality of outlet branches. At least two branches of the first and second plurality of
branches that are connected to the first outlet branch are offset in fluid residence time through the at
least two branches.

Additionally or alternatively, the first channel structure is axially or radially symmetric.

Additionally or alternatively, the first plurality of branches includes a first branch and a second

branch, and the second plurality of branches includes a third branch and a fourth branch, the first
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branch and the fourth branch are each connected to the first outlet branch, and the second branch and
the third branch are each connected to the second outlet branch.

Additionally or alternatively, the first branch includes a greater volume region and a flow restrictor
region and the second branch includes a flow restrictor region such that flow rate is the same through
each of the first branch and the second branch, and the third branch includes a greater volume region
and a flow restrictor region and the fourth branch includes a flow restrictor region such that flow rate
1s the same through each of the third branch and the fourth branch. Flow time is delayed through the
first branch relative to the fourth branch and wherein the flow time is delayed through the second
branch relative to the third branch.

Additionally or alternatively, the mixer includes a flow dispersion channel structure located
downstream from at least one of the first outlet branch and the second outlet branch.

Additionally or alternatively, the mixer includes a second channel structure located between the
mixer inlet and the mixer outlet, wherein the first channel structure comprises a first stage and
wherein the second channel structure comprises a second stage. The second channel structure
includes a first inlet branch, a second inlet branch, a plurality of outlet branches including at least a
first outlet branch and a second outlet branch, a first plurality of branches splitting from the first inlet
branch, each branch of the first plurality of branches connected to a different of the plurality of outlet
branches, and a second plurality of branches splitting from the second inlet branch, each branch of
the second plurality of branches connected to a different of the plurality of outlet branches. At least
two branches of the first and second plurality of branches that are connected to the first outlet branch
are offset in fluid residence time through the at least two branches.

Additionally or alternatively, the first plurality of branches of the second channel structure includes a
first branch and a second branch, and the second plurality of branches of the second channel structure
includes a third branch and a fourth branch, and the first branch and the fourth branch of the second
channel structure are each connected to the first outlet branch of the second channel structure, and the
second branch and the third branch of the second channel structure are each connected to the second
outlet branch of the second channel structure.

Additionally or alternatively, the first branch of the second channel structure includes a greater
volume region and a flow restrictor region and the second branch of the second channel structure
includes a flow restrictor region such that flow rate is the same through each of the first branch and
the second branch of the second channel structure, and the third branch of the second channel
structure includes a greater volume region and a flow restrictor region and the fourth branch of the
second channel structure includes a flow restrictor region such that flow rate is the same through
each of the third branch and the fourth branch of the second channel structure. Flow time is delayed
through the first branch of the second channel structure relative to the fourth branch and wherein the
flow time is delayed through the second branch of the second channel structure relative to the third

branch.



10

15

20

25

30

35

WO 2022/066752 PCT/US2021/051533

Additionally or alternatively, the greater volume region of the first and third branches of the second
channel structure of the second stage has a different volume than the greater volume region of the
first and third branches of the first channel structure.

According to another embodiment, a method of mixing fluid in a fluid chromatography system
includes providing a fluid, by at least one fluidic pump, to a mixer, receiving the fluid by a mixer
inlet of the mixer. The method further includes distributing the received fluid through a channel
structure located downstream from the inlet, the channel structure including a first stage that includes
a plurality of channel structure inlet branches and a plurality of outlet branches, and a plurality of
branches located between the plurality of inlet branches and the plurality of outlet branches such that
any given portion of the received fluid flows through only one of the plurality of inlet branches and
only one of the plurality of channel structure. At least two branches of the plurality of branches that
are connected to the first outlet branch are offset in residence time. The method includes providing
an outlet flow of the fluid from the continuous flow mixer.

Additionally or alternatively, the method includes delaying a portion of the received fluid by at least
one of the plurality of branches relative to at least one other of the plurality of branches.

In another exemplary embodiment, a continuous flow mixer for use in a chromatography system
comprises: an inlet configured to receive an inlet flow of fluid; an outlet configured to provide an
outlet flow of fluid; and a radially or axially symmetric channel structure located between the inlet
and the outlet, the radially or axially symmetric channel structure configured to split the inlet flow of
fluid into a first plurality of radially symmetric branches.

Additionally or alternatively, the end of each of the first plurality of radially symmetric branches,
fluid flow is split tangentially in two directions.

Additionally or alternatively, the inlet is a central inlet located at a central axis of the continuous flow
mixer, and wherein each of the radially symmetric branches extends radially outwardly from the
inlet, and further wherein a first concentric fluid channel connects each of the radially symmetric
branches.

Additionally or alternatively, each of the first plurality of radially symmetric branches and the first
concentric fluid channel comprises a first concentric stage and wherein the radially or axially
symmetric channel structure further includes a second concentric stage extending in a radial direction
from the first concentric stage, wherein the second concentric stage includes a second concentric
fluid channel and a second plurality of radially symmetric branches.

Additionally or alternatively, each of the first plurality of radially symmetric branches and the first
concentric fluid channel comprises a first concentric stage and wherein the radially or axially
symmetric channel structure further includes a second concentric stage spaced apart in an axial
direction from the first concentric stage, wherein the second concentric stage includes a second
concentric fluid channel and a second plurality of radially symmetric branches.

Additionally or alternatively, at least a portion of the flow through each of the first plurality of
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radially symmetric branches is recombined with flow through other of the radially symmetric
branches within the first concentric fluid channel.

Additionally or alternatively, the radially or axially symmetric channel structure includes a second
plurality of radially symmetric branches extending from the first concentric fluid channel, and
wherein the second plurality of radially symmetric branches are not centered with the first plurality
of radially symmetric branches.

Additionally or alternatively, the first concentric fluid channel includes a volume offset region for
each of the first plurality of radially symmetric branches.

Additionally or alternatively, the volume offset region is located at the outlet of each of the first
plurality of radially symmetric branches and extends in one of the two directions.

In another exemplary embodiment, a fluid chromatography system comprises: at least one solvent
reservoir; at least one pump connected to the at least one solvent reservoir configured to pump a flow
of solvent from the at least one solvent reservoir downstream; and a continuous flow mixer
downstream from the at least one pump, the mixer including: an inlet configured to receive an inlet
flow of fluid; an outlet configured to provide an outlet flow of fluid; and a radially or axially
symmetric channel structure located between the inlet and the outlet, the radially or axially
symmetric channel structure configured to split the inlet flow of fluid into a plurality of radially
symmetric branches.

Additionally or alternatively, at the end of each of the first plurality of radially symmetric branches,
fluid flow is split tangentially in two directions.

Additionally or alternatively, the inlet is a central inlet located at a central axis of the continuous flow
mixer, and wherein each of the radially symmetric branches extends radially outwardly from the
inlet, and further wherein a first concentric fluid channel fluid channel connects each of the radially
symmetric branches.

Additionally or alternatively, each of the first plurality of radially symmetric branches and the first
concentric fluid channel comprises a first concentric stage and wherein the radially or axially
symmetric channel structure further includes a second concentric stage extending in a radial direction
from the first concentric stage, wherein the second concentric stage includes a second concentric
fluid channel and a second plurality of radially symmetric branches.

Additionally or alternatively, the first concentric stage includes a first volume offset that targets a full
stroke volume of the at least one pump, and wherein the second concentric stage includes a second
volume offset that targets a half stroke volume of the at least one pump, and wherein the first
concentric stage is connected to the second concentric stage in series.

Additionally or alternatively, each of the first plurality of radially symmetric branches and the first
concentric fluid channel comprises a first concentric stage and wherein the radially or axially
symmetric channel structure further includes a second concentric stage spaced apart in an axial

direction from the first concentric stage, wherein the second concentric stage includes a second
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concentric fluid channel and a second plurality of radially symmetric branches.
Additionally or alternatively, at least a portion of the flow through each of the first plurality of
radially symmetric branches is recombined with flow through another of the radially symmetric
branches within the first concentric fluid channel.
Additionally or alternatively, the radially or axially symmetric channel structure includes a second
plurality of radially symmetric branches extending from the first concentric fluid channel, and
wherein the second plurality of radially symmetric branches are not centered with the first plurality
of radially symmetric branches.
Additionally or alternatively, the first concentric fluid channel includes a volume offset region for
each of the first plurality of radially symmetric branches.
Additionally or alternatively, the volume offset region is located at the outlet of each of the first
plurality of radially symmetric branches and extends in one of the two directions.
Additionally or alternatively, the volume offset regions are optimized based on a stroke volume of
the at least one pump.
Additionally or alternatively, the total volume offset of each stage of the radially or axially
symmetric channel structure is equal to 25% of the full-stroke volume of the at least one pump.
Additionally or alternatively, the symmetry axis of the radially or axially symmetric channel
structure is aligned with the gravity vector of the radially or axially symmetric channel structure.
In another exemplary embodiment, a method of mixing fluid in a fluid chromatography system
comprises: providing a fluid, by at least one fluidic pump, to a mixer; receiving the fluid by an inlet;
distributing the received fluid through a radially symmetric channel structure located downstream
from the inlet; and splitting flow of the fluid through the radially symmetric channel structure into a
first plurality of radially symmetric branches.
Additionally or alternatively, the method further includes splitting flow of the fluid tangentially in
two directions at the end of each of the first plurality of radially symmetric branches.
Additionally or alternatively, the method further includes splitting flow of the fluid at the end of each
of the first plurality of radially symmetric branches into a counterclockwise and clockwise flow
through a concentric ring that connects each of the radially symmetric branches.
Additionally or alternatively, wherein each of the first plurality of radially symmetric branches and
the concentric ring comprises a first concentric stage and wherein the radially symmetric channel
structure further includes a second concentric stage extending in a radial direction from the first
concentric stage, wherein the second concentric stage includes a second ring and a second plurality
of radially symmetric branches, and the method further includes flowing the fluid through each of the
first concentric stage and the second concentric stage.
Additionally or alternatively, the method further includes targeting a full stroke volume of the at least
one fluidic pump with a volume offset located within the first concentric stage; and targeting a half

