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MIXING AND DISPERSION OF A TREATMENT CHEMICAL IN A DOWN
HOLE INJECTION SYSTEM

FIELD
[0001] The disclosure relates generally to downhole chemical
injection systems and more particularly to downhole chemical injection

systems having a plurality of injection ports.

BACKGROUND

[0002] Many fluids within a wellbore contain various inorganic
compounds. Such compounds have the tendency to deposit on
metallic components including tubulars or casing downhole, and which
is referred to as scale. Various measures, including chemical
treatments, are taken to remove scale as well as prevent its build-up
in downhole components. For example, a treatment chemical may be
injected into a downhole production tubing string, for example, to
reduce scale deposition and buildup and thus preserve the life of
downhole components and improve processes and production.
Additionally, any of a variety of special-purpose treatment chemicals
may be injected into a downhole production tubing string for various

purposes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] These and other features, aspects, and advantages of the
present disclosure will become better understood with reference to the
following description and appended claims, and accompanying
drawings where:

[0004] FIG. 1: is a schematic perspective-view diagram of

downhole chemical injection system having a density barrier
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terminating in a single injection port for delivering a chemical into a
tubing string;

[0005] FIG. 2: is a diagram showing a computation fluid
dynamics (CFD) simulation of the downhole chemical injection system
shown in FIG. 1;

[0006] FIG. 3: is a schematic cross-sectional diagram of a
tubing string illustrating an angular convention (theta) used through
the present disclosure;

[0007] FIG. 4: is a plot of chemical volume fraction versus
theta showing the circumferential distribution of an injected chemical
along an inner circumference of a tubing string via a single injection
port;

[0008] FIG. 5: is a schematic perspective-view diagram of a
downhole chemical injection system having a density barrier
terminating in a plurality of injection ports for delivering a chemical
into a tubing string;

[0009] FIG. 6: is a schematic perspective-view diagram of a
single injection port;

[0010] FIG. 7: is a schematic perspective-view diagram of a
downhole chemical injection system having a density barrier
terminating in a plurality of injection ports, each injection port having
a plurality of injection tips; for delivering a chemical into a tubing
string;

[0011] FIG. 8A: is a schematic perspective-view diagram of an
injection port having a plurality of injection tips;

[0012] FIG. 8B is a schematic cross-sectional view diagram of the
injection port 72 as shown in Figure 8A;

[0013] FIG. 9: is a plot of chemical volume fraction versus

theta showing the circumferential distribution of an injected chemical
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along an inner circumference of a tubing string via a plurality of
injection ports;

[0014] FIG. 10: is a plot of chemical volume fraction versus
theta showing the circumferential distribution of an injected chemical
along an inner circumference of a tubing string via a plurality of
injection ports, each having a plurality of injection tips;

[0015] FIG. 11: is a schematic perspective-view diagram of a
an injected chemical along an inner circumference of a tubing string
via a single injection port;

[0016] FIG. 12: is @ schematic perspective-view diagram of an
injected chemical along an inner circumference of a tubing string via a
plurality of injection ports;

[0017] FIG. 13 is a schematic perspective-view diagram of an
injected chemical along an inner circumference of a tubing string via a
plurality of injection ports, each having a plurality of injection tips;
[0018] FIG. 14: is a schematic perspective-view diagram of an
injection port having a plurality of injection tips, each tip having a
unique shape; and

[0019] FIG. 15: is a schematic illustration of an offshore
platform operating a downhole chemical injection system.

[0020] It should be understood that the various embodiments are
not limited to the arrangements and instrumentality shown in the

drawings.

DETAILED DESCRIPTION

[0021] The present disclosure may be understood more readily by
reference to the following detailed description of preferred
embodiments of the disclosure as well as to the examples included

therein. All nhumeric values are herein assumed to be modified by the
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term “about,” whether or not explicitly indicated. The term “about
generally refers to a range of numbers that one of skill in the art would
consider equivalent to the recited value (i.e., having the same function
or result). In many instances, the term “about” may include numbers
that are rounded to the nearest significant figure. Unless otherwise
specified, any use of any form of the term “couple,” or any other term
describing an interaction between elements is not meant to limit the
interaction to direct interaction between the elements and also may
include indirect interaction between the elements described.

[0022] Disclosed herein is a downhole chemical injection system
which improves chemical distribution of a scale inhibiting treatment
chemical over production tubing string walls and which may reduce
scale deposition and buildup. The injection system includes a plurality
of injection ports disposed about the circumference of a tubular
production string for delivering a chemical, such as scale removers or
inhibitors, into the production tubing string. As a result of the
improved distribution of scale inhibiting treatment, potential
production losses can be minimized such as the need for costly
remedial services.

[0023] Figure 1 is a schematic perspective-view diagram of
downhole chemical injection system 10 having a density barrier 15
terminating in a single injection port 16 for delivering a chemical 2 into
the inner bore 17 of a production tubing string 13, having a central
axis 9. A chemical 2 may be pumped into a chemical injection line 12.
The chemical injection line 12 may optionally include a check valve 14
and a density barrier 15. The check valve 14 may prevent wellbore
fluids, such as production gas, oil or water, from migrating into the
chemical injection system upstream of the check valve 14. Various

density barriers are known in the art.
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[0024] The concept of a density barrier for downhole chemical
injection is a safe and effective means for injection of treatment
chemicals from a surface installation down to a production tubing
string while preventing or minimizing any possible migration of
production fluid back into a chemical injection line through injection
ports.

