FORCE-BALANCING SPRAY NOZZLE DEVICES

Technical Field

[0001] This disclosure relates to spray nozzles, more particularly, to spray nozzles including retro-

jets that balance the forces exerted by the fluids passing through the nozzles.

Background

[0002] In a typical process of spraying a solution or mixture from a spray nozzle, the spray exiting
the spray nozzle exerts a reaction force on the spray nozzle. This can undesirably result in
deflection of the spray nozzle from its intended position. Conventionally, the spray nozzle is
anchored to a stiff structure capable of handling the reaction forces without significant deflection.
In newer spray processes where a coating or a cleaning solution is sprayed onto an engine
component, the spray nozzle is typically attached to an end of a slender cantilevered member not
having the ability to absorb the reaction forces. This results in significant deflection and therefore
inability of the spray nozzle to maintain its intended position, which is detrimental to the coating

process, and can result in harm to other parts of the engine where spray deposition is undesirable.

Brief Description of the Drawings

[0003] Described herein are embodiments of force-balanced spray nozzle devices. This

description includes drawings, wherein:

[0004] FIG. 1 is a perspective view of an embodiment of a spray nozzle that is coupled to a flexible

robotic arm for spraying an engine component;

[0005] FIG. 2 is a front perspective view of the nozzle of FIG. 1;

[0006] FIG. 3 is a bottom view of the nozzle of FIG. 1;

[0007] FIG. 4 is a cross-sectional view of the nozzle of FIG. 3;

[0008] FIG. 5 is a side view of a spray nozzle according to another embodiment;
[0009] FIG. 6 is a perspective side-rear view of the nozzle of FIG. 5;

[0010] FIG. 7 is a cross-sectional view of the nozzle of FIG. 5;

[0011] FIG. 8 is a side view of a spray nozzle according to another embodiment;

[0012] FIG. 9 is a perspective side-rear view of the nozzle of FIG. §;
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[0013] FIG. 10 is a cross-sectional view of the nozzle of FIG. 8;
[0014] FIG. 11 is a side view of a spray nozzle according to another embodiment;
[0015] FIG. 12 is a rear view of the nozzle of FIG. 11;

[0016] FIG. 13 is a partial cross-sectional schematic view of an interior environment of the nozzles

of FIGS. 11 and 12;

[0017] FIG. 14 is a flow chart schematic illustrating a system, where a spray nozzle device is

coupled to a source of a liquid/slurry and a gas source;

[0018] FIG. 15 is a flow chart schematic illustrating a system, where a spray nozzle device is

coupled to a source of a liquid/slurry and a gas source that is controlled by a control unit;

[0019] FIG. 16 is a flow chart schematic illustrating a system, where a spray nozzle device is
coupled to a source of a liquid/slurry, a first gas source, and a second gas source that is controlled

by a control unit; and

[0020] FIG. 17 is a schematic illustration of an exemplary spray application via a spray nozzle
assembly including a spray nozzle and a robotic arm and at least one balancing outlet, and showing

the possible applicable spray force directions and spray nozzle assembly movements.

[0021] Elements in the figures are illustrated for simplicity and clarity and have not been drawn
to scale. The dimensions and/or relative positioning of some of the elements in the figures may
be exaggerated relative to other elements to help to improve understanding of various
embodiments. Also, common but well-understood elements that are useful or necessary in a
commercially feasible embodiment are often not depicted in order to facilitate a less obstructed
view of these various embodiments. Certain actions and/or steps may be described or depicted in
a particular order of occurrence while those skilled in the art will understand that such specificity

with respect to sequence is not actually required.

[0022] The terms and expressions used herein have the ordinary technical meaning as is accorded
to such terms and expressions by persons skilled in the technical field as set forth above except

where different specific meanings have otherwise been set forth herein.



Detailed Description

[0023] The following description is not to be taken in a limiting sense, but is made merely for the
purpose of describing the general principles of exemplary embodiments. Reference throughout

2%

this specification to “one embodiment,” “an embodiment,” or similar language means that a
particular feature, structure, or characteristic described in connection with the embodiment is
included in at least one embodiment of the present disclosure. Thus, appearances of the phrases

“in one embodiment,” “in an embodiment,” and similar language throughout this specification

may, but do not necessarily, all refer to the same embodiment.

[0024] As used herein, the terms “first,” “second,” and “third” may be used interchangeably to
distinguish one component from another and are not intended to signify location or importance of

the individual components.

[0025] The terms “coupled,” “fixed,” “attached to,” and the like refer to both direct coupling,
fixing, or attaching, as well as indirect coupling, fixing, or attaching through one or more

intermediate components or features, unless otherwise specified herein.

[0026] The singular forms “a,” “an,” and “the” include plural references unless the context clearly

dictates otherwise.

[0027] Approximating language, as used herein throughout the specification and claims, is applied
to modify any quantitative representation that could permissibly vary without resulting in a change

in the basic function to which it is related. Accordingly, a value modified by a term or terms, such
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as “about,” “approximately,” and “substantially,” are not to be limited to the precise value
specified. In at least some instances, the approximating language may correspond to the precision
of an instrument for measuring the value, or the precision of the methods or machines for
constructing or manufacturing the components and/or systems. The approximating language may
refer to being within a +/- 1, 2, 4, 5, 10, 15, or 20 percent margin in either individual values,

range(s) of values, and/or endpoints defining range(s) of values.

[0028] Here and throughout the specification and claims, range limitations are combined and
interchanged, such ranges are identified and include all the sub-ranges contained therein unless
context or language indicates otherwise. For example, all ranges disclosed herein are inclusive of

the endpoints, and the endpoints are independently combinable with each other.



[0029] Generally, the spray nozzle devices described herein include a first conduit that provides a
first flow path for a first type of fluid, a second conduit that provides a second flow path for a
second type of fluid that is different from the first fluid, a first dispensing aperture that ejects
therefrom an atomized multiphase spray that includes the first type of fluid and the second type of
fluid, and at least one balancing outlet in fluid communication with at least the second conduit.
The balancing outlets permit the second type of fluid to exit therefrom to balance a force of ejection

of the atomized multiphase spray from the first dispensing outlet.

[0030] Advantageously, the spray nozzle devices described herein reduce the need for structural
stiffness in the spray nozzle support and permit the spray nozzle to be coupled to an elongated,
flexible slender robotic arm while relying on balancing the reaction forces within the spray nozzle
by using one or more of the fluids passing through the spray nozzle to exert a balancing force by
exiting the fluids through one or more of the force balancing outlets. Notably, the flexibility of
the robotic arm described herein is desirable and deliberate and advantageously permits the robotic
arm to reach hard-to-reach areas of an engine, but flexibility of conventional robotic arms may be
an undesirable consequence of their slenderness and/or light-weight construction. The precision to
balance the reaction forces by the balancing force may depend on a stiffness and/or damping
characteristic of the supporting structure or robotic arm or a static and/or dynamic response of the

supporting structure or robotic arm in response to a perturbation.

[0031] The precision may also relate to a positional precision associated with a process or task
being performed. In some embodiments, the balancing of the forces within the spray nozzle may
be aided by a sensor-based closed-loop controlled metering mechanism that measures the position
and/or velocity and/or acceleration of the spray nozzle or a part of an assembly connectively
coupled to the spray nozzle and adjusts the fluid balance between the multiphase atomized fluid
being ejected from the dispensing outlet and the fluid being ejected from the force balancing outlets
(also referred to as a retro-jets) so as to respond to the measured position and/or velocity and/or
acceleration in order to control the motion. In certain aspects, one of the fluids ( e.g., air, nitrogen
gas, etc.) accelerates another fluid ( e.g., viscous slurry, aqueous solution, etc.) and also achieves
atomization of the other fluid, such that the controlled metering mechanism takes into account the
properties of the secondary fluid and its feed rate in combination with the properties of the active

fluid.



[0032] One or more embodiments of the spray nozzles described herein can be used to spray a
protective coating onto a previously-applied chemical barrier coating to improve the resistance of
the chemical barrier coating to attack by compounds such as calcium-magnesium alumina silicate.
The chemical barrier coating also may be advantageous due to the thermal resistance of the spray
coating. Optionally, other coatings could be applied with the spray systems and spray nozzles

described herein.

[0033] One or more embodiments of the spray nozzles are designed to be utilized, while coupled
to a movable (and remotely controlled) robotic arm, inside of a turbine engine of an aircraft. As a
result of the turbine engine components having the chemical barrier coating thereon, the amount

time between overhauls of the turbine engine can be extended.

[0034] The spray nozzles described herein may include an internal atomizing zone and a plenum

chamber where the fluids of the multiphase mixture can mix before being ejected from the nozzle.

[0035] A control system can be used to supply a multiphase mixture of liquid droplets and a carrier
gas to the spray nozzle. The two-phase mixture of liquid droplets in a carrier gas can be delivered

to the nozzle system using individual tubes, coaxial tubes, or the like.

[0036] FIG. 1 illustrates an overview of a system 100 including a robotic arm 110 and a spray
nozzle 120 coupled to a first end 112 (also referred to as a distal end) of the robotic arm 110. The
spray nozzle 120 is configured to apply a surface treatment (e.g., an atomized multiphase spray,
etc.) 131 onto an engine component 105 (which may be, for example, a turbine engine component
of an aircraft).

[0037] The system 100 may include a source of liquid/slurry (e.g., a pump, etc.) 190 (illustrated
in FIG. 14), which may be coupled to a second end 113 of the robotic arm 110 that is opposite to
the first end 112, and which may be configured to deliver a first type of fluid (e.g., a chemical
barrier coating slurry, alcohol-based solution, water, etc.) into the spray nozzle 120.

[0038] As shown in FIG. 14, the system 100 may also include a first gas source 192 (which may
be a gas compressor or another device (e.g., a bottle, container, etc.) suitable for providing a
compressed gas to the spray nozzle 120), which may be coupled to the second end 113 of the
robotic arm 110 that is opposite to the first end 112, and which may be configured to deliver a
second type or a third type of fluid (e.g., a mixture of gases such as compressed air, or a single gas

such as nitrogen gas, etc.) into the spray nozzle 120.
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[0039] The robotic arm 110 may also be coupled to a control unit 196 (see FIG. 15) that controls
the directional movement of the robotic arm 110. For example, such a control unit may be user-
operated to navigate the first end 112 of the robotic arm 110 to the target surface 107 of the engine
component 105. To facilitate such navigation, a camera may be coupled to the first end 112 of the
robotic arm 110 and/or to the spray nozzle 120 itself.

[0040] The robotic arm 110 may include multiple interconnected segments 114 that permit the
robotic arm 110 to curve relative to a longitudinal axis of the robotic arm 110 during the movement
of the robotic arm 110, such that the overall shape of the robotic arm 110 may be that of an arc, as
shown in FIG. 1.

[0041] In certain implementations, the robotic arm 110 has a hollow interior 115 that permits a
first main line 191 coupled to the source of liquid/slurry 190 and to the spray nozzle 120 to pass
therethrough. In addition, the hollow interior 115 of the robotic arm 110 permits a second main
line 193 coupled to the first gas source 192 and to the spray nozzle 120 to pass therethrough. It
will be appreciated that the first main line 191 and the second main line 193 do not have to pass
through the hollow interior 115 of the robotic arm 110 and may be coupled to the robotic arm 110
outside of the hollow interior 115.