stroke volume of the at least one fluidic pump with a second volume offset located within the second
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concentric stage.
Additionally or alternatively, the method further includes recombining the flow through each of the
first plurality of radially symmetric branches with another of the radially symmetric branches within
the concentric ring fluid channel.
Additionally or alternatively, the method further includes offsetting the flow of the fluid through the
concentric ring with at least one volume offset region for each of the first plurality of radially
symmetric branches.
Additionally or alternatively, the method further includes optimizing the volume offset regions based
on a stroke volume of the at least one pump.
Additionally or alternatively, the method further includes aligning the symmetry axis of the radially
symmetric channel structure with the gravity vector of the radially symmetric channel structure.
BRIEF DESCRIPTION OF THE DRAWINGS
The above and further advantages of this invention may be better understood by referring to the
following description in conjunction with the accompanying drawings, in which like reference
numerals indicate like elements and features in the various figures. For clarity, not every element
may be labeled in every figure. The drawings are not necessarily to scale, emphasis instead being
placed upon illustrating the principles of the invention.
FIG. 1 depicts a block diagram of an embodiment of a liquid chromatography system, in accordance
with one embodiment.
FIG. 2 depicts a schematic diagram of an embodiment of a mixer for a liquid chromatography
System.
FIG. 3 depicts a schematic diagram of an embodiment of another mixer for a liquid chromatography
System.
FIG. 4 depicts a schematic diagram of an embodiment of another mixer for a liquid chromatography
System.
FIG. 5 depicts a schematic diagram of an embodiment of another mixer for a liquid chromatography
System.
FIG. 6 depicts a perspective view of an embodiment of another mixer for a liquid chromatography
System.
FIG. 7 depicts a perspective view of an embodiment of another mixer for a liquid chromatography
System.
FIG. 8 depicts a perspective view of another embodiment of a mixer for a liquid chromatography
System.
FIG. 9A depicts a top view of a first layer of the mixer of FIG. 8.
FIG. 9B depicts a perspective view of the first layer of FIG. 9A.
FIG. 10A depicts a top view of a second layer of the mixer of FIG. 8.
FIG. 10B depicts a perspective view of the second layer of FIG. 10A stacked above the first layer of
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FIGS. 9A and 9B.

FIG. 11A depicts a top view of a third layer of the mixer of FIG. 8.

FIG. 11B depicts a perspective view of the third layer of FIG. 11A stacked above the first layer of
FIGS. 9A and 9B and the second layer of FIGS. 10A and 10B.

FIG. 12A depicts a top view of a fourth layer of the mixer of FIG. 8.

FIG. 12B depicts a perspective view of the fourth layer of FIG. 12A stacked above the first layer of
FIGS. 9A and 9B, the second layer of FIGS. 10A and 10B, and the third layer of FIGS. 11A and
11B.

FIG. 13 A depicts a top view of a fifth layer of the mixer of FIG. 8.

FIG. 13B depicts a perspective view of the fifth layer of FIG. 13 A stacked above the first layer of
FIGS. 9A and 9B, the second layer of FIGS. 10A and 10B, the third layer of FIGS. 11A and 11B,
and the fourth layer of FIGS. 12A and 12B.

FIG. 14 depicts a portion of a flow dispersion channel structure in accordance with one embodiment.
DETAILED DESCRIPTION

Reference in the specification to “one embodiment” or “an embodiment” means that a particular,
feature, structure or characteristic described in connection with the embodiment is included in at least
one embodiment of the teaching. References to a particular embodiment within the specification do
not necessarily all refer to the same embodiment.

The present teaching will now be described in more detail with reference to exemplary embodiments
thereof as shown in the accompanying drawings. While the present teaching is described in
conjunction with various embodiments and examples, it is not intended that the present teaching be
limited to such embodiments. On the contrary, the present teaching encompasses various
alternatives, modifications and equivalents, as will be appreciated by those of skill in the art. Those
of ordinary skill having access to the teaching herein will recognize additional implementations,
modifications and embodiments, as well as other fields of use, which are within the scope of the
present disclosure as described herein.

In brief overview, the invention relates to a mixer for use in chromatography systems that splits the
flow of fluid into a plurality of radially symmetric branches, in order to provide for mixing.
Embodiments described herein include one or more of the following desirable traits of a liquid
chromatography mixer: ability to operate passively; ease of manufacture, consistent performance,
and efficient mixing of a continuous flow stream with respect to pressure drop and delay volume.
Mixers described herein are configured to mix longitudinally, i.e. along the flow direction, and may
provide for a smaller delay volume than an equivalent packed-bead mixer.

Moreover, mixers described herein may be configured for any setting where a continuous flow of
fluid needs to be mixed. Particular embodiments described herein are geared toward fluid
chromatography applications, and more particularly to liquid chromatography systems (i.e. HPLC
and/or UPLC). However, embodiments may also be applicable to supercritical fluid systems (SFC).
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Any system in which fluid mixing is required may be applicable to the mixer embodiments described
herein.
Mixers consistent with the present invention may further be configured to cancel and/or otherwise
reduce fluidic oscillations in composition that depart from a desired composition by one or more
frequencies. For example, in cases described herein, one or more pumps (e.g. a single quaternary
pump or two binary pumps) located upstream from the mixer may be configured to pump fluid
downstream to the mixer. However, prior to mixing by the mixer, the composition expelled by the
pump is not sufficiently mixed. Depending on the pump, the composition downstream from the
pump oscillate from a desired composition, referred to in the art as “compositional ripple.” Such
unwanted compositional variance may occur at frequencies dependent on the upstream pump system
being used, and may become known to a chromatography system designer such that the mixer may
be particularly configured to cancel or reduce one or more the frequencies in composition ripple or
variance in accordance with embodiments described herein below.
Mixers described herein may be configured to reduce or cancel this unwanted compositional ripple
whether the pump is set to pump a constant composition of solvent, or alternatively set to deliver a
gradient. In either situation, there is a desired composition at a given point in time. Any departure
from that desired composition, in the form of a compositional oscillation at a given frequency, is
unwanted and may be prevented by the mixers described herein.
Embodiments of the present invention further provide radially symmetric split flow mixers in which
a fluid flow that enters an inlet is split into two or more fluidic paths. The radially symmetric mixer
may include a channel structure located between the inlet and the outlet that includes a plurality of
branches. At the end of each branch, the flow may be configured to split into two directions,
connecting to the next branch in a parallel, radially symmetric configuration that resembles a ring. A
plurality of stages may be included in which the ring provides fluid, via additional branches, to an
additional ring. Mixer stages may extend outwardly radially as concentric rings, or may alternatively
extend axially as rings stacked one upon the other. A radially symmetric structure has been found to
be particularly advantageous in mixing fluids for fluid chromatography, such as liquid
chromatography.
The radially symmetric split flow mixers described herein may be used to longitudinally blend the
output from a quaternary pump with a specific volume offset. The volume offset of the radially
symmetric split flow mixers described herein may be sized to specifically target the noise frequencies
of the pump, such as the full stroke volumetric frequency, the half-stroke volumetric frequency
and/or harmonic frequencies thereof. Additionally, the volume offset may be configured to target
characteristic noise frequencies that may not correspond directly to the pump stroke, and which may
be desired to target in addition to or alternatively from the stroke volumes of the pump. The
symmetry of the split flow mixers described herein may provide benefits such as extensibility,

geometric flexibility, obviation of gravitational artefacts, and enhanced control over length scales and
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pressure drops for optimization.
FIG. 1 shows an embodiment of an exemplary liquid chromatography system 10 for separating a
sample into its constituents. The liquid chromatography system 10 can be an HPLC, UPLC, or the
like. The liquid chromatography system 10 includes a solvent delivery system that includes a
plurality of solvent reservoirs 18A, 18B, 18C, 18D. The solvent reservoirs are connected to a
gradient proportioning valve 16 which provides the combined solvents to a quaternary pump 12. The
quaternary pump 12 draw solvents through a fluidic conduit, which may be a fluidic conduit, line,
tube or channel.
While not shown, other embodiments of the liquid chromatography system 10 contemplated may be
a binary pump system having two binary pumps (i.e. using a binary solvent manager BSM system).
Thus, the present invention may be included in a BSM system including two high pressure mixing
pumps in which frequencies due to the pump cycle cause flow perturbations. In such instances, the
frequencies of unwanted compositional fluctuations may be fixed in these BSM systems.
Hereinafter, while the quaternary pump 12 is shown, it should be understood that the mixers
described herein, and concepts described herein, are applicable to BSM systems as well as quaternary
solvent manager (QSM) systems.
The quaternary pump 12 may have a single pair of pump heads and alter the composition via a
switching valve upstream of the pump 12. The quaternary pump 12 may be configured to deliver up
to four different solvents (as shown, solvents from reservoirs 18A, 18B, 18C, 18D) with the
switching valve. Compositional ripple as described herein occurs because only one solvent is
delivered at a time to the quaternary pump 12 by the gradient proportioning valve 16. The valve 16
alternates between the solvents rapidly to achieve the commanded composition. However, the
solvents may not fully blend in the pump heads. Additionally, during a gradient where the set
composition is changing over time, each pump stroke has a different composition. Thus, the
quaternary pump 12 in this case creates an undesirable staircase-shaped delivered composition curve
that needs additional mixing for proper detection downstream.
Downstream from the quaternary pump 12 may be a mixer 100. The mixer 100 may be configured to
passively mix the pumped fluid in accordance to the embodiments described herein. The specific
features of mixer 100 1s shown in FIG. 2 and described in more detail herein below. However, it
should be understood that liquid chromatography systems contemplated herein can include any mixer
consistent with the mixer embodiments described herein, such as mixers 200, 300, 400, 500 shown in
FIGS. 3 -6.
Downstream from the mixer 100 is shown an injector 14. The injector 14 may be included as a
feature of a sample manager or other assembly or sub-system configured to inject a sample into the
flow of fluid coming from the mixer 100. The injector 14 may include an injector valve with a
sample loop. The sample manager may control the injection of the sample and may operate in one of