[0025] The density barrier 14, illustrated in Figure 1 includes a
first substantially axially extending tubing section 3, a first
substantially circumferentially extending tubing section 4, a second
substantially axially extending tubing section 5, a second substantially
circumferentially extending tubing section 6, and a third substantially
axially extending tubing section 7. As used herein, the term “axial”
refers to a direction that is generally parallel to a central axis of the
production tubing string at a location, for example, at the location of

III

the density barrier 15. As used herein, the term “radial” refers to a
direction that extends generally outwardly from and is generally
perpendicular to the central axis of the production tubing string at a
location, for example, at the location of the density barrier 15. As
used herein, the term “circumferential” refers to a direction generally
perpendicular to the radial direction and the axial direction at any
point around the circumference of the production tubing string 13.
Together, the three substantially axially extending tubing sections
form an “axial loop.” More specifically, the first substantially axially
extending tubing section 3, the second substantially axially extending
tubing section 5, and the third substantially axially extending tubing
section 7 form an axial loop. Similarly, the two substantially
circumferentially extending tubing sections form a “circumferential
loop.” More specifically, the first substantially circumferentially

extending tubing section 4, and the second substantially
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circumferentially extending tubing section 6 form a circumferential
loop. Therefore, the density barrier 15 may be fluidically positioned
between the check valve 14 and the injection port 16, may include an
axial loop and a circumferentially loop. The density barrier 15 may
prevent, limit, restrict, or minimize migration of production fluid from
the injection port to the check valve regardless of the directional
orientation of the well. In all embodiments described herein, the
check valve 14 and the density barrier 15 are optional. In general,
however, a density barrier may be achieved by providing multiple axial
and circumferential loops in the chemical injection line, which typically
has a small diameter relative to the production tubing string. The
circumferential and axial loops may optionally be disposed on a
mandrel that partially or completely surrounds the production tubing
string 13. The mandrel merely provides structural support for the
smaller diameter tubing that makes up the chemical injection line 12
and the density barrier 15.

[0026] Still referring to Figure 1, after passing through check
valve 14 and density barrier 15, an injected chemical 2, such as a
scale inhibitor, may be injected into production tubing string 13 via an
injection port 16. The injection port 16 may tap or penetrate the
exterior surface of the production tubing string 13, providing access to
the interior thereof.

[0027] In some cases, the injected chemical can be a scale
inhibitor or scale remover. Suitable scale inhibitors or scale removers
include, but are not limited to, phosphates, phosphate esters,
phosphoric acid, phosphonates, phosphonic acid,
phosphonate/phosphonic acids, polyacrylamides, salts of acrylamido-
methyl propane sulfonate/acrylic acid copolymers (AMPS/AA),
phosphinated maleic copolymers (PHOS/MA), salts of a polymaleic
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acid/acrylic acid/acrylamido-methyl propane sulfonate terpolymer
(PMA/AMPS) as well as mixtures thereof. Other suitable scale
removers can include acidic treatment agents, including, but not
limited to mineral acids, weak organic acids, hydrochloric acid,
phosphoric acid, acetic acid, formic acid, and any mixture thereof. In
some cases, the injected chemical can be a caustic scale removal
agents.

[0028] Figure 2 is a diagram showing a computation fluid
dynamics (CFD) simulation of the downhole chemical injection system
shown in FIG. 1. In general the CFD simulation shows that the
chemical remains confined within a short distance away from the tube
walls after injection without any notable mixing in both the radial and
circumferential directions. Without wishing to be bound by theory, it is
believed that this confinement is because mixing is operative mainly
through the chemical diffusion process that is associated with very
long time scales and hence it takes a very long distance downstream
of the injection port until any significant mixing between the injected
chemical and the production fluid takes effect. As shown in Figure 2,
the velocity of the injected chemical 2 is from about 0.00 to about
0.19 m/s in a region of the chemical injection line 12 prior to the
density barrier 15. In the density barrier 15, the velocity of the
injected chemical 2 increases to about 0.19 to about 0.77 m/s. Upon
entering the injection port 16, the velocity of the injected chemical 2
may slow to from about 0.00 to about 0.19 m/s. The velocity of the
injected chemical reaches a maximum at the outlet or the injection
nozzle of the injection port 16 to be in a range of from about 0.58 to
about 0.96 m/s. After being injected into the production tubing string
13, the injected chemical 2 encounters the well-bore fluid and may be

pinned between the well-bore fluid and the inner wall of the production
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tubing string 13. The velocity of the injected chemical along the inner
wall of the production tubing string may be in a range from about 0.19
to about 0.38 m/s, here mixing occurs due to the slow chemical
diffusion process already discussed.

[0029] Various embodiments provide more optimized mixing
and/or distribution of injected chemical over the internal circumference
of a production tubing string. As will be discussed in greater detail, a
variety of injection ports, injection nozzles, and injection tips may be
employed alone or in combination.