[0042] In some embodiments, the spray nozzle 120 is coupled to the distal or first end 112 of the
robotic arm 110 such that the spray nozzle 120 is permitted to swivel in at least two directions
(e.g., up and down) relative to the first end 112 of the robotic arm 110. This may be accomplished,
for example, by mounting two opposing tubular coupling members 125a, 125b (see FIG. 3) of the
spray nozzle 120 onto a cylindrical coupling rod 117 located at the first end 112 of the robotic arm
110.

[0043] With reference to FIG. 14, a system 100 including the robotic arm 110 and the spray nozzle
120 of FIG. 1 (or the spray nozzle 220 of FIGS. 5-7, or the spray nozzle 320 of FIGS. 8-10) may
be configured such that the source of liquid/slurry 190 delivers the first type of fluid (e.g., chemical
barrier coating slurry, water, alcohol-based cleaning solution, etc.) via a first main line 191 to the
spray nozzle 120, while the first gas source 192 delivers a second type of fluid (e.g., air, nitrogen
gas, etc.) via a second main line 193 to the spray nozzle 120. In the system 100, the force-balancing
of the spray nozzle 120 is provided by the outflow (also referred to herein as retro-jets) of the
second type of fluid from the balancing outlets 150 (which will be discussed in more detail below

with reference to FIGS. 2-13) of the spray nozzle 120.
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[0044] In the exemplary alternative closed control loop systems 200 and 300 shown in FIGS. 15
and 16, the spray nozzle 120 includes at least one sensor 140. In one aspect, the sensor 140 may
measure flow (e.g., speed, etc.) of a fluid (e.g., coating/cleaning solution, slurry, air, etc.) through
the spray nozzle 120. In another aspect, the sensor 140 may detect a physical location or position
and/or velocity and/or acceleration of the spray nozzle 120.

[0045] In the exemplary embodiment shown in FIG. 15, the system 200 includes a control unit
196 that controls the first gas source 192. In one aspect, the sensor 140 is configured to transmit
a signal (via a wired or wireless connection 188) to the control unit 196, with the signal indicating,
for example, the physical location of the spray nozzle 120 and/or the flow speed of one or more
types of fluids (e.g., slurry, a mixture of gases such as air, a single gas such as nitrogen, etc.) within
the spray nozzle 120. In some implementations, in response to receiving a signal from the sensor
140, the control unit 196 may open or close one or more metering valves 141a, 141b, 141c (see
FIG. 4) within the spray nozzle 120 to increase or decrease an output of the first gas source 192
(which results in an increase or decrease of the speed of flow of the second type of fluid (e.g., air,
etc.) through the second main line 193 and into the spray nozzle 120) to ensure a balance between
the speed of the flow of the second type of fluid through the spray nozzle 120 (as well as the
speed/force of ejection of the second fluid from the head 142 of the spray nozzle 120 through the
second output 144) and the ejection of second type of fluid from the spray nozzle 120 through the
balancing outlet(s) 150.

[0046] In one approach, if the signal transmitted by the sensor 140 to the control unit 196 indicates
that the flow speed of the second type of fluid (e.g., a gas or a mixture of gases) is not sufficient
to generate the desired application force of the spray 131 from the head 142 of the spray nozzle
120 onto the target surface 107 of the engine component, the control unit 196 transmits a signal
that causes the metering valve 141a (see FIG. 4) to open more, which in turn facilitates faster flow
of the second type of fluid through the nozzle 120 and causes faster/more powerful ejection of the
second type of fluid from the second outlet 144 of the head 142 of the spray nozzle 120 (which
also increases the speed of travel of the first type of fluid (e.g., a liquid or slurry) after it is ejected
from the first outlet 130 of the head 142 of the spray nozzle 120 and mixes with the now faster-
traveling second type of fluid), resulting in a higher force of application of the multiphase atomized
spray 131 onto the surface 107 of the engine component 105. On the other hand, if the signal

transmitted by the sensor 140 to the control unit 196 indicates that the flow speed of the second
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type of fluid is generating a higher-than-needed application force of the spray 131 from the head
142 of the spray nozzle 120 onto the target surface 107 of the engine component, the control unit
196 transmits a signal that causes the metering valve 141a (see FIG. 4) to close more, which in
turn reduces the speed of flow of the second type of fluid through the spray nozzle 120 and causes
slower/less powerful ejection of the second type of fluid from the second outlet 144 (which also
decreases the speed of travel of the first type of fluid after it is ejected from the first outlet 130 and
mixes with the now slower-traveling second type of fluid), resulting in a lesser force of application
of the multiphase atomized spray 131 onto the surface 107 of the engine component 105.

[0047] In the exemplary embodiment shown in FIG. 16, the system 300 includes a first gas source
192 (which may deliver, for example, air, nitrogen gas, etc. via the second main line 193 to the
spray nozzle 120) as well as a second gas source 198 (which may deliver, for example, air, nitrogen
gas, etc. via a third main line 199 to the spray nozzle 120). In system 300, the control unit 196
does not control the first gas source 192, but controls the second gas source 198. The second gas
source 198 may be configured to deliver to the spray nozzle 120 either the same type of fluid (e.g.,
a mixture of gases such as air, etc.) as the first gas source 192 or a different type of fluid (e.g., a
single gas such as nitrogen gas, etc.) than the first gas source 192. In some embodiments, the first
gas source 192 delivers to the spray nozzle 120 a fluid that is ejected from the spray nozzle 120 in
the form of the surface treatment (e.g., an atomized multiphase spray) 131, while the second gas
source 192 delivers to the spray nozzle 120 the same or a different fluid that is ejected from the
balancing outlets 150 of the spray nozzle 120 to provide force-balancing to the spray nozzle 120
such that the spray nozzle 120 is restricted from deflecting/deviating from its intended spraying
position.

[0048] As pointed out above, the difference between the exemplary systems 200 and 300 shown
in FIGS. 15 and 16 is that the system 200 of FIG. 15 includes a first gas source 192 and a control
unit 196 that controls the first gas source 192 while the system 300 of FIG. 16 includes two gas
compressors 192 and 198 and the control unit 196 does not control the first gas source 192, but
instead controls the second gas source 198. In some aspects, in response to receiving a signal from
the sensor 140, the control unit 196 may open or close a metering valve 141a, 141b, 141c¢ (see FIG.
4) within the spray nozzle 120 and/or increase or decrease an output of the second gas source 198
to ensure a force balance between the fluid flow through the spray nozzle 120 and ejection of one

or more types of fluids through the balancing outlet(s) 150 from the spray nozzle 120.
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[0049] FIGS. 2-4 illustrate several views (i.e., a front perspective, bottom, and cross-sectional,
respectively) of the exemplary atomizing spray nozzle 120 of FIG. 1. Notably, as pointed out
above, while FIG. 1 shows the spray nozzle 120 coupled to the robotic arm 110, any of the spray
nozzles 220, 320, and 420 described below may be coupled to the robotic arm 110 instead of the
spray nozzle 120.

[0050] The exemplary spray nozzle 120 of FIG. 1 is elongated along a central longitudinal axis
thereof (see FIG. 3) and has a cylindrical shape overall, but it will be appreciated that the spray
nozzle 120 may be of a different suitable shape (some exemplary shapes and configurations of the
spray nozzle 120 are shown in FIGS. 5-13). The spray nozzle 120 may have a single-piece body
(which may be, for example, made by injection molding, 3-D printing, etc.), or may have a body
formed from several separate pieces that are joined together as spray nozzle assembly 122 which
may include multiple interconnected parts (e.g., one or more components that enable the coupling
of portions of the robotic arm 110 of the spray nozzle assembly 122 to portions of the spray nozzle
120 of the spray nozzle assembly 122). Notably, at least some of the parts of the spray nozzle
assembly 122 may be moving parts (e.g., exemplary moving parts of the spray nozzle assembly
122 may include but are not limited to the robotic arm 110 and the portions of the spray nozzle
assembly 122 and/or the robotic arm 110 that permit the spray nozzle 120 of the spray nozzle

assembly 122 to swivel relative to the robotic arm 110 of the spray nozzle assembly 122).

[0051] The spray nozzle 120 of FIG. 4 includes a first inlet 128 and a second inlet 136 each being
in fluid communication with a first outlet 130 and second outlet 144, respectively, which are
located at a head 142 of the spray nozzle 120. The first inlet 128 and the second inlet 136 each
receive different phases of the fluids that are atomized and mixed upon being dispensed from the
head 142 of the spray nozzle 120 to form the atomized airborne multi-phase (e.g., two-phase)
mixture of liquid droplets in a carrier gas. The multiphase mixture is sprayed, via the first outlet
130 and the second outlet 144, from the head 142 of the spray nozzle 120 onto a surface 107 of an
aircraft engine component 105. While the exemplary spray nozzle 120 includes first and second
inlets 128, 136 each being fluidly coupled to the head 142 via first and second conduits 124, 132
extending downstream of the first and second inlets 128, 136, it will be appreciated that, in some
embodiments, the spray nozzle 120 may include more than first and second inlets 128, 136 and

more than first and second conduits 124, 132 (see, e.g., nozzle 420 of FIGS. 11-13).



[0052] With reference to FIG. 4, the spray nozzle 120 includes a first conduit 124 that provides a
first flow path (indicted by the directional arrows 126) for a first type of fluid. The first flow path
126 of the spray nozzle 120 of FIG. 4 includes the first inlet 128 and a first outlet 130. The first
conduit 124 of the spray nozzle 120 extends all the way to the first outlet 130 located in the head
142 of the spray nozzle 120, such that the first type of fluid flows through the first conduit 124 of
the spray nozzle 120 and is ejected from the first outlet 130 at the head 142 of the spray nozzle
120. The first type of fluid may be a free flowing liquid (e.g., water, alcohol, water-alcohol
solution, etc.), a substantially stationary liquid (e.g., a slurry), or the like. In some aspects, the
slurry may be suitable to form a chemical barrier coating that provides protection to the engine

component 105 of FIG. 1 (or other engine components) from various contaminants.

[0053] With reference to FIGS. 4 and 14, the first inlet 128 of the first conduit 124 may be fluidly
coupled to a first main fluid conduit or a first main line 191 (coupled to liquid/slurry source 190
(e.g., multiphase fluid pump)) that supplies a first type of fluid (e.g., cleaning solution, chemical
coating, slurry, etc.) to the spray nozzle 120 via the first inlet 128. For example, a first or upstream
end of the first main line 191 may be connected to the source of liquid/slurry 190 and a second or
downstream end of the first main line 191 may be coupled to the first inlet 128 of the first conduit

124 of the spray nozzle 120.

[0054] The exemplary spray nozzle 120 of FIG. 4 additionally includes a second conduit 132 that
provides a second flow path (indicated by the directional arrows 127) through the spray nozzle
120 for a second type of fluid that is different from the first fluid. The second type of fluid that
may flow through the second conduit 132 of the spray nozzle 120 may be a single gas (e.g.,

nitrogen), or a combination of gases (e.g., air, etc.).