two states: a load state and an injection state. In the load state, the position of the injector valve of
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the injector 14 is such that the solvent manager loads the sample into the sample loop; in the injection
state, the position of the injector valve of the injector 14 changes so that solvent manager introduces
the sample in the sample loop into the continuously flowing mobile phase arriving from the mixer
100.
With the injector valve of the injector 14 in the injection state, the mobile phase carries the sample
into a column 22. The chromatography column 22 is in fluidic communication with the injector 14
through, for example, a fluidic tube. The chromatography column 22 may be configured to perform
sample separation according to techniques known in the art. Another fluidic tube couples the output
port of the column 22 to a detector 24, for example, a mass spectrometer, a UV detector, or any other
detector. Through the fluidic tube, the detector 24 may be configured to receive the separated
components of the sample from the column 22 and produce an output from which the identity and
quantity of analytes of the sample may be determined. Noise in the absorbance of the separated
components over time may be reduced by the mixers described herein.
The liquid chromatography system 10 is shown for exemplary purposes, and the various features
shown may be modified, changed or replaced with any features of any known liquid chromatography
system without departing from the scope of the invention. Furthermore, while the invention is shown
by way of example with a liquid chromatography system, mixers described herein may be deployed
with any fluidic system, including supercritical fluid chromatography (SFC) systems or even non-
chromatography applications.
In one exemplary embodiment of the liquid chromatography system 10 shown above, two solvents
are delivered from each of solvent reservoirs 18 A and 18B. The other solvent reservoirs 18C and
18D may not be used in this embodiment. The solvent from reservoir 18A may be water with 0.1%
trifluoroacetic acid (TFA). The solvent from reservoir 18B may be acetonitrile (ACN) with 0.1%
TFA. In such an embodiment, more TFA sticks to the column when solvent from reservoir 18A
passes through, less sticks when solvent from reservoir 18B passes through. In this manner,
oscillations in the composition will cause the amount of TFA leaving the column to oscillate. The
TFA in the compositions absorbs light at the wavelength the detector 24 is observing. Thus, the
mixer 100 is configured to prevent noise waves seen in the baseline of the chromatogram that would
otherwise be present if unwanted oscillations in the composition, or “compositional ripple” was
present. Such oscillations would interfere with the quantification of the size of sample peaks and
thereby are desirable to prevent by the mixer 100 in accordance with embodiments described herein.
FIG. 2 depicts a schematic diagram of an embodiment of the mixer 100 of the liquid chromatography
system of FIG. 1, in accordance with one embodiment. The mixer 100 may be a passive mixer, in
that it does not require any power or controlling. The mixer 100 may be a continuous split flow
mixer. Putting the mixer 100 in line within a chromatography system such as the chromatography
system 10 allows the mixer 100 to function as intended to mix a continuous flow stream entering the

mixer 100 efficiently with respect to both pressure drop and delay volume.
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The mixer 100 is shown having a radially symmetric channel structure 110. Specifically, the radially
symmetric channel structure includes an inlet 112 configured to receive a flow of fluid, a plurality of
radially symmetric branches 114a, 114b, 114c extending radially outwardly from the inlet 112, a
concentric ring 116 surrounding the radially symmetric branches 114a, 114b, 114c, and a plurality of
outlet branches 118a, 118b, 118c extending radially outwardly from the concentric ring 116. In other
embodiments, the outlet branches 118a, 118b, 118c may extend in the axial direction instead.

The radially symmetrical channel structure 110 may be configured to provide various benefits in
fluidic mixing. For example, the radially symmetrical channel structure 110 may also be
axisymmetric about a center axis extending through the inlet 112. Axisymmetry may be used to
avoid gravity-driven flow effects when the mixer is placed into a liquid chromatography system, such
as the system 10. Further, the symmetrical nature (i.e. the radial symmetry and/or axial symmetry)
may provide for equal flow distribution through the mixer 100.

The inlet 112 is shown to be a central inlet located at a central axis of the mixer 100. The radially
symmetric branches 114a, 114b, 114c¢ are shown extending radially about the inlet 112. While the
mixer 100 is shown with three radially symmetric branches 114a, 114b, 114c extending radially
outwardly from the inlet 112 and spaced apart symmetrically (i.e. 120 degree spacing), other
embodiments may include any number of equispaced branches. For example, as few as two branches
may be provided with 180 degree spacing. Four branches with 90 degree spacing, 5 branches with
72 degree spacing, or 6 branches with 60 degree spacing, are contemplated.

The radially symmetric branches 114a, 114b, 114c¢ are shown extending radially outwardly to the
concentric ring 116. This structure is configured to split the flow tangentially in two directions at the
end of each of the radially symmetric branches 114a, 114b, 114c. The concentric ring 116 thereby
connects each of the radially symmetric branches 114a, 114b, 114c¢ into a single “stage” of the mixer
100. While the radially symmetrical channel structure 110 is shown including a single “stage” (i.e.
branch and ring combination), additional stages may be included by radially extending the outlet
branches 118a, 118b, 118c¢ into another concentric ring similar to the concentric ring 116. Examples
of multiple stage structures are described herein below.

As shown, after being split evenly at the end of each of the radially symmetric branches 114a, 114b,
114c at the concentric ring 116, the flow recombines at the inlet of the radially extending outlet
branches 118a, 118b, 118¢c. This recombination point at the inlet of the radially extending outlet
branches 118a, 118b, 118¢c promotes mixing via a colliding flowpoint. This combining point may
create fluidic eddys or swirling or other turbulent flow, and otherwise promote diffusive transport of
the fluid. Thus, at least a portion of the flow through each of the radially symmetric branches 114a,
114b, 114c¢ 1s recombined with flow through the other radially symmetric branches 114a, 114b, 114¢
within the fluid channel of the concentric ring 116.

Rather than transporting fluid to another stage, in a single stage embodiment, the outlet branches

118a, 118b, 118c may recombine into a mixer outlet (not shown). Such a mixer outlet may be
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located about the same center axis as the inlet 112 but spaced apart from the inlet 112 axially. Like
the combination point at the inlet of the radially extending the outlet branches 118a, 118b, 118c, the
recombination of fluid at the mixer outlet may create fluidic turbulence, collision and/or promote
mixing.

The parallel paths of the radially symmetric channel structure 110 may be configured to reduce the
total hydraulic resistance of the mixer 100 and pressure drop of the mixer 100 relative to prior art
bead mixers or other mixers. The more parallel paths for the fluid to take, however, the greater the
overall volume of fluid allowable in the mixer at a given point in time, assuming the path volume
does not change.

Further, in the mixers described herein including the mixer 100 may be configured such that when
installed in a liquid chromatography system, such as the liquid chromatography system 10, the
symmetry axis of the radially symmetrical channel structure 10 is alignable with the gravity vector of
the radially symmetric channel structure 10. For example, in such a configuration, the mixer 100
may be aligned in a directly upright manner in which the inlet and outlet flow vertically while the
stages extend horizontally from the vertically aligned inlet and outlet.

In practice, the volume flow rate of fluid at the inlet Q is split into three equal volume flow rates
flowing through each of the three radially symmetric branches 114a, 114b, 114¢ each equal to Q/3.
The volume flow rates of the three radially extending outlet branches 118a, 118b, 118c is likewise
equal to Q/3. The radially extending the outlet branches 118a, 118b, 118c¢ are not spaced equidistant
between the ends of each of the radially symmetric branches 114a, 114b, 114¢. Rather, each
respective outlet branch 118a, 118b, 118c is located closer to one adjacent radially symmetric branch
114a, 114b, 114¢ and further from another. The longer and shorter flow paths created by the location
of the three outlet branches 118a, 118b, 118c¢ relative to the radially symmetric branches 114a, 114b,
114¢ promote mixing. As shown, an equal number of outlet branches 118a, 118b, 118c as inlet
branches 114a, 114b, 114¢ to maintain radial symmetry.

FIG. 3 depicts a schematic diagram of an embodiment of another mixer 200 for a liquid
chromatography system, such as the liquid chromatography system 10, in accordance with one
embodiment. As shown, the mixer 200 is similar to the mixer 100 in that the mixer 200 includes a
radially symmetric channel structure 210 having an inlet 212 configured to receive a flow of fluid, a
plurality of radially symmetric branches 214a, 214b, 214c¢ extending radially outwardly from the inlet
212, a concentric ring 216 surrounding the radially symmetric branches 214a, 214b, 214c¢, and a
plurality of outlet branches 218a, 218b, 218c¢ extending radially outwardly from the concentric ring
216.