[0030] Figure 3 is a schematic cross-sectional diagram of a
production tubing string 13 illustrating an angular convention (theta)
used through the present disclosure. These conventions are arbitrary
and are used only for convenient reference between relative portions
along the inner and/or outer circumference of the production tubing
string 13. Theta (8) is defined as 0 degrees at the top of the cross-
section of the production tubing string 13. Theta (8) increases in a
clockwise direction around the circumference of the production tubing
string.

[0031] Figure 4 is a plot of chemical volume fraction versus theta
showing the circumferential distribution of an injected chemical along
an inner circumference of a production tubing string 13 via a single
injection port 16. More specifically, this plot shows the chemical
volume fraction as a function of the circumferential angle, from 0 to
360 degrees theta, for the single port design on a transverse plane,
one foot downstream of the injection port. As can be seen in the
figure, the chemical volume fraction is distributed relatively narrowly
around the injection point at about 60 degrees theta. A single
injection point, therefore, may or may not provide sufficient

distribution of the injected chemical 2 around the full internal
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circumference of the production tubing string 13. It may be desirable
in certain circumstances to provide a wider distribution of the injected
chemical. Injecting a chemical at a single point may not be optimized
for efficient mixing of the chemical and the well-bore fluid and/or for a
uniform distribution of the injected chemical over the internal
circumference of the production tubing string 13. If the injection is not
optimized, chemical mixing may rely mainly on slow diffusion
processes, leading to non-uniform spatial distribution of the chemical
and consequently to a long distance downstream of the injection ports
where the chemical is localized over a small circumferential area and
the rest of the production tubing string cross section being essentially
free of the treatment chemical.

[0032] Figure 5 is a schematic perspective-view diagram of a
downhole chemical injection system 20 having a density barrier 15
terminating in a plurality of injection ports for delivering a chemical
into a production tubing string 13. The downhole chemical injection
system 20 in Figure 5 is the same as the downhole chemical injection
system 10 shown in Figure 1, except that an extended injection line 21
is added after the optional density barrier 15. When a density barrier
is present, the extended injection line 21 may be fluidically coupled
with the density barrier 15, for example at the third substantially
axially extending tubing section 7. One or more injection ports may be
positioned around the circumference of the production tubing 13 and
supplied with injection chemical 2 via a fluidic coupling with the
extended injection line 21. As shown in Figure 5, the downhole
chemical injection system includes a first injection port 16, a second
injection port 22, a third injection port 23, and a fourth injection port
24. Any number of injection ports may be utilized. A plurality of

extended injection lines may also be provided as desirable to
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conveniently supply any additional injection ports with injected
chemical 2.

[0033] Figure 6 is a schematic perspective-view diagram of a
single injection port 23. The injection port 23 is fludically coupled with
an injection line 31 through which injected chemical 2 may flow. The
injection port 23 includes an injection port body 32. The injection port
body may take any shape. As shown, the injection port body is
substantially cylindrical. The injection port 23 may also include an
injection nozzle 33. The injection nozzle 33 may extend in a
substantially radial direction relative to a central axis of the injection
port body. The injection nozzle 33 may include an injection nozzle tip
34. The injection nozzle tip 34 may be of any suitable size and of any
suitable shape. The size and shape of the injection nozzle tip 34 may
influence the velocity of the injected chemical 2. A small or narrow
injection tip 34 may, for example, increase the velocity of the injected
chemical 2. The velocity and flow pattern of the injected chemical 2
will also depend, of course, upon the relative densities of the injected
chemical 2 and the well-bore fluid into which the injected chemical 2 is
injected.

[0034] Figure 7 is a schematic perspective-view diagram of a
downhole chemical injection system 70 having a density barrier 15
terminating in a plurality of injection ports, each injection port having
a plurality of injection tips; for delivering a chemical into a production
tubing string 13. The downhole chemical injection system 70 in Figure
7 is the same as the downhole chemical injection system 20 as shown
in Figure 5, except that each of the plurality of injection ports includes
a plurality of injection tips or nozzles. For example, the first injection
port 16 includes a plurality of injection nozzles; the second injection

port 71 includes a plurality of injection nozzles; the third injection port
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72 includes a plurality of injection nozzles; and the fourth injection
port includes a plurality of injection nozzles. Not all of the plurality of
injection ports must include the same number of injection nozzles.
Any desirable configuration of injection ports and injection nozzles may
be employed to deliver injected chemical 2 to the interior of the
production tubing string.

[0035] Figure 8A is a schematic perspective-view diagram of an
injection port 72 having a plurality of injection nozzles or tips. The
injection port 72 is fludically coupled with an injection line 81 through
which injected chemical 2 may flow. The injection port 72 includes an
injection port body 82. The injection port body may take any shape.
As shown, the injection port body is substantially cylindrical. The
injection port 72 may also include a plurality of injection nozzles. For
example, the injection port 72 may include a first injection nozzle 83,
a second injection nozzle 85, and a third injection nozzle 87. Each
injection nozzle may extend in a substantially radial direction relative
to a central axis of the injection port body. The injection nozzles may
be disposed at different angles.