[0055] The illustrated second conduit 132 includes a second inlet 136 and a second outlet 144.
The second conduit 132 of the spray nozzle 120 extends all the way to the first outlet 144 located
in the head 142 of the spray nozzle 120, such that the second type of fluid flows through the second
conduit 132 of the spray nozzle 120 and is ejected from the second outlet 144 at the head 142 of
the spray nozzle 120. With reference to FIGS. 4 and 14, the second inlet 136 may be fluidically
coupled to a second main fluid conduit or a second main line 193 (coupled to the first gas source
192) that supplies a second type of fluid (e.g., a gas or a mixture of gases) to the spray nozzle 120

via the second inlet 136. For example, a first or upstream end of the second main line 193 may be
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connected to the first gas source 192 and a second or downstream end of the second main line 193

may be coupled to the second inlet 136 of the second conduit 132 of the spray nozzle 120.

[0056] As noted above, the first main line 191 and the second main line 193 may extend through
the hollow interior 115 of the robotic arm 110, or may extend on/along the exterior of the robotic
arm 110 along the length of the robotic arm 110. As such, in various embodiments, the different
phase fluids (e.g., gas and slurry) are kept separate from each other until these different phase
fluids are combined and atomized when ejected as a surface treatment (e.g., a stream of liquid, a
multiphase atomized spray, etc.) 131 via the first outlet 130 and the second outlet 144 from the
head 142 of the spray nozzle 120.

[0057] In the embodiment illustrated in FIG. 4, the second conduit 132 extends around or
circumferentially surrounds at least a portion of the first conduit 124, such that the first conduit
124 is an inner conduit with a first diameter, and the second conduit 132 is an outer conduit with
a second diameter that is larger than the first diameter. It will be appreciated that the second
conduit 132 does not have to circumferentially surround the first conduit 124, and that portions of
the first and second conduits 124 and 132 may have a side-by-side or another spatial relationship

relative to each other (see nozzle 320 of FIGS. 8-10 and nozzle 420 of FIGS. 11-13).

[0058] With reference to FIG. 4, the spray nozzle 120 includes a plenum chamber 145 downstream
of the second inlet 136 of the second conduit 132. In the illustrated embodiment, the plenum
chamber 145 receives the second type of fluid (indicated by the arrows 127) from the second
conduit 132. Since the plenum chamber 145 is in fluid communication with the second outlet 144
(and the balancing outlets 150a, 150b, which will be discussed in more detail below), the second
type of fluid is permitted to flow (as indicated by arrows 127) downstream from the plenum
chamber 145 within the second conduit 132 until the second type of fluid exits from the second
outlet 144 of the second conduit 132 and is ejected from the head 142 of the spray nozzle 120. In
other words, the plenum chamber 145 of the spray nozzle 120 directs the flow of the second fluid
delivered to the plenum chamber 145 by the second conduit 132 to the second outlet 144 of the
second conduit 132, after which the second type of fluid flows (indicated by the arrows 127) is
ejected through the second outlet 144 and from the head 142 of the spray nozzle 120 as a surface

treatment 131 (e.g., a multiphase atomized spray, etc.).
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[0059] In one aspect, the particles of the first type of fluid (e.g., a liquid such as a spray coating
slurry, cleaning solution, etc.) flow (as indicated by the directional arrows 126) to the first outlet
130 by the first conduit 124, and the second type of fluid (e.g., a mixture of gases such as air or a
gas such as nitrogen, etc.) flows to the second outlet 144 via the second conduit 132 (as indicated
by the directional arrows 127), after which the first fluid and the second fluid are ejected via the
first outlet 130 and second outlet 144, respectively, from the head 142 of the spray nozzle 120 to
mix and form a two-phase mixture of liquid-slurry droplets in a carrier gas. In other words, upon
ejection of the first fluid from the first outlet 130 and upon ejection of the second fluid from the
second outlet 144, the first fluid and the second fluid mix, thereby forming a multiphase mixture
of liquid droplets in a carrier gas, which represents a surface treatment 131 that is applied via the
head 142 of the spray nozzle 120 onto a target surface (e.g., surface 107 of aircraft component 105

in FIG. 1).

[0060] In the exemplary embodiment illustrated in FIGS. 2-4, the spray nozzle 120 includes a
single head 142, but it will be appreciated that the spray nozzle 120 may include two heads (see
nozzle 420 in FIGS. 11-13), or more than two heads. The head 142 of the exemplary spray nozzle
120 of FIG. 4 is formed as a tapered cylindrical channel 143 that extends downstream of the
plenum chamber 145 and upstream of the first outlet 130 and the second outlet 144 in a direction

along the longitudinal axis of the spray nozzle 120.

[0061] The first outlet 130 and second outlet 144 of the head 142 of the spray nozzle 120 provide
openings through which the first and second fluids are ejected and then mixed to form an atomized
two-phase mixture of liquid/slurry droplets in a carrier gas that represents a surface treatment 131
(e.g., amultiphase atomized spray, etc.) applied via the head 142 of the spray nozzle 120 onto one
or more surfaces 107 of the target aircraft engine component 105 (e.g., as a protective coating, or
as a pressurized liquid spray, etc.). In some embodiments, the spray nozzle 120 can eject the two-
phase mixture of the liquid droplets in the carrier gas as a surface treatment 131 (e.g., a multiphase
atomized spray, etc.) from the first outlet 130 and the second outlet of the head 142 of the spray

nozzle 120 at pressures of ten to three hundred pounds per square inch.

[0062] The head 142 of the exemplary spray nozzle 120 illustrated in FIGS. 2-4 is oriented radially
relative to a central longitudinal axis (see FIG. 3) of the spray nozzle 120 and extends in a direction

parallel to the central longitudinal axis of the spray nozzle 120. As such, the first outlet 130 and
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the second outlet 144 of the head 142 of the spray nozzle 120 eject the surface treatment 131 (e.g.,
an atomized multiphase spray, etc.) in directions (indicated by the dashed lines 131 in FIG. 4) that
are parallel to the central longitudinal axis of the spray nozzle 120 and/or extend radially away
from the central longitudinal axis of the spray nozzle 120, as shown in FIG. 4. In one aspect, each
of the first outlet 130 and the second outlet 144 of the head 142 of the spray nozzle 120 may have
a diameter sized and shaped to atomize the multi-phase spray mixture of the slurry/liquid droplets
in the carrier gas being ejected from the head 142 of the spray nozzle 120 through the first outlet
130 and through the second outlet 144.

[0063] In the embodiment illustrated in FIG. 4, the head 142 of the spray nozzle 120 has a
cylindrical portion 147 and a tapered portion 149. The cylindrical portion 147 is located upstream
of the tapered portion 149 and downstream of the plenum chamber 145. The tapered portion 149
is located downstream of the cylindrical portion 147 and terminates in the dispensing aperture 144.
As seen in FIG. 4, the diameter of the tapered portion 149 of the dispensing outlet 142 decreases
in the downstream direction (i.e., the diameter of the tapered portion 149 is largest proximally to

the cylindrical portion 147 and smallest proximally to the dispensing aperture 144).

[0064] The exemplary spray nozzle 120 of FIGS. 2-4 advantageously includes structural features
that balance the spray forces within the spray nozzle 120 to advantageously maintain the position
accuracy of both the spray nozzle 120 and the first end 112 of the robotic arm 110 during the
ejection of the surface treatment 131 (e.g., a multi-phase atomized spray, etc.) from the spray
nozzle 120. In particular, in the illustrated embodiment, the spray nozzle 120 includes multiple
balancing outlets 150a-150d (also referred to as force-balancing “retro-jets”) to achieve this
advantageous force balance, thereby avoiding a significant deflection or deviation of the first end
112 of the robotic arm 110 and of the spray nozzle 120 from their intended positions during the

spraying of the surface 107 of the engine component 105.

[0065] In some instances, the bounds to maintain the position to achieve a desired accuracy may
be a function of the environment and the support structure or properties of the robotic arm 110. In
one example, the robotic arm 110, which may be a snake-arm robot, may be positioned within a
cluttered environment with which it is undesirable for the robotic arm 110 to come into contact.
The position accuracy of the robotic arm 110 may in this instance be defined by reference to an

initial clearance 176 between the robotic arm 110 and an object 109 within the cluttered
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environment, as shown in FIG. 17, a stiffness of the robotic arm 110, and a reaction force from a
spray nozzle 120. Resolved into the direction of the initial clearance 176 between the robotic arm
110 and the object 109 within the cluttered environment, in the direction of the nearest point
between the object 109 and the robotic arm 110, the force divided by the stiffness is less than the
initial clearance 176, F' / k < ¢, where F is the reaction force, k is the stiffness and c is the initial

clearance 176, all measured in the same direction.

[0066] If the stiffness or clearance are too low or the reaction force is too high to satisfy this
equation in the unbalanced condition, it is useful to generally balance some proportion of the
reaction force using at least one balancing jet (emitted from the at least one balancing outlet 150a-
150d). In this case, the equation may be modified so that (F - Fp) / k < ¢, where F} is the balancing
force. It may not always be convenient or practical to arrange the at least one balancing jet so that
the balancing force and reaction force are precisely equal in magnitude, i.e. that F = Fj. In such
instances, it may still be advantageous to balance some proportion of the reaction force with an

unequal balancing force.

[0067] For example, in an instance where a balancing jet gas exiting through the balancing outlets
150 is the same as a spray gas being ejected through the second outlet 144, and it is convenient to
supply both outlets with gas from a connected supply and/or line, it may be desirable to select F}
so that F, = F / n, where n is a number typically greater than 1. In other instances, n may be less
than 1, for example where an over-compensation may be useful. For example, n may be controlled
by the metering valves 141b, 141c where opening one or both of the metering valves 141b, 141c

may decrease n and closing one or both of the metering valves 141b, 141c may increase n.

[0068] It may be advantageous to configure the system so that n is greater than 1 in instances
where the supply of gas is limited and the application is tolerant of some movement, where some
movement is less than an uncompensated movement but greater than no movement. In either of
these cases, the balancing force F» may advantageously be +/- 1%, 2%, 5%, 10%, 20%, 50%,
100% of the reaction force F. In some embodiments, different stiffnesses of the robotic arm 110
(or support structure) of the spray nozzle assembly 122, or different constraint amounts, may allow
for different proportions or amounts of imbalance between components of F and F) resolved in

different directions for example in the orthogonal directions x, y and z (see FIG. 17).
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[0069] This may advantageously allow some magnitude of imbalance and/or selective
misalignment of the lines of action of the reaction force and the balancing force, for example, to
enable a balancing nozzle to be conveniently positioned in the spray nozzle 120 or in the robotic
arm 110 of the spray nozzle assembly 122 offset from the line of action of the reaction force. In
some embodiments, the precision to maintain the position accuracy may be a function of the

process effect, for example in the exemplary spray application shown schematically in FIG. 17.

[0070] In this example, the cone of a process spray with a half angle of # meets the target surface
107 nominally at a circle 174 shown in perspective in FIG. 17 (the circle 174 schematically
represents the “spray bounds”). An allowable limit of spray coverage is shown in this example as
another circle 172 (which represents the “spray limits”). In the nominal or resting position in this
example, before spraying, there is an equal distance between the spray bounds 174 and the spray
limits 172, shown in two orthogonal axes as oy and dz. When spraying causes a reaction force from
the spray process, F, the force will tend to move the spray nozzle assembly 122 to the right, i.e. in

the x direction.