Unlike the mixer 100, the concentric ring 216 of the mixer 200 includes three volume offset regions
220a, 220b, 220c¢ — one for each of the radially symmetric branches 214a, 214b, 214c. The volume
offset regions 220a, 220b, 220c each extend from one side of the inlet of each the outlet branches

218a, 218b, 218c. Specifically, the volume offset region 220a is located proximate a clockwise
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facing side relative to the inlet of the outlet branch 218a. Similarly, the volume offset region 220b is
located proximate a clockwise facing side relative to the inlet of the outlet branch 218b, and the
volume offset region 220c is located proximate a clockwise facing side relative to the inlet of the
outlet branch 218c.

The volume offset regions 220a, 220b, 220c may each include a larger volume per unit length along
the concentric ring 216 than the narrower channel portions of the concentric ring 216. The volume
offset regions 220a, 220b, 220c¢ may thus be configured to delay fluid propagation by a time required
by the flow to pass through the volume of the respective region 220a, 220b, 220c. The volumes
within each of the volume offset regions 220a, 220b, 220c may be the same, and may particularly be
tailored or optimized to target a stroke volume of a pump located upstream from the mixer 200
within a liquid chromatography system, such as the pump 12 of the liquid chromatography system
10. For example, the volumes within each of the volume offset regions 220a, 220b, 220c may be
particularly be tailored to target a full stroke volume of an upstream pump. In one embodiment, the
total volume offset of the mixer 200, or a stage of the mixer thereof, would be equal to 25% of the
full-stroke volume of the upstream pump. Thus, if the pump stroke volume was equal to V, the
entirety of the volume offset of the mixer 200 as shown may be V/4.

When the fluid enters the mixer 200, the volume flow rate of fluid at the inlet Q is split into three
equal volume flow rates flowing through each of the three radially symmetric branches 214a, 214b,
214c each equal to Q/3. The volume flow rates of the three radially extending outlet branches 218a,
218b, 218c¢ is likewise equal to Q/3. Between these branches, the flow through the concentric circle
216 1s approximately equal to Q/6 after being split at the end of each of the three radially symmetric
branches 214a, 214b, 214c¢. It should be understood that in some embodiments, the volume flow rate
of Q/6 may be slightly different than Q/6 due to small differences in hydraulic resistance between the
branches. Like the previous embodiment, the radially extending outlet branches 218a, 218b, 218¢
are not spaced equidistant between the ends of each of the radially symmetric branches 214a, 214b,
214c. Rather, each respective outlet branch 218a, 218b, 218c¢ is located closer to one adjacent
radially symmetric branch 214a, 214b, 214c¢ and further from another. The difference in the time
within each flow path after splitting at the concentric circle 216 is also made even larger by the
volume offset regions 220a, 220b, 220c.

Like the mixer 100, the outlet branches 218a, 218b, 218¢ may recombine into an outlet that is located
at an outlet (not shown). Such an outlet may be located about the same center axis as the inlet 212
but spaced apart from the inlet 212 axially. Like the combination point at the inlet of the radially
extending the outlet branches 218a, 218b, 218c, the recombination of fluid at the outlet may create
fluidic turbulence and promote mixing,

FIG. 4 depicts a schematic diagram of an embodiment of another mixer for a liquid chromatography
system, such as the liquid chromatography system 10, in accordance with one embodiment. As

shown, the mixer 300 is similar to the mixers 100, 200 in that the mixer 300 includes a radially
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symmetric channel structure 310 having an inlet 312 configured to receive a flow of fluid, a plurality
of radially symmetric branches 314a, 314b, 314¢ extending radially outwardly from the inlet 312, a
concentric ring 316 surrounding the radially symmetric branches 314a, 314b, 314c, and a plurality of
outlet branches 318a, 318b, 318c extending radially outwardly from the concentric ring 316.

Similar to the mixer 200, the mixer 300 includes volume offset regions 320a, 320b, 320c. However,
unlike the mixer 200, the volume offset regions 320a, 320b, 320c are located at the outlet of each of
the radially symmetric branches 314a, 314b, 314c. Specifically, the volume offset regions 320a,
320b, 320c are located proximate a clockwise facing side relative to the outlet of where each of the
radially symmetric branches 314a, 314b, 314c meets the concentric ring 316. Functionally, the mixer
300 may operate in the same or a similar manner to the mixer 200. The mixer 300 displays that the
location of the volume offset regions in the concentric ring can be moved without departing from the
scope of the invention. In still other embodiments, the volume offset regions may be located closer
to a midpoint between the outlet of the radially symmetric 314a, 314b, 314c¢ and the inlet of the outlet
branches 318a, 318b, 318c.

FIG. 5 depicts a schematic diagram of an embodiment of another mixer 400 for a liquid
chromatography system, such as the liquid chromatography system 10, in accordance with one
embodiment. The mixer 400 includes a mixer body 430 surrounding a channel structure. As shown,
the mixer 400 is similar to the mixers 100, 200, 300 in that the mixer 400 includes a radially
symmetric channel structure 410 having an inlet 412 configured to receive a flow of fluid, a plurality
of radially symmetric branches 414a, 414b, 414c¢ extending radially outwardly from the inlet 412, a
concentric ring 416 surrounding the radially symmetric branches 414a, 414b, 414c¢, and a plurality of
outlet branches 418a, 418b, 418c extending radially outwardly from the concentric ring 416.
Furthermore, similar to the mixers 200, 300, the mixer 400 includes volume offset regions 420a,
420b, 420c. Like the mixer 300, the volume offset regions 420a, 420b, 420c¢ are located at a
clockwise side at the outlet of each of the radially symmetric branches 414a, 414b, 414c. However,
unlike the mixer 300, the volume offset regions 420a, 420b, 420c are shown to be circumferential
chambers, rather than widened elongated chambers. Any dimensional form of an offset region is
contemplated such as a widened channel, a widened chamber, a spherical chamber, a cylindrical
chamber, or any other shaped volumetric shape having a larger cross sectional area than the rest of
the circumferential ring 416. In some embodiments, a serpentine channel may be used as an offset
region. It may be desirable to include offset regions having lower dispersions, so a longer serpentine
style channel may reduce dispersion relative to a large reservoir style channel. Further, the volume
offset regions herein may be characterized as having a lower hydraulic resistance than the rest of the
fluidic path.

Unlike the mixers 200, 300, the mixer 400 includes both a first concentric stage 422 and a second
concentric stage 428. The first concentric stage 422 includes the plurality of radially symmetric

branches 414a, 414b, 414c¢ and the first concentric ring 416. The second concentric stage 428
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includes the plurality of outlet branches 418a, 418b, 418c and a second concentric ring 426. Like the
first concentric ring 416 of the first concentric stage 422, the second concentric ring 426 of the
second concentric stage 422 includes volume offset regions 424a, 424b, 424¢. The volume offset
regions are located at the counterclockwise side of the outlet of each of the outlet branches 418a,
418b, 418c. Like the volume offset regions 420a, 420b, 420c¢, the volume offset regions 424a, 424b,
424c are circumferential chambers. Three outlets 425a, 425b, 425¢ are located roughly midway
between each of the volume offset regions 424a, 424b, 424¢ about the second concentric ring 426.
These outlets 425a, 425b, 425¢ may recombine at the mixer outlet (not shown). Such a mixer outlet
may be located about the same center axis as the inlet 412 but spaced apart from the inlet 412 axially.
FIG. 6 depicts a perspective view of an embodiment of another mixer 500 for a liquid
chromatography system, such as the liquid chromatography system 10, in accordance with one
embodiment. Functionally, the mixer 500 may operate in a similar manner to the mixer 400
described herein above and shown schematically in FIG. 5. Thus, the mixer 500 is a two stage mixer
in a single plane. The mixer 500 includes a radially symmetric channel structure 510 that includes a
first stage 522 having an inlet 512 configured to receive a flow of fluid, a plurality of radially
symmetric branches 514a, 514b, 514¢ extending radially outwardly from the inlet 512, a first
concentric ring 516 surrounding the radially symmetric branches 514a, 514b, 514c. The mixer 500
includes a second stage 528 having a plurality of outlet branches 518a, 518b, 518¢ extending radially
outwardly from the first concentric ring 516, and a second concentric ring 526 that is an outer ring
relative to the first concentric ring 516. The first concentric ring 516 includes three volume offset
regions 520a, 520b, 520c, each located on a counterclockwise side of the inlet to each of the plurality
of outlet branches 518a, 518b, 518¢c. Similarly, the second concentric ring 526 includes three volume
offset regions 520a, 520b, 520c¢, each located on a counterclockwise side of axial outlet channels
525a, 525b, 525¢. The axial outlet channels 525a, 525b, 525¢ bring the fluid to a different plane that
is located axially spaced from the first and second stages 522, 528. Each of the axial outlet channels
525a, 525b, 525¢ extends vertically to transport fluid to a respective radial outlet branch 529a, 529b,
529c that is spaced axially apart from the first and second stages 522, 528. The radial outlet branches
529a, 529b, 529c recombine at a mixer outlet 530 whereby turbulence at the recombination point
may further facilitate mixing.