[0036] Figure 8B is a schematic cross-sectional view diagram of
the injection port 72 as shown in Figure 8A. Similarly, the convention
regarding the angle theta as shown in Figure 3, the angle describing
the port theta is defined as 0 degrees at the top of the cross-section of
the injection port body 82. Theta increases in a clockwise direction
around the circumference of the injection port body 82. The injection
port body 82 need not be cylindrical. A similar angular convention
may, nevertheless, be employed with respect to a central axis of an
arbitrarily shaped injection port body 82. As shown in Figure 8B, the
third injection nozzle 87 is positioned at 0 degrees theta (8); the

second injection nozzle 85 is positioned at a first angle, 81; and the

11
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first injection nozzle 83 is disposed at a second angle, 62. The
injection nozzles of the injection port 82 are, therefore,
“circumferentially staggered.” As used herein, the term
“circumferentially staggered” refers to a plurality of injection nozzles
disposed at a plurality of angles, 8, around the body of an injection
port.  Circumferentially staggered injection nozzles can inject a
chemical at a plurality of angles theta around the circumference of a
production tubing string 13, for example. As in other embodiments,
the injection nozzle tips may be of any suitable size and of any suitable
shape and the size and shape of the injection nozzle tips may influence
the velocity of the injected chemical 2.

[0037] Figure 9 is a plot of chemical volume fraction versus theta
showing the circumferential distribution of an injected chemical along
an inner circumference of a tubing string via a plurality of injection
ports, as illustrated for example in Figure 5. More specifically, the plot
shows the chemical volume fraction as a function of the circumferential
angle theta, from 0 to 360 degrees, for a single row of injection
nozzles on a transverse plane, one foot downstream of the injection
ports. The chemical volume fraction of injected chemical has a
relatively narrow distribution about the point of injection.

[0038] Figure 10 is a plot of chemical volume fraction versus theta
showing the circumferential distribution of an injected chemical along
an inner circumference of a tubing string via a plurality of injection
ports, each having a plurality of injection tips, as illustrated for
example in Figures 8A and 8B. More specifically, the plot shows the
chemical volume fraction as a function of the circumferential angle
theta, from 0 to 360 degrees, for three staggered rows of injection

nozzles on a transverse plane, one foot downstream of the injection
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ports. The chemical volume fraction of injected chemical has a
comparatively broader distribution about the points of injection.

[0039] As can be seen by comparing Figures 4, 9, and 10, CFD
simulations of a single injection nozzle, a single row of injection
nozzles, and multiple rows of injection nozzles demonstrates that, for
the same total flow rate of injected chemical, a much better
distribution of the chemical on the circumference is achieved. It is
important to note that the comparison is based on the same total flow
rate of injected chemical. Importantly, it was discovered that the peak
chemical concentration increased significantly upon adding additional
nozzles. For example, compare the peak chemical volume fraction in
Figure 4, of about 0.016, with the peak chemical volume fraction in
Figure 9, of about 0.31, with the peak chemical volume fraction in
Figure 10 of about 0.52. Without wishing to be bound by theory, it is
believed that the significantly increased peak chemical concentration is
due to the reduced penetration of the chemical into the cross-stream
fluid (i.e. the oil) as a result of the weakened momentum of the
chemical jet associated with the reduction in the injected chemical
mass flow rate per port. The increase in chemical concentration
around the walls of the tubing string is also highly desirable to prevent
the deposition and or accumulation of scale on tubing surface.
Therefore, by increasing the number of ports and distributing the ports
on the circumference of the tubing string, two important goals may be
achieved. First, an enhanced chemical concentration at the walls may
be achieved. Since the chemical, at a given mass flow rate, has less
velocity, it does not penetrate as deeply into the tubing string.
Instead, the chemical remains near the inner wall of the tubing string.
Secondly, the diffusion path needed for the chemical to cover or to fill

the inner circumference of the tubing string is decreased. Reducing
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the diffusion path aids the slow chemical diffusion process. Instead of
needing to diffuse throughout the entire composition inside the tubing
string, the chemical is injected at multiple locations around the
circumference of the tubing string.

[0040] Figure 11 is a schematic perspective-view diagram of an
injected chemical along an inner circumference of a tubing string via a
single injection port, as illustrated in Figure 1, for example. Injected
chemical 90 is shown streaking along an internal surface of the
production tubing string 13 from the injection port 16.

[0041] Figure 12 is a schematic perspective-view diagram of an
injected chemical along an inner circumference of a tubing string via a
plurality of injection ports, as illustrated in Figure 5, for example. A
first portion 91 of injected chemical is shown streaking along an
internal surface of the production tubing string 13 from the injection
port 16. A second portion 92 of injected chemical is shown streaking
along an internal surface of the production tubing string 13 from the
injection port 22. A third portion 93 of injected chemical is shown
streaking along an internal surface of the production tubing string 13
from the injection port 23. A fourth portion 94 of injected chemical is
shown streaking along an internal surface of the production tubing
string 13 from the injection port 24.