[0071] An effect of this movement will be to increase the radial dimension of the spray bounds
174, by a value of {(F - Fycos a cos ) / k¢} tan 6, where « is the angle between a mis-aligned
balancing jet and the x axis in the x-y plane, f is the from the balancing jet to the x-y plane, and
is the stiffness of the robotic arm 110 in the x axis. Because the at least one balancing jet is
misaligned with the direction of the reaction force, in this case the x axis, components of the
balancing force also act in the other two axes, y and z. Displacement in the y axis will be equal to
Fpsin a cos f / ky where ky is the stiffness of the arm in the y axis. Similarly, displacement in the z

axis will be equal to Fp, sin £/ k; where k; is the stiffness of the arm in the z axis.

[0072] In order to avoid spraying outside the spray limits 172 in this example of FIG. 17, the
balancing jet including the balancing force and balancing jet angles a and f are designed to ensure
that the combination of displacements does not cause the spray bounds 174 to exceed the spray
limits 172, by appropriately selecting from suitable values for the balancing jet force and balancing
jet angles taking account of the different stiffness and limits applying in the different axis

directions and in combination.

[0073] The stiffness of a slender snake-like robotic arm 110 may be an order of magnitude

different or more, in one direction compared to another direction. For example in the case of a
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snake-like robotic arm 110 following an arcuate curve (examples of such curves of the robotic arm
110 are shown in FIGS. 1 and 17), the stiffness of the robotic arm 110 in the plane of curvature is
typically much larger than the stiffness out of the plane of curvature. Thus the balancing jet axis
may be appropriately and advantageously selected at an angle of more than 0, 1, 2, 5, 10, 20, 50
degrees and of up to 1, 2, 5, 10, 20, 50, 75 degrees to the axis of the spray nozzle assembly 122
while still satisfying the constraints of the application subject to the properties of the support
structure or robotic arm 110. The preceding calculation examples apply in the case of static loading
conditions, or quasi-static conditions such as obtained with a well-damped structure and

progressively applied loading.

[0074] It will be apparent to a person skilled in the art that appropriate modifications to the
calculations may be implemented to take account of the dynamic response of the robotic arm 110,
the spray nozzle 120, or other support structure of the spray nozzle assembly 122, whether caused
by a relatively sudden change in a spray reaction loading or due to a periodic disturbance brought
about, for example, by periodic flow changes in a spray nozzle such as may be caused by a source
of fluid or slurry (e.g., a pump). In some instances, it may be advantageous to modify the dynamic
response of the support structure or robotic arm 110 of the spray nozzle assembly 122. For
example, if the perturbation is periodic at a similar frequency to the natural frequency of response
of the structure or robotic arm 110, the response may be modified by adding one or more tuned

mass dampers to the robotic arm 110 or to the spray nozzle assembly 122.

[0075] Alternatively and advantageously, it may be possible to add sensors either to the system
element causing the perturbation or to the robotic arm 110 or support structure or the nozzle of the
spray nozzle assembly 122 to measure the cause or effect of the periodic disturbance, and to control
the balancing force to compensate for it (e.g., via control of the metering valves 141a, 141b, 141c).
It will be appreciated that in each case where a direction or axis of a spray nozzle or jet or reaction
nozzle or jet has been referred to above, the same arguments apply equally well to a fixed or
variable combination of nozzles or jets acting in a group, whether or not their individual directions

or axes are parallel to each other.

[0076] The exemplary spray nozzle 120 shown in FIGS. 2-4 includes a first pair of balancing
outlets 150a, 150b on one side of the head 142 and a second pair of balancing outlets 150c, 150d
on an opposite side of the head 142. The balancing outlets 150a-150d of the spray nozzle 120 are
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oriented in a generally opposite direction relative to the direction of the first outlet 130 and second
outlet 144 of the head 142 (and the direction of ejection of the spray 131 from the spray nozzle
120). In other words, while the first outlet 130 and second outlet 144 of the spray nozzle 120 are
oriented such that they eject the surface treatment (e.g., an atomized multiphase spray, etc.) 131 in
a generally forward or downstream direction relative to the head 142 as shown in FIG. 4, the
balancing outlets 150a-150d are oriented such that they eject the balancing jets 129 of fluid (e.g.,

air) in a generally rearward or upstream direction relative to the head 142, as shown in FIG. 4.

[0077] It will be appreciated that one or more balancing outlets 150a-150d may be used in each
location where a pair of balancing outlets 150a-150d has been shown. For example, the balancing
outlets 150a and 150b may be replaced with a single balancing outlet. Similarly, the balancing
outlets 150c and 150d may be replaced with a single balancing outlet. The number of balancing
outlets 150a-150d used in various embodiments of the spray nozzle 120 may be chosen to
optimally form the balancing jet flow from the spray nozzle 120, or to provide better control of the
flow rate by controlling the fluid supply pressure, or to avoid presenting a single large opening so

as to avoid foreign object ingress, or for other structural or functional reasons.

[0078] In the illustrated embodiment, the balancing outlets 150a-150d are in fluid communication
with the second conduit 132 such that the second type of fluid (e.g., a mixture of gases such as air
or a single gas such as nitrogen, etc.) emitted from the balancing outlets 150a-150d of the spray
nozzle 120 is the same type of fluid that is fed into the second inlet 136 of the second conduit 132
from the first gas source 192 via the first main line 193. Notably, the balancing outlets 150a-150d
of the exemplary spray nozzle 120 of FIG. 4 are not in fluid communication with the first conduit
124 of the spray nozzle 120 such that the first type of fluid (e.g., coating slurry, cleaning solution,

etc.) is restricted from being emitted from the balancing outlets 150a-150d of the spray nozzle 120.

[0079] In some embodiments, the balancing outlets 150a-150d of the spray nozzle 120 are sized,
shaped, and oriented at certain angles relative to the central longitudinal axis (see FIG. 3) of the
spray nozzle 120 to provide optimal balancing of the forces of the fluids passing through the spray

nozzle 120 and being sprayed from the spray nozzle 120.

[0080] In the embodiment illustrated in FIG. 4, the balancing outlets 150a, 150b are separated
from each other by a partition wall 155a that is angled relative to the central longitudinal axis of

the spray nozzle 120 (which, in the example shown in FIG. 4, would be colinear with the dashed
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lines representing the flow 126 and the horizontal dashed line 131 representing the spray 131) to
provide the desired flow of the retro-jets 129 through the balancing outlets 150a, 150b and the
desired force balancing of the first and second fluids passing through the first output 130 and
second output 144, respectively, and being ejected from the head 142 of the spray nozzle 120.
Similarly, the balancing outlets 150c, 150d are separated from each other by a partition wall 155b
that is angled relative to the central longitudinal axis of the spray nozzle 120 to provide the desired
flow of the retro-jets 129 through the balancing outlets 150a, 150d and the desired force balancing
of the first and second fluids passing through the first output 130 and second output 144,

respectively, and being ejected from the head 142 of the spray nozzle 120.

[0081] As mentioned above, FIG. 14 illustrates a diagram of an exemplary spraying system 100
that relies solely on the balancing outlets 150a-150d to balance the forces of the fluids passing
through and being sprayed from the spray nozzle 120. On the other hand, FIGS. 15 and 16
illustrate diagrams of exemplary systems 200, 300 that, in addition to the balancing outlets 150a-
150d, also rely on a closed-loop control mechanism that includes one or more sensors 140 (position
sensor, velocity sensor, acceleration sensor, etc.) installed within the spray nozzle 120 and
configured to transmit signals to a control unit 196, which in turn controls the flow of the second
type of fluid (e.g., air) through the second conduit 132, through the plenum chamber 145, and
through the balancing outlets 150a-150d, for example, by way of increasing the output of the first
gas source 192 that feeds the second fluid into the spray nozzle 120 via the second main line 193,
or by way of opening/closing a metering valve 141a, 141b, 141c installed within the spray nozzle
120, thereby controlling the speed of ejection of the second fluid from the second output 142 of
the head 142 and the speed of ejection of the second fluid from the balancing outlets 150a-150d.

[0082] In particular, as discussed above, FIGS. 15 and 16 show embodiments of spraying control
systems 200 and 300 that can be used to control operation of the spray nozzle 120 (to, for example,
spray a restorative/protective coating onto a surface 107 of the engine component 105, which may
be, for example, a turbojet aircraft engine component). In the illustrated embodiments, the systems
200 and 300 each include a control unit 196 comprising hardware circuitry that includes and/or is
connected with one or more processors (e.g., one or more microprocessors, field programmable

gate arrays, and/or integrated circuits).
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[0083] The control unit 196 may be connected to the first gas source 192 of the system 200 as in
FIG. 15 or to the second gas source 198 of the system 300 as in FIG. 16 via a wired or wireless
connection 189 to change (i.e., increase or decrease) the speed at which the first and second gas
compressors 192 and 198 respectively feed the second fluid (e.g., air, nitrogen gas, etc.) into the
second main fluid line 193 in FIG. 15 and into the third main fluid line 199 in FIG. 16. As pointed
out above, the control unit 196 may thus control delivery of the multiphase materials (e.g., liquid,
slurry, or the like particles/droplets and/or one or more gases) to the spray nozzle 120 or spray
nozzle 420 via the robotic arm 110. For example, the control unit 196 may control the flow rate,
pressure, and/or duration at which a liquid or liquid-like substance (e.g., water, chemical barrier
coating slurry, alcohol, or the like) and/or gas (e.g., air, nitrogen gas, or the like) are fed into the
spray nozzle 120 or spray nozzle 420 via the source of liquid/slurry 190 and/or the first gas source
192 (FIG. 15) and/or the second gas source 198 (FIG. 16) from one or more sources such as storage

tanks or other containers.

[0084] The control unit 196 of the systems 200 and 300 may be configured to receive signals (via
wired or wireless connections 188) from one or more sensors 140 (e.g., position sensors, flow
sensors, etc.) installed within the spray nozzle 120. The control unit 196 may be also be configured
to generate wired or wireless signals to one or more metering valves 141a, 141b, 141,c within the
spray nozzle 120, to one or more sources of liquid (e.g., pumps) 190, and/or one or more gas
sources (e.g., gas compressors 192, 198) to control delivery of one or more types of fluids to the

spray nozzle 120.

[0085] With reference to FIGS. 4 and 15, in one aspect, the fluid flow in the second main line 193
and the second conduit 132 may be controlled by an electronic proportioning valve 141a, 141b,
141c and measured using the flow sensor 140. In some embodiments, the flow sensor 140 can
include circuitry and a transmitter configured to transmit, to the control unit 196, the flow rates
(e.g., of water and/or slurry and/or gas) measured in the second conduit 132 and/or the second
main line 193. In certain aspects, the control unit 196 is programmed to interpret the flow rate
information received from the flow sensor 140 to determine a desired operating speed of the first
gas source 192 (system 200 of FIG. 15) or the second gas source 198 (system 300 of FIG. 16) for

introducing a certain fluid into the second main line 193 and/or the third main line 199.
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[0086] FIGS. 5-7 illustrate several views (i.e., a front perspective, bottom, and cross-sectional,
respectively) of an atomizing spray nozzle 220 according to a different embodiment. The spray
nozzle 220 has an overall construction that has similarities to the construction of the above-
discussed atomizing spray nozzle 120, with some differences highlighted below. For ease of
reference, aspects of the spray nozzle 220 that are similar to aspects of the spray nozzle 120
described above with reference to FIGS. 2-4 have been designated in FIGS. 5-7 with similar

reference numbers, but prefaced with a “2” instead of “1.”