FIG. 7 depicts a perspective view of an embodiment of another mixer 600 for a liquid
chromatography system, such as the liquid chromatography system 10, in accordance with one
embodiment. Unlike the mixer 500, the mixer 600 is shown where the restrictive channels are on
separate planes from the volume offset regions. Like the mixer 500, the mixer 600 is a two stage
mixer. However, the mixer 600 is functionally operative on different planes. In particular, the mixer
600 includes two stages spread across three planes. The mixer 600 includes a radially symmetric
channel structure 610 that includes a first stage 622 having an inlet 612 configured to receive a flow

of fluid, a plurality of radially symmetric branches 614a, 614b, 614c extending radially outwardly
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from the inlet 612. The radially symmetric branches 614a, 614b, 614¢ in the mixer 600 extend

radially to an outer concentric ring 616, making the first stage 622 of the mixer 600 correspond with
the outer ring, unlike the embodiments described herein above.

The radially symmetric branches 614a, 614b, 614c¢ each extend to a respective flow restrictor channel
617a, 617b, 617c. The flow restrictor channels 617a, 617b, 617¢ may include a higher hydraulic
resistance, and may be configured to define the hydraulic resistance of the mixer 600. The flow
restrictor channels 617a, 617b, 617c are shown extending to volume offset regions 620a, 620b, 620c
located on each side of the flow restrictor channels 617a, 617b, 617c. The volume offset regions
620a, 620b, 620c are axially spaced apart and in a separate plane from the flow restrictor channels
617a, 617b, 617c.

Extending from one end of each of the volume offset regions 620a, 620b, 620c¢ is a radially extending
branch 618a, 618b, 618c which extends radially inwardly to a second stage 628 and second
concentric ring 626 of the mixer 600. The radially extending branches 618a, 618b, 618c each extend
to a respective flow restrictor channel 625a, 625b, 625¢ which act in a similar manner as the flow
restrictor channels 617a, 617b, 617¢ and may include the same hydraulic resistance as the flow
restrictor channels 617a, 617b, 617¢c. In other embodiments it may be desirable that each stage is
dominated by a different hydraulic resistance, which could be accomplished by flow restrictor
channels in different stages having different dimensions.

Like the first stage 622, the flow restrictor channels 625a, 625b, 625¢ are shown extending to volume
offset regions 624a, 624b, 624c located on each side of the flow restrictor channels 625a, 625b, 625c.
Notably, the volume offset regions 624a, 624b, 624c¢ are located in the same axial plane as the
volume offset regions 620a, 620b, 620c. Still further, radial outlet branches 629a, 629b, 629¢ extend
radially inwardly from one side of each of the flow restrictor channels 625a, 625b, 625¢. The radial
outlet branches 629a, 629b, 629¢ recombine at a mixer outlet 530 whereby turbulence at the
recombination point may further facilitate mixing.

As can be plainly seen from the embodiments described hereinabove, various embodiments of
radially symmetric mixers are contemplated including any number of stages. The mixers
contemplated herein may constitute any number of planes in any configuration. Further, while many
of the embodiments described herein include three radially extending branches for each stage, the
radially symmetric mixers may include any number of branches, volume offset regions, and/or
restrictor channels per mixer and/or stage. Still further, while channels are shown in the mixers 500,
600 as having an elongated cross section, any cross sectional area or shape is contemplated for any of
the branches, volume offset regions, restrictor channels, concentric rings or the like described herein.
Methods of mixing fluid in a chromatography system, such as the liquid chromatography system 10,
are also contemplated herein. Methods contemplated herein include providing a fluid, by at least one
fluidic pump, such as the pump 12, to a mixer, such as one of the mixers 100, 200, 300, 400, 500,
600 described herein. Methods include receiving the fluid by an inlet, such as one of the inlets 112,
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212,312, 412, 512, 612, and distributing the received fluid through a radially symmetric channel
structure, such as one of the channel structures 110, 210, 310, 410, 510, 610, located downstream
from the inlet. Methods include splitting flow of the fluid through the radially symmetric channel
structure into a first plurality of radially symmetric branches, such as one of the sets of branches 114,
214,314,414, 514, 614.

Methods may further include splitting flow of the fluid tangentially in two directions at the end of
each of the first plurality of radially symmetric branches, for example into a counterclockwise and
clockwise flow through a concentric ring, such as one of the concentric rings 116, 216, 316, 416,
516, 616, that connects each of the radially symmetric branches. Methods may include recombining
the flow through each of the first plurality of radially symmetric branches with another of the radially
symmetric branches within the concentric ring fluid channel.

In accordance with some embodiments of methods herein, each of the first plurality of radially
symmetric branches and the concentric ring comprises a first concentric stage and wherein the
radially symmetric channel structure further includes a second concentric stage extending in a radial
direction from the first concentric stage, wherein the second concentric stage includes a second ring
and a second plurality of radially symmetric branches. Methods contemplated include flowing the
fluid through each of the first concentric stage and then through the second concentric stage.
Methods contemplated may further include offsetting the flow of the fluid through the concentric
ring with at least one volume offset region for each of the first plurality of radially symmetric
branches. Methods may further include optimizing the volume offset regions based on a stroke
volume of the at least one pump. For example, methods further include targeting a full stroke
volume of the at least one fluidic pump with a volume offset located within the first concentric stage,
such as with one of the sets of volume offset regions 220, 320, 420, 520, 620. Methods may also
include, targeting a half stroke volume of the at least one fluidic pump with a second volume offset
located within the second concentric stage, such as with one of the sets of volume offset regions 424,
524, 624. Still further, methods may include aligning the symmetry axis of the radially symmetric
channel structure with the gravity vector of the radially symmetric channel structure.

Referring now to FIGS. 8 — 13B, another embodiment of a continuous flow mixer 700 is shown
which utilizes symmetry in the form of axial symmetry. Referring firstly to FIG. 8, a perspective
view of another embodiment of the mixer 700 for a liquid chromatography system, such as the liquid
chromatography system 10 described hereinabove. The continuous flow mixer 700 includes a
layered structure that includes a first layer 701, a second layer 702, a third layer 703, a fourth layer
704, and a fifth layer 705. Each of the layers 701, 702, 703, 704, 705 represents a mixing stage or a
functional layer of the mixer 700. While the embodiment shown includes a single mixing stage per
layer, other embodiments contemplated may include more than one mixing stage per layer, where
each mixing stage includes a different offset volume for targeting a different compositional

frequency oscillation. In still other embodiments, a single mixing stage may span across multiple
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layers. The continuous flow mixer 700 further includes a mixer inlet 706 configured to receive an
inlet flow of fluid into the mixer 700, from for example, an upstream pump such as the pump 12 of
the liquid chromatography system 10, shown in FIG. 1. The mixer inlet 706 may provide the fluid to
the first stage of the mixer, which is located within the first layer 701 as shown. The mixer 700 may
be a micromachined chip having microchannels engraved into the various layers 701, 702, 703, 704,
705 in the manner shown. The layers, when stacked together, form the fluidic channels and flow
paths described herein. A top layer 707 may be an upper wall or surface that is configured to enclose
the topmost layer 705 of the various functional layers 701, 702, 703, 704, 705. While not shown in
FIG. 8, a mixer outlet 708 (shown in FIG. 11B) is located on an opposite side of the mixer 700 as the
mixer inlet 706.

FIG. 9A depicts a top view of the first layer 701 of the mixer 700 of FIG. 8 and FIG. 9B depicts a
perspective view of the first layer 701 of FIG. 9A. As shown, mixer inlet 706 delivers fluid into the
first layer 701 at a first layer inlet 709. The first layer inlet 709 splits the flow of received fluid into
two separate branches via a T-shaped splitting intersection. The two separate channels the flow is
split into includes a first inlet branch 710 and a second inlet branch 711. The first and second inlet
branches 710, 711 may each receive fluid from the first layer inlet 709 such that the fluid flows
through each of the first and second inlet branches 710, 711 at the same volumetric flow rate. The
first and second inlet branches 710, 711 provide fluid to a first channel structure 712 located
downstream from the first and second inlet branches 710, 711. The channel structure 712 is thus
located between the mixer inlet 706 and the mixer outlet 708 and is utilized to mix the fluid within
the mixer 700 in the manner described hereinbelow. While the mixer 700 described herein includes
five separate channel structures, one located in each of the five functional layers 701, 702, 703, 704,
705, 1t should be understood that more or less axially symmetric channel structures are contemplated
depending on the mixing requirements, total volume requirements of the mixer, and the like.

The first channel structure 712 includes a first splitter 713 located downstream from the first inlet
branch 710, and a second splitter 714 located downstream from the second inlet branch 711. The
first and second splitters 713, 714 are shown to include Y-shaped intersections which each split the
flow of fluid from the respective first and second inlet branches 710, 711 into two separate branches.
The first splitter 713 splits the flow into a first plurality of branches 715, 716 extending from the first
splitter 713. Similarly, the second splitter 714 splits the flow into a second plurality of branches 717,
718 extending from the second splitter 714.