[0042] Figure 13 is a schematic perspective-view diagram of an
injected chemical along an inner circumference of a tubing string via a
plurality of injection ports, each having a plurality of injection tips, as
illustrated in Figures 8A and 8B for example. A first grouped portion 95
of injected chemical, is shown streaking along an internal surface of
the production tubing string 13 from the injection port 16. As
illustrated, the first grouped portion 95 comprises three discrete

streaks, but as shown in Figure 10, the streaks may bleed together,
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depending on the positioning of the injection tips and based on the
relative densities of the injected chemical and the well-bore fluid. A
second grouped portion 96 of injected chemical, is shown streaking
along an internal surface of the production tubing string 13 from the
injection port 71. A third grouped portion 97 of injected chemical, is
shown streaking along an internal surface of the production tubing
string 13 from the injection port 72. A fourth grouped portion 98 of
injected chemical, is shown streaking along an internal surface of the
production tubing string 13 from the injection port 73. As with the
first grouped portion 95, the second grouped portion 96, the third
grouped portion 97, and/or the fourth grouped portion 98 may include
discrete or blended streaks. Indeed, all of the grouped portions may
blend together so that the entire internal surface of the production
tubing string is substantially covered with injected chemical.

[0043] Figure 14 is a schematic perspective-view diagram of an
injection port 100 having a plurality of injection tips, each tip having a
unique shape. More specifically, the injection port 100 may be
fluidically coupled with an injection line 101 through which injected
chemical 2 may be supplied. The injection port 100 may include an
injection port body 102 and a plurality of injection nozzles 103, 104,
105. Each of the injection nozzles 103, 104, 105 may have an
injection nozzle tip 106, 107, 108. The injection nozzle tips 106, 107,
108 may be the same or different. For example a first injection nozzle
tip 106 may have a circular or oval shape, a second injection nozzle tip
107 may have a triangular shape, and a third injection nozzle tip 108
may have a star shape. Other shapes may be employed. For example
a nozzle tip may be circular, oval, or fan-shaped. The tips may be
optimized to help condition the flow and to help the injected chemical

effectively lay on the internal surface of the production tubing string
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and to diffuse as much as possible in a circumferential direction. The
size and shape of each tip may be adjusted depending on the flow
velocity of the injected chemical and based on the relative densities of
the injected chemical and the well-bore fluid. Improved chemical
distribution over tubing string walls may reduce scale deposition and
buildup and as a result minimize any potential production losses,
mitigating the need for costly remedial services.

[0044] Figure 15 is a schematic illustration of an offshore platform
operating a downhole chemical injection system. While the making and
using of various embodiments of the present disclosure are discussed
in detail, it should be appreciated that the present disclosure provides
many applicable inventive concepts, which can be embodied in a wide
variety of specific contexts. The specific embodiments discussed herein
are merely illustrative and do not delimit the scope of the present
disclosure.

[0045] Referring to Figure 15, a downhole chemical injection
system is being operated in a well positioned beneath an offshore oil
or gas production platform that is schematically illustrated and
generally designated 210. A semi-submersible platform 212 is
centered over submerged oil and gas formation 214 located below sea
floor 216. A wellbore 218 extends through the various earth strata
including formation 214 and has a casing string 220 cemented therein.
Disposed in a substantially horizontal portion of wellbore 218 is a
completion assembly 222 that includes various tools such as a packer
224, sand control screen assembly 226, packer 228, sand control
screen assembly 230, packer 232, sand control screen assembly 234
and packer 236. In addition, completion assembly 222 includes a
chemical injection mandrel 238 of the present disclosure having a

density barrier for preventing migration of production fluid into the
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chemical injection system regardless of the directional orientation of
wellbore 218. In the illustrated embodiment, a chemical injection line
240 extends from a surface installation depicted as a treatment fluid
pump 242 passing through a wellhead 244. Chemical injection line 240
delivers treatment chemicals from pump 242 to chemical injection
mandrel 238. Applications of the chemical injection system include, for
example, scale removers, asphaltines, emulsions, hydrates,
defoaming, paraffin, scavengers, corrosion, demulsifiers and the like.
Completion assembly 222 is interconnected within a tubing string 246
that extends to the surface and provides a conduit for the production
of formation fluids, such as oil and gas, to wellhead 244.

[0046] Importantly, as explained in detail below, even though
Figure 15 depicts the chemical injection mandrel of the present
disclosure in a horizontal section of the wellbore, it should be
understood by those skilled in the art that the chemical injection
mandrel of the present disclosure is specifically designed for use in
wellbores having a variety of directional orientations including vertical
wellbores, inclined wellbores, slanted wellbores, multilateral wellbores
or the like. Accordingly, it should be understood by those skilled in the
art that the use of directional terms such as above, below, upper,
lower, upward, downward, uphole, downhole and the like are used in
relation to the illustrative embodiments as they are depicted in the
figures, the wupward direction being toward the top of the
corresponding figure and the downward direction being toward the
bottom of the corresponding figure, the uphole direction being toward
the surface of the well, the downhole direction being toward the toe of
the well. Also, even though Figure 15 depicts an offshore operation, it
should be understood by those skilled in the art that the chemical

injection mandrel of the present disclosure is equally well suited for
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use in onshore operations. Further, even though Figure 15 depicts a
cased hole completion, it should be understood by those skilled in the
art that the chemical injection mandrel of the present disclosure is
equally well suited for use in open hole completions. In addition, even
though Figure 15 depicts an single chemical injection installation with
a dedicated chemical injection line, it should be understood by those
skilled in the art that the chemical injection mandrel of the present
disclosure is equally well suited for use in multipoint chemical injection
installations where two or more chemical injection mandrels are
installed that share a common chemical injection line.