[0087] One difference between the overall shape of the spray nozzle 220 in comparison to the
overall shape of the spray nozzle 120 is that the spray nozzle 120 has a cylindrical shape overall,
but the spray nozzle 220 has an upstream cylindrical portion 221 and a downstream tapered portion
223. Another difference is that the central longitudinal axis of the spray nozzle 120 is a single
straight line as shown in FIG. 3 (due to the overall cylindrical shape of the spray nozzle 120). The
overall shape of the spray nozzle 220 is such that the central longitudinal axis of the spray nozzle
220 is in the shape of two intersecting lines that form an obtuse interior angle therebetween. In
other words, the portion of the central longitudinal axis passing through the upstream cylindrical
portion 221 of the spray nozzle 220 is angled at an angle of greater than 90 degrees relative to the
portion of the central longitudinal axis passing through the downstream tapered portion 223 of the
spray nozzle 220. Similar to the spray nozzle 120, however, the spray nozzle 220 may have a
single-piece body (which may be, for example, made by injection molding, 3-D printing, etc.), or

may have a body formed from several separate pieces that are joined together.

[0088] Similar to the spray nozzle 120, the spray nozzle 220 includes a first inlet 228 and a second
inlet 236, as well as a first conduit 224 and a second conduit 232. However, the location of the
first inlet 128 of the spray nozzle 120 is different from the location of the first inlet 228 of the
spray nozzle 220. In particular, as can be seen in FIG. 4, the first inlet 128 of the spray nozzle 120
is located within an interior of the spray nozzle 120, and no portion of the first inlet 128 extends
outwardly from an exterior surface of the body of the spray nozzle 120. Conversely, the first inlet
228 of the spray nozzle 220 extends outwardly relative to an exterior surface of the body of the
spray nozzle 220 as shown in FIG. 7. In particular, the first inlet 228 fluidly/physically couples to
(and/or forms an integral part of) the downstream tapered portion 223 of the spray nozzle 220, and

does not physically couple to the upstream cylindrical portion 221 of the spray nozzle 220.
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[0089] A similarity of the spray nozzle 220 of FIG. 7 to the spray nozzle 120 of FIG. 4 is that a
portion of the second conduit 232 extends around or circumferentially surrounds a portion of the
first conduit 224, such that, along a portion of the length of the spray nozzle 220, the first conduit
224 is an inner conduit with a first diameter, and the second conduit 232 is an outer conduit with
a second diameter that is larger than the first diameter. As pointed out above, the second conduit
232 does not have to circumferentially surround the first conduit 224, and the first and second
conduits 224 and 232 may have a side-by-side or another spatial relationship (see nozzle 320 of

FIGS. 8-10 and nozzle 420 of FIGS. 11-13).

[0090] As discussed above, the spray nozzle 120 of FIGS. 2-4 includes a head 142 that is formed
as a tapered cylindrical channel 143 that extends from the plenum chamber 145 toward the first
outlet 130 and second outlet 144 in a direction along the central longitudinal axis of the spray
nozzle 120. Another difference between the spray nozzle 120 and the spray nozzle 220 is that,
while the spray nozzle 220 of FIGS. 5-7 does include a second outlet 244 akin to the second outlet
144 of the spray nozzle 120, the spray nozzle 220 does not include a head akin to the head 142 of
FIGS. 2-4.

[0091] In addition, while the second conduit 132 of the spray nozzle 120 is generally cylindrical,
the second conduit 232 of the spray nozzle 220 includes a cylindrical portion 247 and a tapered
portion 249. The cylindrical portion 247 is located upstream of the tapered portion 249. The
tapered portion 249 is located downstream of the cylindrical portion 247 and upstream of the
dispensing aperture 244, and the diameter of the tapered portion 249 decreases in the downstream
direction (i.e., the diameter of the tapered portion 249 is largest proximally to the cylindrical
portion 247 and smallest proximally to the dispensing aperture 244). Unlike the spray nozzle 120,
the spray nozzle 220 does not have a plenum chamber akin to the plenum chamber 145 of the spray

nozzle 120.

[0092] As pointed out above, the first conduit 124 of the spray nozzle 120 extends all the way to
the first outlet 130 of the head 142 of the spray nozzle 120, such that the first type of fluid (e.g., a
liquid, a slurry, etc.) flows (see arrows 126) through the first conduit 124 of the spray nozzle 120
and is ejected as a surface treatment 131 from the first outlet 130 of the head 142 of the spray
nozzle 120, together with the second type of fluid (e.g., one or more gases) passing through the

second conduit 132 and being ejected from the second outlet 144 of the head 142 of the spray
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nozzle 120. Similarly, the first conduit 224 of the spray nozzle 220 extends all the way to the first
outlet 230 of the spray nozzle 220, such that the first type of fluid (e.g., a liquid, a slurry, etc.)
flows (as indicated by arrows 226) through the first conduit 224 of the spray nozzle 220 as
indicated by the arrows 226 and is ejected as an atomized multiphase spray 231 from the first outlet
230, together with the second type of fluid (e.g., one or more gases) passing through the second

conduit 232 and being ejected through the second outlet 244 of the spray nozzle 220.

[0093] Like the first outlet 130 and second outlet 144 of the spray nozzle 120, the first outlet 230
and second outlet 244 of the spray nozzle 220 provide openings through which the first and second
types of fluids are ejected from the spray nozzle 220 such that they mix together to form the
atomized two-phase mixture of liquid/slurry droplets in a carrier gas, which is applied onto one or
more surfaces 107 of the target engine (e.g., aircraft engine) component 105 (e.g., as a protective
coating, or as a pressurized liquid spray, etc.). Like the spray nozzle 120, the spray nozzle 220
can apply the two-phase mixture of liquid droplets in a carrier gas as a spray 231 onto a target
surface 107 of a target aircraft component 105 at pressures of ten to three hundred pounds per

square inch.

[0094] Also, similarly to the first outlet 130 and the second outlet 144 of the spray nozzle 120, the
first outlet 230 and the second outlet 244 of the spray nozzle 220 are configured to eject the first
and second types of fluid such that they mix and form the multiphase mixture spray 231 that is
propelled in directions (indicated by the dashed lines 231 in FIG. 7) that are parallel to the central
longitudinal axis and/or extend radially away from the central longitudinal axis of the spray nozzle
220. Also, similarly to the first outlet 130 and the second outlet 144 of the spray nozzle 120, the
first outlet 130 and the second outlet 244 of the spray nozzle 220 may have a diameter that is
sufficiently small to enable the first outlet 230 and the second outlet 244 of the spray nozzle 220
to eject the first and second types of fluid through the first outlet 230 and second outlet 244,
respectively, as an atomized multi-phase spray mixture of the slurry/liquid droplets in the carrier

gas.

[0095] Like the spray nozzle 120, the spray nozzle 220 includes structural features that balance
the spray forces to advantageously restrict undesired deflection/deviation and maintain position
accuracy of the spray nozzle 220 and the distal end 111 of the robotic arm 110 during the spraying

of the multiphase spray 231 from the spray nozzle 220. However, while the spray nozzle 120
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includes two pairs of balancing outlets, i.e., 150a, 150b and 150c, 150d, the spray nozzle 220
includes one pair of balancing outlets 250a, 250b (also referred to as “retro-jets”), which help the
spray nozzle 220 achieve this advantageous force balance, thereby advantageously avoiding a
significant deflection or deviation of the distal end 111 of the robotic arm 110 and therefore the

spray nozzle 220 from their intended spraying positions.

[0096] In particular, the spray nozzle 220 includes the first balancing outlet 250a and the second
balancing outlet 250b. Like the balancing outlets 150a-150d of the spray nozzle 120, the balancing
outlets 250a-250b of the spray nozzle 220 are oriented in a generally opposite direction relative to
the direction of the first outlet 230 and second outlet 244. In other words, while the first outlet
230 and second outlet 244 are oriented such that they emits the atomized multiphase spray 231 in
a generally forward or downstream direction relative to the first outlet 230 and second outlet 244,
the balancing outlets 250a-250b are oriented such that they emit the balancing jets 229 of fluid
(e.g., air) in a rearward or upstream direction relative to the first outlet 230 and second outlet 244

(as shown by the directional arrows 229 in FIG. 7).

[0097] Similarly to the balancing outlets 150a-150d of the spray nozzle 120, the balancing outlets
250a-250b of the spray nozzle 220 are in fluid communication with the second conduit 232 such
that the second type of fluid (e.g., a mixture of gases such as air or a single gas such as nitrogen,
etc.) emitted from the balancing outlets 250a-250b of the spray nozzle 220 is the same type of fluid
that is fed into the second inlet 236 of the second conduit 232 from the first gas source 192 via the
first main line 193. Also, similarly to the balancing outlets 150a-150d of the spray nozzle 120, the
balancing outlets 250a-250b of the spray nozzle 220 are not in fluid communication with the first
conduit 224 such that the first type of fluid (e.g., coating slurry, cleaning solution, etc.) is restricted

from being emitted from the balancing outlets 150a-150b of the spray nozzle 220.

[0098] Like the balancing outlets 150a-150d of the spray nozzle 120, the balancing outlets 250a-
2500b of the spray nozzle 220 are sized, shaped, and oriented at certain angles relative to the central
longitudinal axis of the spray nozzle 220 to provide optimal balancing of the forces of the fluids
passing through the spray nozzle 220 and being sprayed from the dispensing aperture 244 of the
spray nozzle 220. In the embodiment shown in FIG. 7, the balancing outlets 250a, 250b are
separated from each other by a partition wall 255 that is angled relative to the central longitudinal

axis of the spay nozzle 220 to provide the desired flow of the retro-jets 229 through the balancing
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outlets 250a, 250b and the desired force balancing of the fluids passing through and being ejected
from the spray nozzle 220. It will be appreciated that the angle of the partition wall 255 shown in
FIG. 7 is shown by way of example only, and that the partition wall 255 may be angled differently
in other embodiments. Furthermore, while the spray nozzle 220 is shown with only two balancing
outlets 250a, 250b, it will be appreciated that, in some embodiments, the spray nozzle 220 may
have more than two balancing outlets (e.g., 4 (or more) balancing outlets). In the embodiment
illustrated in FIG. 7, the spray nozzle 220 includes a wall 235 extending inwardly into the second
conduit 232. The wall 235 is sized and angled (the size and inclination of the wall 235 in FIG. 7
are exemplary) to divert some of the second fluid flow (indicated by directional arrows 227) in

second conduit 232 toward the balancing outlets 250a-250b.

[0099] FIGS. 8-10 illustrate several views (i.e., a front perspective, bottom, and cross-sectional,
respectively) of an atomizing spray nozzle 320 according to a different embodiment. The spray
nozzle 320 has an overall construction that has similarities to the construction of the above-
discussed atomizing spray nozzle 220, with some differences highlighted below. For ease of
reference, aspects of the spray nozzle 320 that are similar to aspects of the spray nozzle 220
described above with reference to FIGS. 5-7 have been designated in FIGS. 8-10 with similar

reference numbers, but prefaced with a “3” instead of “2.”