The channel structure 712 includes a first outlet branch 719 and a second outlet branch 720. The first
and second outlet branches 719, 720 are shown to include T-shaped intersections which combine the
flow of fluid from the two separate incoming branches into a single outlet flow. Each branch of the
first plurality of branches 715, 716 is connected to a different of the outlet branches 719, 720.
Similarly, each branch of the second plurality of branches 717, 718 is also connected to a different of

the outlet branches 719, 720. In particular, a first branch 715 of the first plurality of branches 715,
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716 1s connected to the first outlet branch 719, while a second branch 716 of the first plurality of

branches 715, 716 is connected to the second outlet branch 720. Similarly, a third branch 717 of the
second plurality of branches 717, 718 is connected to the second outlet branch 720, while a fourth
branch 718 of the second plurality of branches 717, 718 is connected to the first outlet 719 branch.
The first branch 715 of the first plurality of branches 715, 716 includes a greater volume region 721
and a flow restrictor region 722, while the second branch 716 includes a flow restrictor region 723
without a greater volume region like the greater volume region 721. The flow restriction regions
722, 723 of each of the first and second branches 715, 716 may include the same geometry (i.e. cross
sectional dimensions and shape) and flow restriction such that flow rate of fluid is the same, nearly
the same, or substantially equivalent through each of the first branch 715 and the second branch 716.
Similarly, the third branch 717 of the second plurality of branches 717, 718 includes a greater
volume region 724 and a flow restrictor region 725, while the fourth branch 718 includes a flow
restrictor region 726 without a greater volume region like the greater volume region 724. The flow
restriction regions 725, 726 of each of the third and fourth branches 717, 718 may include the same
geometry (i.e. cross sectional dimensions and shape) and flow restriction such that flow rate of fluid
is the same, nearly equal, or substantially equivalent through each of the third branch 717 and the
fourth branch 718.

The greater volume regions 721, 724 are each configured to create an offset in the residence time for
fluid moving through the first and third branches 715, 717 relative to the second and third branches
716, 718. Thus, fluid coming to the first outlet branch 719 from the first branch 715 is delayed
relative to the fluid coming to the first outlet branch 719 from the fourth branch 718, due to the
longer residence time that the fluid takes in the greater volume region 721 of the first branch 715.
Similarly, fluid coming to the second outlet branch 720 from the third branch 717 is delayed relative
to the fluid coming to the second outlet branch 720 from the second branch 716, due to the longer
residence time that the fluid takes in the greater volume region 724 of the third branch 717. In other
words, because of the greater volume region 721, flow is functionally delayed through the first
branch 715 and third branches 717 relative to the second and fourth branches 716, 718. Thus, fluid
split at the first splitter 713 and going through the first branch 715 arrives at the first outlet branch
719 after fluid going through the second branch 716 arrives at the second outlet branch 720.
Likewise, fluid split at the second splitter 714 and going through the third branch 717 arrives at the
second outlet branch 720 after fluid going through the fourth branch 718 arrives at the first outlet
branch 719.

The greater volume regions 721, 724 may thus be configured to provide a volume or residence time
offset for the first and third channels 715, 717 relative to the volume of the second and fourth
channels 716, 718. The volume or residence time offset of the greater volume regions 721, 724 may
be sized to specifically target the noise frequencies of the pump 12 within the liquid chromatography

system 10, such as the full stroke volumetric frequency, the half-stroke volumetric frequency and/or
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harmonic frequencies thereof. The volume offsets described herein may also be configured to
address other noise or oscillation frequencies in fluidic compositions which may be discovered
through empirical testing. These frequencies may or may not be caused by the pump or the pump
stroke. However, the volume offset between the first and second channels 715, 716 and the third and
fourth channels 717, 718 may be particularly engineered to mix fluid in a manner which reduces
compositional oscillations in a liquid chromatography system, such as compositional oscillations
resulting from the mechanical workings of the pump 12.

After the fluid 1s combined into the single outlets by intersections of the first and second outlet
branches 719, 720, the fluid may thereafter be transported to respective flow dispersion channel
structures 727, 728. In particular, a first flow dispersion channel structure 727 is located downstream
from the first symmetric channel structure outlet 719, and a second flow dispersion channel structure
728 1s located downstream from the second symmetric channel structure outlet 720. The first and
second flow dispersion channel structures 727, 728 may each be located within the axially symmetric
channel structure 712.

FIG. 14 depicts a portion of a flow dispersion channel structure, such as the flow dispersion channel
structures 727, 728 in accordance with one embodiment. The flow dispersion channel structure
depicted in FIG. 14 includes a single iteration of the structure depicted in FIG. 14, whereby flow is
split into two separate channels which then recombine. This pattern is repeated but with opposite
chirality, resulting in splitting and re-laminating the flow resulting in highly-efficient mixing
transverse to the flow direction especially if the pattern is repeated as shown. The split channels
rotate and re-laminate the fluid, but the cross-sectional area of the channels is the same. Thus, the
two channels do not meaningfully delay the fluid relative to each other, but the pathways created by
the channels mix the fluid within the channel in the direction transverse to the flow, effectively
blending the solvent streams that are being joined at 719 and 720. The flow dispersion channel
structures 727, 728 may include many iterations in series of the portion of the structure shown in
FIG. 14.

Downstream from each of the flow dispersion channel structures 727, 728 are respective first layer
outlet channels 729, 730 for providing the fluid to the second layer 702 of the mixer 700. Thus, the
first layer 701 is substantially axially symmetric about an axis 731 extending into and out of the page
at the point shown. In particular, each of the elements found within the axially symmetric channel
structure 712 are axially symmetric about the axis 731. The axially symmetry and the channel
structure of the present invention shown in FIG. 9A has been found to be particularly advantageous
in ensuring a good flow balance between the parallel branches of the mixing stage. Symmetry is
configured to ensure that the flow is well-balanced between the parallel branch structures, while also
providing a benefit to pressure drop and dispersion. For example, having two branches in parallel
may provide one half the pressure drop relative to a non-parallel configuration. The parallel branches

provide benefit to the mixing performance by reducing the pressure drop across the mixer and
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providing improved dispersion characteristics.
FIG. 10A depicts a top view of a second layer 702 of the mixer 700 of FIG. 8 and FIG. 10B depicts a
perspective view of the second layer 702 of FIG. 10A stacked above the first layer of FIGS. 9A and
9B. As shown, the outlet channels 729, 730 deliver fluid into the second layer 702. The entirety of
the second layer 702 is shown to be axially symmetric. Thus, the second layer includes an axially
symmetric channel structure 732 that encompasses the entire channel structure of the second layer
702.
The axially symmetric channel structure 732 includes a first inlet branch 733 and a second inlet
branch 734. Again, the first and second inlet branches 733, 734 receive fluid from the outlet
channels 729, 730 of the first layer 701. The first and second symmetric channel structure inlets 733,
734 and are shown to include Y-shaped intersections which each split the flow of fluid into two
separate branches. The first inlet branch 733 splits the flow into a first plurality of branches 735, 736
extending from the first inlet branch 733. Similarly, the second inlet branch 734 splits the flow into a
second plurality of branches 737, 738 extending from the second inlet branch 734.
The axially symmetric channel structure 732 includes a first outlet branch 739 and a second outlet
branch 740. The first and second outlet branches 739, 740 are shown to include T-shaped
intersections which combine the flow of fluid from the two separate incoming branches into a single
outlet flow. Each branch of the first plurality of branches 735, 736 is connected to a different of the
outlet branches 739, 740. Similarly, each branch of the second plurality of branches 737, 738 is also
connected to a different of the outlet branches 739, 740. In particular, a first branch 735 of the first
plurality of branches 735, 736 is connected to the first outlet branch 739, while a second branch 736
of the first plurality of branches 735, 736 is connected to the second outlet branch 740. Similarly, a
third branch 737 of the second plurality of branches 737, 738 is connected to the second outlet
branch 740, while a fourth branch 738 of the second plurality of branches 737, 738 is connected to
the first outlet branch 739.
The first branch 735 of the first plurality of branches 735, 736 includes a greater volume region 741
and a flow restrictor region 742, while the second branch 736 includes a flow restrictor region 743
without a greater volume region like the greater volume region 741. The flow restriction regions
742, 743 of each of the first and second branches 735, 736 may include the same geometry (i.e. cross
sectional dimensions and shape) and flow restriction such that flow rate of fluid is the same, nearly
the same, or substantially equivalent through each of the first branch 735 and the second branch 736.
Similarly, the third branch 737 of the second plurality of branches 737, 738 includes a greater
volume region 744 and a flow restrictor region 745, while the fourth branch 738 includes a flow
restrictor region 746 without a greater volume region like the greater volume region 744. The flow
restriction regions 745, 746 of each of the third and fourth branches 737, 738 may include the same
geometry (i.e. cross sectional dimensions and shape) and flow restriction such that flow rate of fluid

is the same, nearly equal, or substantially equivalent through each of the third branch 737 and the
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fourth branch 738.

The greater volume regions 741, 744 are each configured to create an offset in the residence time for
fluid moving through the first and third branches 735, 737 relative to the second and third branches
736, 738. Thus, fluid coming to the first outlet branch 739 from the first branch 735 is delayed
relative to the fluid coming to the first outlet branch 739 from the fourth branch 738, due to the
longer residence time that the fluid takes in the greater volume region 741 of the first branch 735.
Similarly, fluid coming to the second outlet branch 740 from the third branch 737 is delayed relative
to the fluid coming to the second outlet branch 740 from the second branch 736, due to the longer
residence time that the fluid takes in the greater volume region 744 of the third branch 737. In other
words, because of the greater volume region 741, flow is functionally delayed through the first
branch 735 and third branches 737 relative to the second and fourth branches 736, 738. Thus, flud
split at the first splitter 733 and going through the first branch 735 arrives at the first outlet branch
739 after fluid going through the second branch 736 arrives at the second outlet branch 740.
Likewise, fluid split at the second splitter 734 and going through the third branch 737 arrives at the
second outlet branch 740 after fluid going through the fourth branch 738 arrives at the first outlet
branch 739.