[0047] Numerous examples are provided herein to enhance
understanding of the present disclosure. A specific set of statements
are provided as follows.

[0048] Statement 1: A downhole chemical injection system
comprising: a first injection port fluidically coupled with a chemical
injection line and having a first radially extending injection nozzle
fluidically coupled with a tubing string; and a second injection port
fluidically coupled with the chemical injection line and having a second
radially extending injection nozzle fluidically coupled with the tubing
string and circumferentially offset from the first radially extending
injection nozzle about a circumference of the tubing string.

[0049] Statement 2: A downhole chemical injection system is
disclosed according to Statement 1, further comprising: the first
injection port further including a third radially extending injection
nozzle fluidically coupled with the tubing string and circumferentially
offset from the first radially extending injection nozzle and the second
radially extending injection nozzle about a circumference of the tubing

string.
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[0050] Statement 3: A downhole chemical injection system is
disclosed according to Statement 2, further comprising: the second
injection port further including a fourth radially extending injection
nozzle fluidically coupled with the tubing string and circumferentially
offset from the first radially extending injection nozzle, the second
radially extending injection nozzle, and the third radially extending
injection nozzle about a circumference of the tubing string.

[0051] Statement 4: A downhole chemical injection system is
disclosed according to Statements 1-3, wherein at least one of the first
radially extending injection nozzle and the second radially extending
injection nozzle comprises an injection tip having a cross-sectional
shape selected from the group consisting of a circle, an oval, and a
triangle.

[0052] Statement 5: A downhole chemical injection system
according to Statements 1-4, further comprising at least one additional
injection port fluidically coupled with the chemical injection line and
fluidically coupled with the production tubing string to inject the
chemical into the production tubing string, the at least one additional
injection port comprising as least one additional radially extending
injection nozzle.

[0053] Statement 6: A downhole chemical injection system is
disclosed according to Statements 1-5, the chemical injection line
comprising a check valve disposed between the surface treatment fluid
pump and the first injection port and the second injection port.

[0054] Statement 7: A downhole chemical injection system is
disclosed according to Statement 6, further comprising a density
barrier fluidically positioned between the check valve and the first
injection port and the second injection port, the density barrier having

an axial loop and a circumferential loop relative to the production
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tubing string, thereby restricting migration of production fluid from the
first injection port and the second injection port to the check valve
regardless of the directional orientation of the well.

[0055] Statement 8: A downhole chemical injection system is
disclosed according to Statement 7, wherein the axial loop comprises a
pair of axially extending tubing sections.

[0056] Statement 9: A downhole chemical injection system is
disclosed according to Statement 8, further comprising an extended
injection line fluidically coupled with at least one of the pair of axially
extending tubing sections, and wherein the second injection port is
fluidically coupled with the extended injection line.

[0057] Statement 10: A downhole chemical injection system is
disclosed according to Statement 9, further comprising at least one
additional injection port fluidically coupled with the extended injection
line.

[0058] Statement 11: A method comprising: disposing a downhole
chemical injection system in a well, the downhole chemical injection
system fluidically coupled with a tubing string, the downhole chemical
injection system comprising: a first injection port fluidically coupled
with a chemical injection line and having a first radially extending
injection nozzle fluidically coupled with the tubing string; and a second
injection port fluidically coupled with the chemical injection line and
having a second radially extending injection nozzle fluidically coupled
with the tubing string and circumferentially offset from the first radially
extending injection nozzle about a circumference of the tubing string;
pumping a chemical from a surface treatment pump through the
chemical injection line; and injection the chemical into the production
tubing string via the first radially extending injection nozzle and the

second radially extending injection nozzle.
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[0059] Statement 12: A method is disclosed according to
Statement 11, wherein the first injection port further includes a third
radially extending injection nozzle fluidically coupled with the tubing
string and circumferentially offset from the first radially extending
injection nozzle and the second radially extending injection nozzle
about a circumference of the tubing string, the method further
comprising injecting the chemical into the production tubing string via
the third radially extending injection nozzle.

[0060] Statement 13: A method is disclosed according to
Statement 12, wherein the second injection port further including a
fourth radially extending injection nozzle fluidically coupled with the
tubing string and circumferentially offset from the first radially
extending injection nozzle, the second radially extending injection
nozzle, and the third radially extending injection nozzle about a
circumference of the tubing string.

[0061] Statement 14: A method is disclosed according to
Statements 11-13, wherein at least one of the first radially extending
nozzle and the second radially extending injection nozzle comprises an
injection tip having a cross-sectional shape selected from the group
consisting of a circle, an oval, and a triangle.

[0062] Statement 15: A method is disclosed according to
Statements 11-14, the downhole chemical injection system further
comprising at least one additional injection port fluidically coupled with
the chemical injection line and fluidically coupled with the production
tubing string to inject the chemical into the production tubing string,
the at least one additional injection port comprising at least one
additional radially extending injection nozzle, and the method further
comprising injecting the chemical into the production tubing string via

the at least one additional radially extending injection nozzle.
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[0063] Statement 16: A method is disclosed according to
Statements 11-15, the chemical injection line comprising a check valve
disposed between the surface treatment fluid pump and the first
injection port and the second injection port; and a density barrier
fluidically positioned between the check valve and the first injection
port and the second injection port, the density barrier having an axial
loop and a circumferential loop relative to the production tubing string,
thereby restricting migration of production fluid from the first injection
port and the second injection port to the check valve regardless of the
directional orientation of the well.