[0100] The overall shape of the spray nozzle 320 is similar to the overall shape of the spray nozzle
220 in that the spray nozzle 320 has an upstream cylindrical portion 321 and a downstream tapered
portion 323. However, the overall shape of the spray nozzle 320 is somewhat different from the
overall shape of the spray nozzle 220 such that, while the central longitudinal axis of the spray
nozzle 220 is in the shape of two intersecting lines that form an obtuse interior angle therebetween,
the central longitudinal axis of the spray nozzle 320 is in the shape of three lines (horizontal,
sloped, horizontal) as shown in FIG. 8. Similar to the spray nozzle 220, however, the spray nozzle
320 may have a single-piece body (which may be, for example, made by injection molding, 3-D
printing, etc.), or may have a body formed from several separate pieces (akin to the nozzle 220 of

FIG. 4) that are joined together.

[0101] Similar to the spray nozzle 220, the spray nozzle 320 includes a first inlet 328 and a second
inlet 336, as well as a first conduit 324 and a second conduit 332. However, the location of the

first inlet 328 of the spray nozzle 320 is different from the location of the first inlet 228 of the
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spray nozzle 220. As a result, while the first conduit 224 of the spray nozzle 220 extends from the
first inlet 228 along the tapered portion 223 of the spray nozzle 220, but does not extend along the
cylindrical portion 221 of the spray nozzle 220, the first conduit 324 of the spray nozzle 320
extends from the first inlet 328 along both the cylindrical portion 321 of the spray nozzle 320 and
the tapered portion 323 of the spray nozzle 320. In other words, while the first inlet 228 of the
spray nozzle 220 is located substantially downstream relative to the second inlet 236 of the spray
nozzle 220, in the embodiment illustrated in FIGS. 8-10, the first inlet 328 of the spray nozzle 320

is substantially aligned with the second inlet 336 of the spray nozzle 320.

[0102] In particular, as can be seen in FIGS. 4-7, the first inlet 228 of the spray nozzle 220 extends
outwardly relative to the downstream tapered portion 223 of the body of the spray nozzle 220 and
fluidly couples to (and/or forms an integral part of) the downstream tapered portion 223 of the
spray nozzle 220. FIG. 7 also shows that no portion of the first inlet 228 or the first conduit 224
extends along the cylindrical portion 221 of the spray nozzle 220. On the other hand, as shown in
FIG. 9, the first inlet 328 of the spray nozzle 320 extends along the entire length of the cylindrical
portion 321 of the spray nozzle 320 (but could extend along only a portion of the length of the
cylindrical portion 321 of the spray nozzle 320, such that the first inlet 328 of the spray nozzle 320
would not be substantially aligned with the second inlet 336 of the spray nozzle 320). Similarly
to the first conduit 224 of the spray nozzle 220, a portion of the first conduit 324 of the spray
nozzle 320 extends along at least a portion of the length of and within the interior of the tapered

portion 323 of the body of the spray nozzle 320, as shown in FIG. 10.

[0103] Similarly to the spray nozzle 220 of FIG. 7, a portion of the second conduit 332 of the spray
nozzle of FIG. 10 extends around or circumferentially surrounds the first conduit 324, such that,
along a portion of the length of the spray nozzle 320, the first conduit 324 is an inner conduit with
a first diameter, and the second conduit 332 is an outer conduit with a second diameter that is
larger than the first diameter. As pointed out above, the second conduit 332 does not have to
circumferentially surround the first conduit 324, and the first and second conduits 324 and 332

may have a side-by-side or another spatial relationship.

[0104] Similarly to the spray nozzle 220, while the spray nozzle 320 of FIGS. 8-10 includes a first
outlet 330 akin to the first outlet 130 of the spray nozzle 120 and a second outlet 344 akin to the

second outlet 144 of the spray nozzle 120 of FIGS. 2-4, the spray nozzle 320 does not include a
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head akin to the head 142 of the spray nozzle 120. In addition, while the second conduit 132 of
the spray nozzle 120 is generally cylindrical, the second conduit 332 of the spray nozzle 320
includes a cylindrical portion 347 and a tapered portion 349. The cylindrical portion 347 is located
upstream of the tapered portion 349. The tapered portion 349 is located downstream of the
cylindrical portion 347 and upstream of the dispensing aperture 344, and the diameter of the
tapered portion 349 decreases in the downstream direction (i.e., the diameter of the tapered portion
349 is largest proximally to the cylindrical portion 347 and smallest proximally to the dispensing

aperture 344).

[0105] Also like the spray nozzle 220 and unlike the spray nozzle 120, the spray nozzle 320 does
not have a plenum chamber akin to the plenum chamber 145 of the spray nozzle 120. Instead, the
second fluid (e.g., a gas or a mixture of gases) flows through the second conduit 332 of the spray
nozzle 320 in a direction indicated by the arrows 327 and is ejected from the second outlet 344,
together with the first fluid (e.g., liquid or slurry) that flows through the first outlet 328 and is
(substantially simultaneously) ejected from the first outlet 330 and mixed with the ejected second
fluid to form an atomized multiphase spray 331. In other words, like the first outlet 230 and the
second outlet 244 of the spray nozzle 220, the first outlet 330 and the second outlet 344 of the
spray nozzle 320 provide openings through which the first and second types of fluid are
respectively are atomized and ejected to form the two-phase mixture 331 of liquid/slurry droplets
in a carrier gas that is delivered from the spray nozzle 320 onto one or more surfaces 107 of the
target engine (e.g., aircraft engine) component 105 (e.g., as a protective coating, or as a pressurized
liquid spray, etc.). Like the spray nozzle 220, the spray nozzle 320 can apply the spray 331, which
is a two-phase spray mixture of liquid droplets in a carrier gas, onto a surface 107 of an engine

component 105 at pressures of ten to three hundred pounds per square inch.

[0106] Also similarly to the spray nozzle 220, the spray nozzle 320 is configured such that the first
outlet 330 and the second outlet 344 eject the first and second types of fluid, respectively, to form
the multiphase mixture spray 331, which is dispersed in directions (indicated by the dashed lines
in FIG. 10) that are parallel to the central longitudinal axis and/or extend radially away from the
central longitudinal axis of the spray nozzle 320. Also similarly to the first outlet 230 and second
outlet 244 of the spray nozzle 220, the first outlet 330 and second outlet 344 of the spray nozzle
320 may each have a diameter that is sufficiently small to enable the first outlet 330 and the second

outlet 344 to atomize the first and second types of fluid, respectively, as they are ejected from the
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spray nozzle 330 to form the multi-phase spray mixture of the slurry/liquid droplets in the carrier

gas.

[0107] Like the spray nozzle 220, the spray nozzle 320 includes structural features that balance
the spray forces to restrict undesired deflection/deviation of the spray nozzle 320 and
advantageously maintain position accuracy of the spray nozzle 320 and the distal end 111 of the
robotic arm 110 during the spraying of the multiphase spray 331 from the spray nozzle 320. Unlike
the spray nozzle 120 which includes two pairs of balancing outlets, i.e., 150a, 150b and 150c,
150d, and like the spray nozzle 220, the spray nozzle 320 includes one pair of balancing outlets
350a, 350b (also referred to as “retro-jets”), which help achieve the spray nozzle 320 this
advantageous force balance, thereby advantageously avoiding both significant deflection and
deviation of the distal end of the robotic arm 110 and the spray nozzle 320 from their intended

spraying positions.

[0108] In particular, like the spray nozzle 220, the spray nozzle 320 includes a first balancing
outlet 350a and a second balancing outlet 350b. Like the balancing outlets 250a-250d of the spray
nozzle 220, the balancing outlets 350a-350b of the spray nozzle 320 are oriented in a generally
opposite direction relative to the direction of the first outlet 330 and second outlet 344. In other
words, while the first outlet 330 and second outlet 344 are oriented such that they emit the first
and second types of fluid, respectively, to mix and form the atomized multiphase spray 331 in a
generally forward or downstream direction relative to the first outlet 330 and second outlet 344,
the balancing outlets 350a-350b are oriented such that they emit the balancing jets 329 of fluid
(e.g., air) therefrom in a rearward or upstream direction relative to the first outlet 330 and second

outlet 344 (as shown by the directional arrows 329 in FIG. 10).

[0109] Similarly to the balancing outlets 250a-250b of the spray nozzle 220, the balancing outlets
350a-350b of the spray nozzle 320 are in fluid communication with the second conduit 332 such
that the second type of fluid (e.g., air or nitrogen gas, etc.) emitted from the balancing outlets 350a-
3500 of the spray nozzle 320 is the same fluid that is fed into the second inlet 336 of the second
conduit 332 from the first gas source 192 via the first main line 193. Also similarly to the balancing
outlets 250a-250b of the spray nozzle 220, the balancing outlets 350a-350b of the spray nozzle

320 are not in fluid communication with the first conduit 324 of the spray nozzle 320 such that the
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first type of fluid (e.g., coating slurry, cleaning solution, etc.) is restricted from being emitted from

the balancing outlets 350a-350b of the spray nozzle 320.

[0110] Like the balancing outlets 250a-250b of the spray nozzle 220, the balancing outlets 350a-
350d of the spray nozzle 320 are sized, shaped, and oriented at certain angles relative to the central
longitudinal axis of the spray nozzle 320 to provide optimal balancing of the forces of the fluids
passing through the spray nozzle 320 and being sprayed from the spray nozzle 320. In the
embodiment illustrated in FIG. 10, the balancing outlets 350a, 350b are separated from each other
by a partition wall 355 that is angled relative to the central longitudinal axis of the spay nozzle 320
to provide the desired flow of the retro-jets 329 through the balancing outlets 350a, 350b and the
desired force balancing of the fluids passing through and being ejected from the spray nozzle 320.
It will be appreciated that the angle of the partition wall 355 shown in FIG. 10 is shown by way of
example only, and that the partition wall 355 may be angled differently in alternative
embodiments. Furthermore, while the spray nozzle 320 is shown with two balancing outlets 350a,
350D, it will be appreciated that, in some embodiments, the spray nozzle 320 may have more than
two balancing outlets (e.g., 4 (or more) balancing outlets). In the embodiment illustrated in FIG.
10, the spray nozzle 320 includes a wall 335 extending inwardly into the second conduit 332. The
wall 335 is sized and angled (the size and inclination of the wall 335 in FIG. 10 are exemplary) to
divert some of the second fluid flow (indicated by directional arrows 327) in second conduit 332

toward the balancing outlets 350a-350b.

[0111] FIGS. 11-13 illustrate several views (i.e., a front perspective, bottom, and cross-sectional,
respectively) of an atomizing spray nozzle 420 according to a different embodiment. The spray
nozzle 420 has an overall construction that has similarities to the construction of the above-
discussed atomizing spray nozzles 120, 220, and 320, with some differences highlighted below.
For ease of reference, aspects of the spray nozzle 420 that are similar to aspects of the spray nozzles
120, 220, and 320 described above have been designated in FIGS. 11-13 with similar reference

numbers, but prefaced with a “4” instead of a “1,” “2,” or “3.”