The greater volume regions 741, 744 may thus be configured to provide a volume or residence time
offset for the first and third channels 735, 737 relative to the volume of the second and fourth
channels 736, 738. The volume or residence time offset of the greater volume regions 741, 744 may
be sized to specifically target the noise frequencies of the pump 12 within the liquid chromatography
system 10, such as the full stroke volumetric frequency, the half-stroke volumetric frequency and/or
harmonic frequencies thereof. The volume offsets described herein may also be configured to
address other noise or oscillation frequencies in fluidic compositions which may be discovered
through empirical testing. These frequencies may or may not be caused by the pump or the pump
stroke. However, the volume offset between the first and second channels 735, 736 and the third and
fourth channels 737, 738 may be particularly engineered to mix fluid in a manner which reduces
compositional oscillations in a liquid chromatography system, such as compositional oscillations
resulting from the mechanical workings of the pump 12.

The greater volume regions 741, 744 of the first and third branches 735, 737 of the second channel
structure 732 of the second layer 702, while having the same volumes as each other, have a different
volume than the greater volume regions 721, 724 of the first and third branches 715, 717 of the first
channel structure 712 of the first layer 701. This may provide for the targeting of a different relevant
frequency than the targeted frequency of the first layer 701 of the mixer 700.

After the fluid 1s combined into the single outlets by the first and second outlets 739, 740, the fluid
may thereafter be transported to respective flow dispersion channel structures 747, 748. In particular,
a first flow dispersion channel structure 747 is located downstream from the first symmetric channel

structure outlet 739, and a second flow dispersion channel structure 748 is located downstream from
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the second symmetric channel structure outlet 740. The first and second flow dispersion channel
structures 747, 748 may each include similar structure as the first and second flow dispersion channel
structures 727, 728 described above and shown in FIG. 14. The purpose of these structures is to
blend the flow streams in the direction transverse to the flow after the streams are combined at 739
and 740.
Downstream from each of the flow dispersion channel structures 747, 748 are respective first layer
outlet channels 749, 750 for providing the fluid to the third layer 703 of the mixer 700. Thus, the
second layer 702 is completely axially symmetric about the axis 731 extending into and out of the
page at the point shown. The axis 731 is the same axis as that which is shown in FIG. 9A — 9B,
being that the first and second channel structures 712, 732 are aligned in a centered way about the
axis 731. The axis 731 may be an axis of symmetry through each of the layers 701, 702, 703, 704,
705 in the embodiment shown. However, in other embodiments, each layer 701, 702, 703, 704, 705
may include a different axis of symmetry, if the layers are offset from each other. Referring back to
FIGS. 10A — 10B, each of the elements found within the channel structure 732 are axially symmetric
about the axis 731.
It 1s important to note that the structure of the first layer 701 and the second layer 702 are rotated 90
degrees from each other. Thus, for example, the flow dispersion channel structures 747, 748 of the
second layer 702 are located on the top and bottom sides of the second layer 702 while the flow
dispersion channel structures 727, 728 of the first layer 701 are located on the right and left sides of
the first layer 701. This alternating structure provides for a particularly advantageous multi-layer
chip design which minimizes the non-functional channel volume, whereby the inlets of a first layer
are located on alternating sides from the outlets relative to the inlets and outlets of the next layer.
This allows for the outlets of a lower layer to immediately provide fluid to an inlet of the next layer.
Moreover, the layer 702 includes a drop-down channel 752 for delivering fluid from the mixer inlet
706 (and shown more particularly in the views of layer 703) to the first layer 702 and the first layer
inlet 709 thereof.
FIG. 11A depicts a top view of the third layer 703 of the mixer 700 of FIG. 8 while FIG. 11B depicts
a perspective view of the third layer 703 of FIG. 11A stacked above the first layer 701 of FIGS. 9A
and 9B and the second layer 702 of FIGS. 10A and 10B. The third layer 703 may include
substantially the same elements as the first two layers 701, 702. The third layer 703 includes a
channel structure 765 that encompasses the entirety of the channel structure of the third layer 703.
The third layer 703 is oriented in the same general orientation as the first layer 701, with the inlets of
the layer at the top and bottom of the structure 765 and the outlets at the left and right side of the
channel structure 765. The third layer 703 includes greater volume regions 762, 763 which are larger
in volume than the previous greater volume regions 721, 724, 741, 744 of the first and second layers
701, 702. The difference in volume between the pathways provided by the greater volume regions

762, 763 may be configured to reduce or eliminate the compositional oscillations of a different
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frequency than the previous greater volume regions 721, 724, 741, 744.
The layer 703 is shown further including the mixer inlet 706 and the mixer outlet 708. The mixer
inlet 706 is configured to provide inlet fluid to the drop-down channel 752 found in layer 702. The
mixer outlet 708 is configured to be provided fluid from the top layer 705 after that fluid is combined
and then output through a drop-down channel 774 shown in layer 704. Like the previous layers 701,
702, the channel structure 765 of the third layer 703 is axially symmetric about the axis of symmetry
731.
FIG. 12A depicts a top view of the fourth layer 704 of the mixer 700 of FIG. 8 while FIG. 12B
depicts a perspective view of the fourth layer 704 of FIG. 12A stacked above the first layer 701 of
FIGS. 9A and 9B, the second layer 702 of FIGS. 10A and 10B, and the third layer 703 of FIGS. 11A
and 11B. Like the third layer, the fourth layer 704 may include substantially the same elements as
the first three layers 701, 702, 703. The fourth layer 704 includes an axially symmetric channel
structure 775 that encompasses the entirety of the channel structure of the fourth layer 704. The
fourth layer 704 is oriented in the same general orientation as the second layer 702, with the inlets of
the layer at the left and right sides of the axially symmetric channel structure 775 and the outlets at
the top and bottom of the axially symmetric channel structure 775. The fourth layer 704 includes
greater volume regions 772, 773 which are larger in volume than the previous greater volume regions
721, 724, 741, 744, 762, 763 of the first three layers 701, 702, 703. The difference in volume
between the pathways provided by the greater volume regions 772, 773 may be configured to reduce
or eliminate the compositional oscillations of a different frequency than the previous greater volume
regions 721, 724, 741, 744, 762, 763. The fourth layer 704 further includes the drop-down channel
774 for carrying mixed fluid from the fifth layer 705 to the outlet 708 of the mixer 700. Like the
previous layers 701, 702, 703, the channel structure 775 of the fourth layer 704 is axially symmetric
about the axis of symmetry 731.
FIG. 13A depicts a top view of the fifth layer 705 of the mixer 700 of FIG. 8 while FIG. 13B depicts
a perspective view of the fifth layer of FIG. 13 A stacked above the first layer of FIGS. 9A and 9B,
the second layer of FIGS. 10A and 10B, the third layer of FIGS. 11A and 11B, and the fourth layer
of FIGS. 12A and 12B. The fifth layer 705 may include substantially the same elements as the first
four layers 701, 702, 703, 704. The fifth layer 705 includes an axially symmetric channel structure
785 that encompasses the entirety of the channel structure of the fourth layer 704 other than outlets
786 and 787, along with a final recombination point 788, a final flow dispersion structure 784 and a
final drop-down channel 789. The fifth layer 705 is oriented in the same general orientation as the
first and third layers 701, 703, with the inlets of the layer at the top and bottom of the axially
symmetric channel structure 785 and the outlets at the left and right sides of the axially symmetric
channel structure 785. The fifth layer 705 includes greater volume regions 782, 783 which are larger
in volume than the previous greater volume regions 721, 724, 741, 744, 762, 763, 772, 773 of the
first four layers 701, 702, 703, 704. The difference in volume between the pathways provided by the
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greater volume regions 782, 783 may be configured to reduce or eliminate the compositional
oscillations of a different frequency than the previous greater volume regions 721, 724, 741, 744,
762,763, 772, 773. The fifth layer 705 further includes the drop-down channel 774 for carrying
mixed fluid from the fifth layer 705 to the outlet 708 of the mixer 700. While the volumes of the
greater volume regions 721, 724, 741, 744, 762, 763, 772, 773, 782, 783 are shown going in order
from smallest to largest as the stages increase through the mixer, this is an exemplary embodiment
and the volumes could go from largest to smallest or any other order. Like the previous layers 701,
702, 703, 704, the channel structure 785 of the fourth layer 705 is axially symmetric about the axis of
symmetry 731.

The mixer 700 may be similar to the mixers 100, 200, 300, 400, 500, 600 described hereinabove. For
example, like the mixer 700, the mixer 100 includes a plurality of symmetric channel structure inlets,
such as the inlets 114a, 114b, 114c to the concentric ring 116. The mixer 100 includes a plurality of
symmetric channel structure outlets, such as the outlets 118a, 118b, 118¢ configured to deliver the
fluid to another stage. The concentric ring 116 may constitute branches of the mixer 100. In other
words, when the fluid is received from each of the inlets 114a, 114b, 114c¢ the concentric ring
provides two branches for each of the inlet flow to break into. As described above, this branched
flow may include a constant flow rate whereby the flow rate of fluid in one direction is equal to the
flow rate of fluid in the other.