[0064] Statement 17: A method is disclosed according to
Statements 11-16, wherein injecting the chemical into the production
tubing string comprises injecting the chemical at a plurality of
positions around an inner circumference of the production tubing
string.

[0065] Statement 18: A method for injecting a chemical into a
production tubing string, the method comprising: fluidically coupling a
downhole chemical injection system with a production tubing string
and a surface treatment fluid pump via a chemical injection line,
disposing the downhole chemical injection system in a well; pumping
the chemical from the surface treatment pump through the chemical
injection line; and injecting the chemical into the production tubing
string via a plurality of injection nozzles, wherein for a given mass flow
rate of the chemical from the surface treatment fluid pump, the
average chemical volume fraction of the chemical injected into the
production tubing string via the plurality of injection nozzles measured
at about one foot downstream of the plurality of injection nozzles, is
greater than a chemical volume fraction of the chemical measured at

about one foot downstream of the single injection port that would be
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obtained by injecting the chemical into the production tubing string via
only a single injection nozzle.

[0066] Statement 19: A method is disclosed according to
Statement 18, wherein the average chemical volume fraction of the
chemical injected into the production tubing string via the plurality of
injection nozzles exceeds the chemical volume fraction of the chemical
injected into the production tubing string via a single injection port by
a factor of from about 10 to about 50.

[0067] Statement 20: A method is disclosed according to
Statements 18 or 19, wherein the average chemical volume fraction of
the chemical injected into the production tubing string via the plurality
of injection nozzles exceeds the chemical volume fraction of the
chemical injected into the production tubing string via a single
injection port by a factor of about 30.

[0068] For the sake of brevity, only certain ranges are explicitly
disclosed herein. However, ranges from any lower limit may be
combined with any upper limit to recite a range not explicitly recited,
as well as, ranges from any lower limit may be combined with any
other lower limit to recite a range not explicitly recited, in the same
way, ranges from any upper limit may be combined with any other
upper limit to recite a range not explicitly recited. Additionally,
whenever a numerical range with a lower limit and an upper limit is
disclosed, any number and any included range falling within the range
is specifically disclosed. In particular, every range of values (of the
form, "from about a to about b," or, equivalently, "from approximately
a to b," or, equivalently, "from approximately a-b") disclosed herein is
to be understood to set forth every number and range encompassed
within the broader range of values even if not explicitly recited. Thus,

every point or individual value may serve as its own lower or upper
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limit combined with any other point or individual value or any other
lower or upper limit, to recite a range not explicitly recited.

[0069] It should be understood that the compositions and
methods are described in terms of "comprising," "containing," or
"including"” various components or steps, the compositions and
methods can also "consist essentially of" or "consist of" the various
components and steps.

[0070] Therefore, the present disclosure is well adapted to attain
the ends and advantages mentioned as well as those that are inherent
therein. The particular embodiments disclosed above are illustrative
only, as the disclosed systems, methods, and/or apparatus may be
modified and practiced in different but equivalent manners apparent to
those skilled in the art having the benefit of the teachings herein.
Although individual embodiments are discussed, the disclosure covers
all combinations of all those embodiments. Furthermore, no limitations
are intended to the details of construction or design herein shown,
other than as described in the claims below. Also, the terms in the
claims have their plain, ordinary meaning unless otherwise explicitly
and clearly defined by the patentee. It is therefore evident that the
particular illustrative embodiments disclosed above may be altered or
modified and all such variations are considered within the scope and

spirit of the present disclosure.
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CLAIMS

What is claimed is:

1. A downhole chemical injection system comprising:

a first injection port fluidically coupled with a chemical injection
line and having a first radially extending injection nozzle fluidically
coupled with a tubing string; and

a second injection port fluidically coupled with the chemical
injection line and having a second radially extending injection nozzle
fluidically coupled with the tubing string and circumferentially offset
from the first radially extending injection nozzle about a circumference

of the tubing string.

2. The downhole chemical injection system according to Claim 1,
further comprising:

the first injection port further including a third radially extending
injection nozzle fluidically coupled with the tubing string and
circumferentially offset from the first radially extending injection
nozzle and the second radially extending injection nozzle about a

circumference of the tubing string.

3. The downhole chemical injection system according to Claim 2,
further comprising:

the second injection port further including a fourth radially
extending injection nozzle fluidically coupled with the tubing string and
circumferentially offset from the first radially extending injection
nozzle, the second radially extending injection nozzle, and the third
radially extending injection nozzle about a circumference of the tubing

string.
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4. The downhole chemical injection system according to Claim 1,
wherein at least one of the first radially extending injection nozzle and
the second radially extending injection nozzle comprises an injection
tip having a cross-sectional shape selected from the group consisting

of a circle, an oval, and a triangle.