[0112] The overall shape of the exemplary spray nozzle 420 is similar to the overall shape of the
spray nozzle 320 in that the spray nozzle 420 has a cylindrical portion 421 and a tapered portion
423 downstream of the cylindrical portion 421. However, unlike the spray nozzle 320, the spray

nozzle 420 further includes a second cylindrical portion 433 downstream of the tapered portion
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423 as shown in FIG. 11. As discussed in more details below, a major difference between the
spray nozzle 420 relative to the spray nozzle 120 described above is that the spray nozzle 120 has
one head 142, while the spray nozzle 420 has two heads 442a and 442b. Similar to the spray
nozzle 120, however, the spray nozzle 420 may have a single-piece body (which may be, for
example, made by injection molding, 3-D printing, etc.), or may have a body formed from several

separate pieces that are joined together.

[0113] Similar to the spray nozzle 320, the spray nozzle 420 includes a first inlet 428 and a second
inlet 436, as well as a first conduit 424 and a second conduit 432. However, unlike, the spray
nozzle 320, the spray nozzle 420 includes a third inlet 462 and a third conduit 464, as shown in
FIG. 10. In other words, while each of spray nozzles 120, 220, and 320 include one conduit for
conducting a first type of fluid (e.g., a solution, a slurry, or the like) and one conduit for conducting
a second type of fluid (e.g., a gas or a mixture of gases), the spray nozzle 420 includes two conduits
(i.e., 424 and 464) for conducting the first type of fluid (e.g., a solution, a slurry, or the like) and

one conduit for conducting a second type of fluid (e.g., a gas or a mixture of gases)

[0114] Similarly to the first conduit 324 of the spray nozzle 320, the first conduit 424 of the spray
nozzle 420 extends along an entire length of the spray nozzle 420. Also, similarly to the second
conduit 332 of the spray nozzle 320, the second conduit 432 of the spray nozzle 420 extends along
an entire length of the spray nozzle 420. In other words, the spray nozzle 420 is similar to the
spray nozzle 320 in that the first inlet 428 of the spray nozzle 420 is substantially aligned with the
second inlet 436 of the spray nozzle 420, and in that the first outlet 430 of the spray nozzle 420 is
substantially aligned with the second outlet 444a of the head 442a of the spray nozzle 420.
Notably, in the embodiment shown in FIG. 13, the third inlet 462 of the spray nozzle 420 is also
substantially aligned with the second inlet 436 of the spray nozzle 420, and the third outlet 466 of
the spray nozzle 420 is also substantially aligned with the first outlet 444b of the head 442b of the
spray nozzle 420.

[0115] A similarity of the spray nozzle 420 of FIG. 13 to the spray nozzle 320 of FIG. 10 is that a
portion of the second conduit 432 of the spray nozzle 420 extends around or circumferentially
surrounds a portion of the first conduit 424, such that, along a portion of the length of the spray
nozzle 420, the first conduit 424 is an inner conduit with a first diameter, and the second conduit

432 is an outer conduit with a second diameter that is larger than the first diameter. Notably, a

29



portion of the second conduit 432 also extends around or circumferentially surrounds a portion of
the third conduit 464, such that, along a portion of the length of the spray nozzle 420, the third
conduit 464 is an inner conduit with a first diameter, and the second conduit 432 is an outer conduit
with a second diameter that is larger than the first diameter. In other words, in the embodiment
shown in FIG. 13, a portion of each of the second and third conduits 432, 464 extends side-by-side
with and exteriorly relative to the second conduit 432 and a portion of each of the second and third

conduits 432, 464 extends in an interior of and is enclosed by a portion of the second conduit 432.

[0116] Also like the spray nozzle 320 and unlike the spray nozzle 120, the spray nozzle 420 does
not have a plenum chamber akin to the plenum chamber 145 of the spray nozzle 120. Instead, the
second type of fluid (e.g., a gas or a mixture of gases) flows as shown by arrows 427 through the
second conduit 432 of the spray nozzle 420 and is ejected from the second outlet 444a substantially
simultaneously with the ejection of the first type of fluid (e.g., a liquid or a slurry through the first
outlet 430 of the head 442a of the spray nozzle 420, after which the ejected atomized first and
second types of fluids mix to form the atomized multiphase spray 431. Similarly to the spray
nozzles 120 and 220, the first conduit 424 of the spray nozzle 420 extends from the first inlet 428
all the way to the first outlet 430 of the head 442a of the spray nozzle 420, such that the first type
of fluid (e.g., an aqueous solution, a slurry, etc.) flows as shown by the arrows 426 through the
first conduit 424 of the spray nozzle 420 and is ejected through the first outlet 430 substantially
simultaneously with the second type of fluid (e.g., a gas or a mixture of gases)), which is ejected
through the second outlet 444a of the head 442a of the spray nozzle 420. Notably, the third conduit
464 of the spray nozzle 420 extends from the third inlet 462 all the way to the third outlet 466 of
the head 442b of the spray nozzle 420, such that the third type of fluid (e.g., an aqueous solution,
a slurry, etc.) flows as shown by the arrows 426 through the third conduit 464 of the spray nozzle
420 and is ejected through the third 466 substantially simultaneously with the second type of fluid
(e.g., a gas or a mixture of gases)), which is ejected through the second outlet 444b of the head
442b of the spray nozzle 420.

[0117] Like the first outlet 330 and second outlet 344 of the spray nozzle 320, each of the first
outlet 430 and second outlet 444a of the head 442a of the spray nozzle 420 provides an opening
through which the first and second fluids, respectively, are ejected and mixed to form an atomized
two-phase spray 431a of liquid/slurry droplets in a carrier gas that is delivered from the head 442a

of the spray nozzle 420 onto one or more surfaces 107 of the target engine (e.g., aircraft engine)
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component 105 (e.g., as a protective coating, or as a pressurized liquid spray, etc.). Like the spray
nozzle 320, the head 442a of the spray nozzle 420 can apply the two-phase spray 431a of liquid
droplets in a carrier gas at pressures of ten to three hundred pounds per square inch. Notably, each
of the third outlet 466 and second outlet 444b of the head 442b of the spray nozzle 420 provides
an opening through which the first and third fluids, respectively, are ejected and mixed to form an
atomized two-phase spray 431b of liquid/slurry droplets in a carrier gas that is delivered from the
head 442b of the spray nozzle 420 onto one or more surfaces 107 of the target engine (e.g., aircraft
engine) component 105 (e.g., as a protective coating, or as a pressurized liquid spray, etc.). Like
the spray nozzle 320, the head 442a of the spray nozzle 420 can apply the two-phase spray 431b

of liquid droplets in a carrier gas at pressures of ten to three hundred pounds per square inch.

[0118] Also similarly to the spray nozzle 320, each of the heads 442a and 442b of the spray nozzle
420 1is configured to eject the multiphase mixture spray 431a and 431b, respectively in directions
(indicated by the three dashed lines 431a and 431b in FIG. 13) that are parallel to the central
longitudinal axis and/or extend radially away from the central longitudinal axis of the spray nozzle
420. Also similarly to the first outlet 330 and 344 of the spray nozzle 320, each of the first outlet
430, second outlets 444a-b, and third outlet 466 of the spray nozzle 420 may have a diameter that
is sufficiently small to enable each of the first outlet 430, second outlets 444a-b, and third outlet
466 to atomize the first, second, and third fluids upon their ejection from their respective first and
second head 442a and 442b, after which the ejected fluids mix to form the multi-phase spray

mixture of the slurry/liquid droplets in the carrier gas.

[0119] Like each of the above-described spray nozzles 120, 220, and 320, the spray nozzle 420
includes structural features that balance the spray forces to advantageously maintain position
accuracy of the spray nozzle 420 and the distal end 111 of the robotic arm 110 during the spraying
of the multi-phase spray from the spray nozzle 420. Unlike the spray nozzle 120, which includes
two pairs of balancing outlets, i.e., 150a, 150b and 150c, 150d, and like the spray nozzles 220 and
320, the spray nozzle 420 includes one pair of balancing outlets (also referred to as “retro-jets”),
which help achieve the spray nozzle 420 this advantageous force balance, thereby advantageously
avoiding a significant deflection and deviation of the distal end of the robotic arm 110 and therefore

the spray nozzle 420 from its intended spraying position.

31



[0120] In particular, like the spray nozzle 320, the spray nozzle 420 includes a first balancing
outlet 450a and a second balancing outlet 450b. Like the balancing outlets 350a-350b of the spray
nozzle 320, the balancing outlets 450a-450b of the spray nozzle 420 are oriented in a generally
opposite direction relative to the direction of the first outlet 430, second outlets 444a-b, and third
outlet 466 of the heads 442a-442b of the spray nozzle 420. In other words, as shown in FIG. 13,
while the first outlet 430, second outlets 444a-b, and third outlet 466 of the first and second heads
442a-442b of the spray nozzle 420 are oriented such that they emit the atomized multiphase sprays
431a-431b in a generally forward or downstream direction relative to the heads 442a-442b, the
balancing outlets 450a-450b are oriented such that they emit the balancing jets 429 of fluid (e.g.,
air) therefrom in a rearward or upstream direction (indicated by the dashed lines 429) relative to

the heads 442a, 442b.

[0121] Similarly to the balancing outlets 350a-350b of the spray nozzle 320, the balancing outlets
450a-450b of the spray nozzle 420 are in fluid communication with the second conduit 432 such
that the second type of fluid (e.g., a mixture of gases such as air, or nitrogen gas, etc.) emitted in
the form of retro-jets 429 from the balancing outlets 450a-450b of the spray nozzle 420 is the same
fluid that is fed into the second inlet 436 of the second conduit 432 from the first gas source 192
via the first main line 193. Also similarly to the balancing outlets 350a-350b of the spray nozzle
320, the balancing outlets 450a-450b of the spray nozzle 420 are not in fluid communication with
the first conduit 424 such that the first type of fluid (e.g., coating slurry, cleaning solution, etc.) is

restricted from being emitted from the balancing outlets 450a-450b of the spray nozzle 420.

[0122] Like the balancing outlets 350a-350b of the spray nozzle 320, the balancing outlets 450a-
450b of the spray nozzle 420 are sized, shaped, and oriented at certain angles relative to the central
longitudinal axis of the spray nozzle 420 to provide optimal balancing of the forces of the fluids
passing through the spray nozzle 420 and being sprayed from the spray nozzle 420. In the
embodiment illustrated in FIG. 12, the balancing outlets 450a, 450b are separated from each other
by a partition wall 455 that is angled relative to the central longitudinal axis of the spray nozzle
420 to provide the desired flow of the retro-jets 429 (seen in FIG. 14) through the balancing outlets
450a, 450b and the desired force balancing of the fluids passing through and being ejected from
the spray nozzle 420.

32



[0123] It will be appreciated that the angle of the partition wall 455 shown in FIG. 12 is shown by
way of example only, and that the partition wall 455 may be angled differently in alternative
embodiments. Furthermore, while the spray nozzle 420 is shown with two balancing outlets 450a,
450b, it will be appreciated that, in some embodiments, the spray nozzle 420 may have more than

two balancing outlets (e.g., 4 (or more) balancing outlets).