Methods of mixing fluid of a liquid chromatography system are also contemplated. Methods include
providing a fluid, by at least one fluidic pump such as the pump 12, to a mixer, such as one of the
mixers 100, 200, 300, 400, 500, 600, 700. The method includes receiving the fluid by a mixer inlet
of the mixer, such as the mixer inlet 706. The method includes distributing the received fluid
through a radially or axially symmetric channel structure located downstream from the inlet, the
radially or axially symmetric channel structure including a first stage, such as the first layer 701, that
includes a plurality of symmetric channel structure inlets, such as the symmetric channel structure
inlets 719, 720, 739, 740, and a plurality of symmetric channel structure outlets, such as the plurality
of channel structure outlets 729, 730, 749, 750, and a plurality of branches located between the
plurality of symmetric channel structure inlets and the plurality of symmetric channel structure
outlets, such as the branches 715, 716, 717, 718, 735, 736, 737, 738, such that any given portion of
the received fluid flows through only one of the plurality of symmetric channel structure inlets and
only one of the plurality of symmetric channel structure outlets. The method may further include
providing an outlet flow of the fluid from the continuous flow mixer. Still further, the method may
include delaying a portion of the received fluid by at least one of the plurality of branches, such as
the branch 715, relative to at least one other of the plurality of branches, such as the branch 716.
While the invention has been shown and described with reference to specific embodiments, it should
be understood by those skilled in the art that various changes in form and detail may be made therein

without departing from the spirit and scope of the invention as recited in the accompanying claims.
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CLAIMS

What is claimed is:
1. A fluid chromatography system comprising:
at least one solvent reservoir;
at least one pump connected to the at least one solvent reservoir configured to pump a flow of
solvent from the at least one solvent reservoir downstream; and
a continuous flow mixer downstream from the at least one pump, the mixer including:
a mixer inlet configured to receive an inlet flow of fluid;
a mixer outlet configured to provide an outlet flow of the fluid; and
a first channel structure located between the mixer inlet and the mixer outlet, the first
channel structure including:
a first inlet branch;
a second inlet branch;
a plurality of outlet branches including at least a first outlet branch and a second
outlet branch;
a first plurality of branches splitting from the first inlet branch, each branch of the
first plurality of branches connected to a different of the plurality of outlet branches; and
a second plurality of branches splitting from the second inlet branch, each branch of
the second plurality of branches connected to a different of the plurality of outlet branches,
wherein at least two branches of the first and second plurality of branches that are
connected to the first outlet branch are offset in fluid residence time through the at least two
branches.
2. The fluid chromatography system of claim 1, wherein the first channel structure is axially or
radially symmetric.
3. The fluid chromatography system of claim 1, wherein the first plurality of branches includes
a first branch and a second branch, and wherein the second plurality of branches includes a third
branch and a fourth branch, wherein the first branch and the fourth branch are each connected to the
first outlet branch, and wherein the second branch and the third branch are each connected to the
second outlet branch.
4. The fluid chromatography system of claim 3, wherein:
the first branch includes a greater volume region and a flow restrictor region and the second
branch includes a flow restrictor region such that flow rate is the same through each of the first
branch and the second branch, and
the third branch includes a greater volume region and a flow restrictor region and the fourth
branch includes a flow restrictor region such that flow rate is the same through each of the third
branch and the fourth branch,

wherein flow time is delayed through the first branch relative to the fourth branch and
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wherein the flow time is delayed through the second branch relative to the third branch.
5. The fluid chromatography system of claim 1, wherein the continuous flow mixer further
comprises:
a flow dispersion channel structure located downstream from at least one of the first outlet
branch and the second outlet branch.
6. The fluid chromatography system of claim 3, wherein the continuous flow mixer further
comprises:
a second channel structure located between the mixer inlet and the mixer outlet, wherein the
first channel structure comprises a first stage and wherein the second channel structure comprises a
second stage, the second channel structure including:
a first inlet branch;
a second inlet branch;
a plurality of outlet branches including at least a first outlet branch and a second
outlet branch;
a first plurality of branches splitting from the first inlet branch, each branch of the
first plurality of branches connected to a different of the plurality of outlet branches; and
a second plurality of branches splitting from the second inlet branch, each branch of
the second plurality of branches connected to a different of the plurality of outlet branches,
wherein at least two branches of the first and second plurality of branches that are
connected to the first outlet branch are offset in fluid residence time through the at least two
branches.
7. The fluid chromatography system of claim 6, wherein the first plurality of branches of the
second channel structure includes a first branch and a second branch, and wherein the second
plurality of branches of the second channel structure includes a third branch and a fourth branch, and
wherein the first branch and the fourth branch of the second channel structure are each connected to
the first outlet branch of the second channel structure, and wherein the second branch and the third
branch of the second channel structure are each connected to the second outlet branch of the second
channel structure.
8. The fluid chromatography system of claim 7, wherein:
the first branch of the second channel structure includes a greater volume region and a flow
restrictor region and the second branch of the second channel structure includes a flow restrictor
region such that flow rate is the same through each of the first branch and the second branch of the
second channel structure, and
the third branch of the second channel structure includes a greater volume region and a flow
restrictor region and the fourth branch of the second channel structure includes a flow restrictor
region such that flow rate is the same through each of the third branch and the fourth branch of the

second channel structure,
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wherein flow time is delayed through the first branch of the second channel structure relative
to the fourth branch and wherein the flow time is delayed through the second branch of the second
channel structure relative to the third branch.
9. The fluid chromatography system of claim 8, wherein the greater volume region of the first
and third branches of the second channel structure of the second stage has a different volume than the
greater volume region of the first and third branches of the first channel structure.
10. A continuous flow mixer for use in a chromatography system comprising:
a mixer inlet configured to receive an inlet flow of fluid;
a mixer outlet configured to provide an outlet flow of the fluid; and
a first channel structure located between the mixer inlet and the mixer outlet, the first channel
structure including:
a first inlet branch;
a second inlet branch;
a plurality of outlet branches including at least a first outlet branch and a second
outlet branch;
a first plurality of branches splitting from the first inlet branch, each branch of the
first plurality of branches connected to a different of the plurality of outlet branches; and
a second plurality of branches splitting from the second inlet branch, each branch of
the second plurality of branches connected to a different of the plurality of outlet branches,
wherein at least two branches of the first and second plurality of branches that are
connected to the first outlet branch are offset in fluid residence time through the at least two
branches.
11. The continuous flow mixer of claim 10, wherein the first channel structure is axially or
radially symmetric.
12. The continuous flow mixer of claim 10, wherein the first plurality of branches includes a first
branch and a second branch, and wherein the second plurality of branches includes a third branch and
a fourth branch, wherein the first branch and the fourth branch are each connected to the first outlet
branch, and wherein the second branch and the third branch are each connected to the second outlet
branch.
13. The continuous flow mixer of claim 12, wherein:
the first branch includes a greater volume region and a flow restrictor region and the second
branch includes a flow restrictor region such that flow rate is the same through each of the first
branch and the second branch, and
the third branch includes a greater volume region and a flow restrictor region and the fourth
branch includes a flow restrictor region such that flow rate is the same through each of the third
branch and the fourth branch,

wherein flow time is delayed through the first branch relative to the fourth branch and
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wherein the flow time is delayed through the second branch relative to the third branch.
14. The continuous flow mixer of claim 10, further comprising;
a flow dispersion channel structure located downstream from at least one of the first outlet
branch and the second outlet branch.
15. The continuous flow mixer of claim 10, further comprising:
a second channel structure located between the mixer inlet and the mixer outlet, wherein the
first channel structure comprises a first stage and wherein the second channel structure comprises a
second stage, the second channel structure including:
a first inlet branch;
a second inlet branch;
a plurality of outlet branches including at least a first outlet branch and a second
outlet branch;
a first plurality of branches splitting from the first inlet branch, each branch of the
first plurality of branches connected to a different of the plurality of outlet branches; and
a second plurality of branches splitting from the second inlet branch, each branch of
the second plurality of branches connected to a different of the plurality of outlet branches,
wherein at least two branches of the first and second plurality of branches that are
connected to the first outlet branch are offset in fluid residence time through the at least two
branches.
16. The continuous flow mixer of claim 15, wherein the first plurality of branches of the second
channel structure includes a first branch and a second branch, and wherein the second plurality of
branches of the second channel structure includes a third branch and a fourth branch, and wherein the
first branch and the fourth branch of the second channel structure are each connected to the first
outlet branch of the second channel structure, and wherein the second branch and the third branch of
the second channel structure are each connected to the second outlet branch of the second channel
structure.
17. The continuous flow mixer of claim 16, wherein:
the first branch of the second channel structure includes a greater volume region and a flow
restrictor region and the second branch of the second channel structure includes a flow restrictor
region such that flow rate is the same through each of the first branch and the second branch of the
second channel structure, and
the third branch of the second channel structure includes a greater volume region and a flow
restrictor region and the fourth branch of the second channel structure includes a flow restrictor
region such that flow rate is the same through each of the third branch and the fourth branch of the
second channel structure,
wherein flow time is delayed through the first branch of the second channel structure relative

to the fourth branch and wherein the flow time is delayed through the second branch of the second
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channel structure relative to the third branch.
18. The continuous flow mixer of claim 17, wherein the greater volume region of the first and
third branches of the second channel structure of the second stage has a different volume than the
greater volume region of the first and third branches of the first channel structure.
19. A method of mixing fluid in a fluid chromatography system comprising:

providing a fluid, by at least one fluidic pump, to a mixer;

receiving the fluid by a mixer inlet of the mixer;

distributing the received fluid through a channel structure located downstream from the inlet,
the channel structure including a first stage that includes a plurality of channel structure inlet
branches and a plurality of outlet branches, and a plurality of branches located between the plurality
of inlet branches and the plurality of outlet branches such that any given portion of the received fluid
flows through only one of the plurality of inlet branches and only one of the plurality of channel
structure, wherein at least two branches of the plurality of branches that are connected to the first
outlet branch are offset in residence time; and

providing an outlet flow of the fluid from the continuous flow mixer.
20. The method of claim 19, further comprising:

delaying a portion of the received fluid by at least one of the plurality of branches relative to

at least one other of the plurality of branches.
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