5. The downhole chemical injection system according to Claim 1,
further comprising at least one additional injection port fluidically
coupled with the chemical injection line and fluidically coupled with the
production tubing string to inject the chemical into the production
tubing string, the at least one additional injection port comprising at

least one additional radially extending injection nozzle.

6. The downhole chemical injection system according to Claim 1,
the chemical injection line comprising a check valve disposed between
the surface treatment fluid pump and the first injection port and the

second injection port.

7. The downhole chemical injection system according to Claim 6,
further comprising a density barrier fluidically positioned between the
check valve and the first injection port and the second injection port,
the density barrier having an axial loop and a circumferential loop
relative to the production tubing string, thereby restricting migration
of production fluid from the first injection port and the second injection
port to the check valve regardless of the directional orientation of the

well.
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8. The downhole chemical injection system according to Claim 7,
wherein the axial loop comprises a pair of axially extending tubing

sections

9. The downhole chemical injection system according to Claim 8,
further comprising an extended injection line fluidically coupled with at
least one of the pair of axially extending tubing sections, and wherein
the second injection port is fluidically coupled with the extended

injection line.
10. The downhole chemical injection system according to Claim 9,

further comprising at least one additional injection port fluidically

coupled with the extended injection line.
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11. A method comprising:

disposing a downhole chemical injection system in a well, the
downhole chemical injection system fluidically coupled with a tubing

string, the downhole chemical injection system comprising:

a first injection port fluidically coupled with a chemical injection
line and having a first radially extending injection nozzle

fluidically coupled with the tubing string; and

a second injection port fluidically coupled with the chemical
injection line and having a second radially extending injection
nozzle fluidically coupled with the tubing string and
circumferentially offset from the first radially extending injection

nozzle about a circumference of the tubing string;

pumping a chemical from a surface treatment pump through the

chemical injection line; and
injecting the chemical into the production tubing string via the first

radially extending injection nozzle and the second radially extending

injection nozzle.
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12. The method according to Claim 11, wherein the first injection
port further includes a third radially extending injection nozzle
fluidically coupled with the tubing string and circumferentially offset
from the first radially extending injection nozzle and the second
radially extending injection nozzle about a circumference of the tubing

string,

the method further comprising injecting the chemical into the
production tubing string via the third radially extending injection

nozzle.

13. The method according to Claim 12, wherein the second
injection port further including a fourth radially extending injection
nozzle fluidically coupled with the tubing string and circumferentially
offset from the first radially extending injection nozzle, the second
radially extending injection nozzle, and the third radially extending

injection nozzle about a circumference of the tubing string,

the method further comprising injecting the chemical into the
production tubing string via the fourth radially extending injection

nozzle.

14. The method according to Claim 11, wherein at least one of the
first radially extending nozzle and the second radially extending
injection nozzle comprises an injection tip having a cross-sectional
shape selected from the group consisting of a circle, an oval, and a

triangle.
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15. The method according to Claim 11, the downhole chemical
injection system further comprising at least one additional injection
port fluidically coupled with the chemical injection line and fluidically
coupled with the production tubing string to inject the chemical into
the production tubing string, the at least one additional injection port
comprising at least one additional radially extending injection nozzle,

and

the method further comprising injecting the chemical into the
production tubing string via the at least one additional radially

extending injection nozzle.

16. The method according to Claim 11, the chemical injection line
comprising a check valve disposed between the surface treatment fluid
pump and the first injection port and the second injection port; and

a density barrier fluidically positioned between the check valve and the
first injection port and the second injection port, the density barrier
having an axial loop and a circumferential loop relative to the
production tubing string, thereby restricting migration of production
fluid from the first injection port and the second injection port to the

check valve regardless of the directional orientation of the well.

17. The method according to Claim 11, wherein injecting the
chemical into the production tubing string comprises injecting the
chemical at a plurality of positions around an inner circumference of

the production tubing string.
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18. A method for injecting a chemical into a production tubing string,
the method comprising:

fluidically coupling a downhole chemical injection system with a
production tubing string and a surface treatment fluid pump via a

chemical injection line,

disposing the downhole chemical injection system in a well;

pumping the chemical from the surface treatment pump through the

chemical injection line; and

injecting the chemical into the production tubing string via a plurality

of injection nozzles,

wherein for a given mass flow rate of the chemical from the surface
treatment fluid pump, the average chemical volume fraction of the
chemical injected into the production tubing string via the plurality of
injection nozzles measured at about one foot downstream of the
plurality of injection nozzles, is greater than a chemical volume
fraction of the chemical measured at about one foot downstream of
the single injection port that would be obtained by injecting the
chemical into the production tubing string via only a single injection

nozzle.

31



WO 2017/082901 PCT/US2015/060262

19. The method according to Claim 18, wherein the average chemical
volume fraction of the chemical injected into the production tubing
string via the plurality of injection nozzles exceeds the chemical
volume fraction of the chemical injected into the production tubing
string via a single injection port by a factor of from about 10 to about
50.

20. The method according to Claim 18, wherein the average chemical
volume fraction of the chemical injected into the production tubing
string via the plurality of injection nozzles exceeds the chemical
volume fraction of the chemical injected into the production tubing

string via a single injection port by a factor of about 30.
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