[0124] Further aspects of the disclosure are provided by the subject matter of the following

clauses:

[0125] A spray nozzle includes a first conduit that provides a first flow path for a first fluid, the
first flow path including a first inlet and a first outlet; a second conduit that provides a second flow
path for a second fluid that is different from the first fluid, the second flow path including a second
inlet and a second outlet; a first head including the first outlet and second outlet that ejects
therefrom a spray in a first direction, wherein the spray includes at least one of the first fluid and
the second fluid; and at least one balancing outlet in fluid communication with the second conduit,
the at least one balancing outlet configured to eject the second fluid as a balancing jet in a second
direction, wherein the second direction is different from the first direction such that a spray force
of ejection of the spray is at least partially offset by a balancing force of ejection of the balancing

jet.
[0126] In the spray nozzle, the balancing force is generally opposite to the spray force.

[0127] In the spray nozzle, the at least one balancing outlet is not in fluid communication with the

first flow path.

[0128] In the spray nozzle, the at least one balancing outlet includes a first pair of balancing outlets
located on a first side of the spray nozzle and a second pair of balancing outlets located on a second
side of the spray nozzle, and wherein the second conduit is in communication with the first pair of

the balancing outlets and the second pair of the balancing outlets opposite to the first side.

[0129] The spray nozzle further includes a third conduit that provides a third flow path for the first
fluid; and a second head that ejects therefrom the spray that includes the first fluid and the second

fluid.
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[0130] In the spray nozzle, the first conduit is in fluid communication with the first head; the
second conduit is in fluid communication with the first head, the second head, and the at least two

balancing outlets; and the third conduit is in fluid communication with the second head.
[0131] In the spray nozzle, the first fluid is a slurry and the second fluid is a at least one gas.

[0132] The spray nozzle includes a plenum chamber configured to receive the second fluid from
the second conduit, the plenum chamber being in fluid communication with the first head and the

at least one balancing outlet.

[0133] The spray nozzle further includes at least one sensor configured to measure flow within at
least one of the first conduit and the second conduit; and transmit a signal to a control unit that

controls at least one of a gas source, a valve, a fluid source, and a slurry source.

[0134] The spray nozzle further includes at least one sensor configured to detect a physical
location, velocity, or acceleration of the spray nozzle; and transmit a signal to a control unit that

controls at least one of a gas source, a valve, a fluid source, and a slurry source

[0135] The spray nozzle may be a part of a spray nozzle assembly including: a fluid or slurry
source configured to deliver the first fluid into the first inlet of the first conduit; a first gas source
configured to deliver the second fluid into the second inlet of the second conduit; and a robotic

arm having the spray nozzle coupled to an end thereof.

[0136] The spray nozzle may be coupled to the end of the robotic arm such that the spray nozzle

is permitted to swivel in at least two directions relative to the end of the robotic arm

[0137] The spray nozzle assembly may include at least one sensor configured to at least one of
measure flow within at least one of the first conduit and the second conduit; and detect a physical

location, velocity, or acceleration of the spray nozzle or of the robotic arm.

[0138] The spray nozzle assembly may further include a control unit that controls at least the first
gas source, and wherein the at least one sensor is further configured to transmit a signal indicative
of the physical location, velocity, or acceleration of the spray nozzle or of the robotic arm or the

flow speed within the at least one of the first conduit and the second conduit to the control unit.

[0139] The control unit may be configured to increase or decrease an output of the first gas source

in response to receipt of the signal from the at least one sensor.
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[0140] The spray nozzle may comprise a third conduit that provides a third flow path for the
second fluid or a third fluid different from the second fluid, and wherein the spray nozzle assembly
further includes a second gas source configured to deliver the second fluid or the third fluid into

the third conduit.

[0141] The control unit is configured to increase or decrease an output of the second gas source in

response to receipt of the signal from the at least one sensor.

[0142] The robotic arm of the spray nozzle assembly may include multiple interconnected

segments that permit the robotic arm to curve relative to a longitudinal axis of the robotic arm.

[0143] The robotic arm may have a hollow interior that permits both a first main line coupled to
the fluid or slurry source and to the first inlet of the first conduit, and a second main line coupled

to the first gas source and to the second inlet of the second conduit to pass therethrough.

[0144] A nozzle includes: a first conduit that provides a first flow path for a first fluid, the first
flow path including a first inlet and a first outlet; a second conduit that provides a second flow path
for a second fluid that is different from the first fluid, the second flow path including a second inlet
and a second outlet; a third conduit that provides a third flow path for a third fluid that is different
from the first fluid and from the second fluid, the third flow path including a third inlet and a third
outlet; a first head including the first outlet and the second outlet that ejects therefrom a spray in a
first direction that includes at least one of the first fluid and the second fluid; and at least one
balancing outlet in fluid communication with at least the third conduit, the at least one balancing
outlet configured to eject the third fluid therefrom as a balancing jet in a second direction, wherein
the second direction is different from the first direction such that a spray force of ejection of the

spray is at least partially offset by a balancing force of ejection of the balancing jet.

[0145] The above described exemplary embodiments advantageously include balancing outlets
(retro-jets) that eliminate the need for structural anchoring of the spray nozzle and permit the spray
nozzle to be coupled to an elongated slender robotic arm while relying on balancing the reaction
forces within the spray nozzle by using one or more of the active fluids to exert a balancing force

by exiting through one or more of the force balancing outlets.

[0146] Those skilled in the art will recognize that a wide variety of other modifications, alterations,

and combinations can also be made with respect to the above described embodiments without
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departing from the scope of the disclosure, and that such modifications, alterations, and

combinations are to be viewed as being within the ambit of the inventive concept.
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CLAIMS

What is claimed is:

1. A spray nozzle, comprising:

a first conduit that provides a first flow path for a first fluid, the first flow path including
a first inlet and a first outlet;

a second conduit that provides a second flow path for a second fluid that is different
from the first fluid, the second flow path including a second inlet and a second outlet;

a first head including the first outlet and second outlet that ejects therefrom a spray in
a first direction, wherein the spray includes at least one of the first fluid and the second fluid;
and

at least one balancing outlet in fluid communication with the second conduit, the at
least one balancing outlet configured to eject the second fluid as a balancing jet in a second
direction, wherein the second direction is different from the first direction such that a spray
force of ejection of the spray is at least partially offset by a balancing force of ejection of the

balancing jet.

2. The spray nozzle of claim 1, wherein the balancing force is generally opposite to the

spray force.

3. The spray nozzle of claim 1, wherein the at least one balancing outlet is not in fluid

communication with the first flow path.

4. The spray nozzle of claim 1, wherein the at least one balancing outlet includes a first
pair of balancing outlets located on a first side of the spray nozzle and a second pair of
balancing outlets located on a second side of the spray nozzle, and wherein the second conduit
is in communication with the first pair of the balancing outlets and the second pair of the

balancing outlets opposite to the first side.

5. The spray nozzle of claim 1, further comprising:
a third conduit that provides a third flow path for the first fluid; and

a second head that ejects therefrom the spray that includes the first fluid and the second

fluid.
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6. The spray nozzle of claim 5, wherein:

the first conduit is in fluid communication with the first head;

the second conduit is in fluid communication with the first head, the second head, and
the at least one balancing outlet; and

the third conduit is in fluid communication with the second head.

7. The spray nozzle of claim 1, wherein:

the first fluid is a slurry and the second fluid is a at least one gas.

8. The spray nozzle of claim 1, further comprising a plenum chamber configured to
receive the second fluid from the second conduit, the plenum chamber being in fluid

communication with the first head and the at least one balancing outlet.

0. The spray nozzle of claim 1, further comprising at least one sensor configured to:
measure flow within at least one of the first conduit and the second conduit; and
transmit a signal to a control unit that controls at least one of a gas source, a valve, a

fluid source, and a slurry source.

10. The spray nozzle of claim 1, further comprising at least one sensor configured to:
detect a physical location, velocity, or acceleration of the spray nozzle; and
transmit a signal to a control unit that controls at least one of a gas source, a valve, a

fluid source, and a slurry source.

11. A spray nozzle assembly comprising:

a spray nozzle, the spray nozzle including:

a first conduit that provides a first flow path for a first fluid, the first flow path including
a first inlet and a first outlet;

a second conduit that provides a second flow path for a second fluid that is different
from the first fluid, the second flow path including a second inlet and a second outlet;

a first head including the first outlet and second outlet that ejects therefrom a spray in
a first direction, wherein the spray includes at least one of the first fluid and the second fluid;
and

at least one balancing outlet in fluid communication with the second conduit, the at

least one balancing outlet configured to eject the second fluid as a balancing jet in a second
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direction, wherein the second direction is different from the first direction such that a spray
force of ejection of the spray is at least partially offset by a balancing force of ejection of the
balancing jet;

a fluid or slurry source configured to deliver the first fluid into the first inlet of the first
conduit;

a first gas source configured to deliver the second fluid into the second inlet of the
second conduit; and

a robotic arm having the spray nozzle coupled to an end thereof.

12. The spray nozzle assembly of claim 11, wherein the spray nozzle is coupled to the end
of the robotic arm such that the spray nozzle is permitted to swivel in at least two directions

relative to the end of the robotic arm.

13. The spray nozzle assembly of claim 11, wherein the spray nozzle further comprises at
least one sensor configured to at least one of:
measure flow within at least one of the first conduit and the second conduit; and
detect a physical location, velocity, or acceleration of the spray nozzle or of the robotic

arm.

14. The spray nozzle assembly of claim 13, further comprising a control unit that controls
at least the first gas source, and wherein the at least one sensor is further configured to transmit
a signal indicative of the physical location, velocity, or acceleration of the spray nozzle or of
the robotic arm or the flow speed within the at least one of the first conduit and the second

conduit to the control unit.

15. The spray nozzle assembly of claim 14, wherein the control unit is configured to
increase or decrease an output of the first gas source in response to receipt of the signal from

the at least one sensor.

16. The spray nozzle assembly of claim 14, wherein the spray nozzle comprises a third
conduit that provides a third flow path for the second fluid or a third fluid different from the
second fluid, and wherein the spray nozzle assembly further includes a second gas source

configured to deliver the second fluid or the third fluid into the third conduit.
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17. The spray nozzle assembly of claim 16, wherein the control unit is configured to
increase or decrease an output of the second gas source in response to receipt of the signal from

the at least one sensor.

18. The spray nozzle assembly of claim 11, wherein the robotic arm comprises multiple
interconnected segments that permit the robotic arm to curve relative to a longitudinal axis of

the robotic arm.

19. The spray nozzle assembly of claim 11, wherein the robotic arm has a hollow interior
that permits both a first main line coupled to the fluid or slurry source and to the first inlet of
the first conduit, and a second main line coupled to the first gas source and to the second inlet

of the second conduit to pass therethrough.

20. A nozzle comprising:

a first conduit that provides a first flow path for a first fluid, the first flow path including
a first inlet and a first outlet;

a second conduit that provides a second flow path for a second fluid that is different
from the first fluid, the second flow path including a second inlet and a second outlet;

a third conduit that provides a third flow path for a third fluid that is different from the
first fluid and from the second fluid, the third flow path including a third inlet and a third outlet;

a first head including the first outlet and the second outlet that ejects therefrom a spray
in a first direction that includes at least one of the first fluid and the second fluid; and

at least one balancing outlet in fluid communication with at least the third conduit, the
at least one balancing outlet configured to eject the third fluid therefrom as a balancing jet in a
second direction, wherein the second direction is different from the first direction such that a
spray force of ejection of the spray is at least partially offset by a balancing force of ejection

of the balancing jet.
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