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CLEANING NOZZLE AND NOZZLE ASSEMBLY AND
CLEANING METHODS FOR OPTICAL FIBER CONNECTORS

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of priority of U.S. Provisional Application Serial
No. 62/417,687, filed on November 4, 2016, the content which is relied upon and

incorporated herein by reference in its entirety.

FIELD
[0002] The present disclosure relates to optical fiber connectors and in particular to a

cleaning nozzle and nozzle assembly and cleaning methods for optical fiber connectors.

BACKGROUND

[0003] Optical fiber connectors are used to optically couple at least two lengths of optical
fibers. To this end, an optical fiber connector includes a ferrule that supports an end
portion of at least one optical fiber. The end portion of each optical fiber has a polished end
face that resides substantially at the front end of the ferrule. When two optical fiber
connectors are operably engaged, the end faces of the corresponding optical fibers are
placed in close proximity and in a confronting orientation to facilitate the communication of

light from one fiber to the other through the fiber end faces.

[0004] The end faces of the optical fibers need to be kept clean to ensure optimum optical
transmission and to avoid damage to the optical fibers when they are placed into close
proximity using optical connectors. Methods for fiber optic cleaning include both dry
cleaning and wet cleaning. There are also contact and non-contact cleaning methods. One
of the non-contact cleaning methods uses an impingement jet to deliver high speed air
mixed with a solvent to clean the front end of the ferrule. The shear force generated from
the impingement jet, combined with the optional chemicals in the solvent, removes

particles adhered to the front end of the ferrule.

[0005] For an axisymmetric, normally impinging jet, the shear force at the center of the

front end of the ferrule where the fiber end face is located is relatively low due to the



WO 2018/093561 PCT/US2017/059226

existence of a stagnation zone. For a non-axisymmetric, off-center aligned or tilted

impingement jet, the stagnation zone still exists somewhere on the ferrule front end.

SUMMARY

[0006] Anembodiment of the disclosure is a nozzle for cleaning an end face of a ferrule
using a cleaning fluid. The nozzle includes: an outer housing comprising a central axis and
an inner surface that defines an outer housing interior; an inner housing that resides within
the outer housing interior along the central axis, the inner housing comprising an inner
surface that defines an inner flow channel that supports flow of the cleaning fluid, the inner
flow channel including a converging taper; and at least one flow disrupter element disposed

in the inner flow channel.

[0007] Another embodiment of the disclosure is a nozzle assembly that includes the
nozzle described above, and further includes: an adapter comprising an adapter front end
and an adapter interior configured to support the nozzle, the adapter front end including an
adapter channel open to a front-end portion of the adapter interior; a ferrule supported in
the adapter channel, the ferrule including a ferrule end face spaced apart from the nozzle
inner housing through the front-end portion of the adapter interior; and an optical fiber
comprising a front-end section with a fiber end face, the front end section of the optical
fiber being supported by the ferrule so that the fiber end face resides substantially at the

ferrule end face.

[0008] Another embodiment of the disclosure is a method of cleaning a fiber end face of
an optical fiber supported by a ferrule substantially at a ferrule end face. The method
includes: flowing a cleaning fluid through a flow channel from an input end of the flow
channel toward a convergent output end of the flow channel; flowing the cleaning fluid
around at least one flow disrupter element that resides stationary in the flow channel to
form a disrupted flow of the cleaning fluid; and passing the disrupted flow of the cleaning
fluid through the convergent output end of the flow channel to form a jet stream of the
cleaning fluid, the jet stream having a direction that varies with time and sweeps over the

ferrule end face.
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[0009] Another aspect of the disclosure is a method of cleaning a fiber end face of an
optical fiber supported by a ferrule substantially at a ferrule end face. The method includes:
a) positioning the ferrule relative to a nozzle that includes an inner flow channel so that an
output end of the inner flow channel is spaced apart from and confronts the ferrule end
face; b) directing a cleaning fluid through the inner flow channel, wherein the inner flow
channel includes a converging taper that defines the output end of the inner flow channel;
c) passing the cleaning fluid around a stationary flow disrupter element disposed within the
inner flow channel upstream of the converging taper to form a disrupted flow; and d)
forming a jet stream of cleaning fluid by passing the disrupted flow through the converging
taper, wherein the jet stream has a time-varying direction that causes the jet stream to

sweep over the ferule end face.

[0010] Additional features and advantages are set forth in the Detailed Description that
follows, and in part will be readily apparent to those skilled in the art from the description
or recognized by practicing the embodiments as described in the written description and
claims hereof, as well as the appended drawings. It is to be understood that both the
foregoing general description and the following Detailed Description are merely exemplary,
and are intended to provide an overview or framework to understand the nature and

character of the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The accompanying drawings are included to provide a further understanding, and
are incorporated in and constitute a part of this specification. The drawings illustrate one or
more embodiment(s), and together with the Detailed Description serve to explain principles
and operation of the various embodiments. As such, the disclosure will become more fully
understood from the following Detailed Description, taken in conjunction with the

accompanying Figures, in which:

[0012] FIGS. 1A and 1B are schematic diagrams of an example cleaning system that

employs the nozzle and nozzle assembly disclosed herein;

[0013] FIG. 2is a cross-sectional view of an example of the nozzle assembly as disclosed

herein;
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[0014] FIG. 3Ais a close-up cross-sectional view of a front-end portion of the nozzle

disclosed herein shown in relation to a front end of a ferrule as part of the nozzle assembly;

[0015] FIG. 3B is a close-up cross-sectional view of the front-end portion of the nozzle
illustrating an example configuration of a flow disrupter element that spans an interior of a

nozzle inner housing;

[0016] FIGS. 4A and 4B are schematic diagrams of the flow of cleaning fluid along a flow
path for the prior-art case of a standard nozzle (FIG. 4A) and for the case of the nozzle
disclosed herein that includes a flow disrupter element and a convergent tip (FIG. 4B),
wherein the flow over the respective flow paths were determined using computational fluid

dynamics computer simulations;

[0017] FIGS. 5A through 5C are schematic diagrams that illustrate the time-varying
direction of the jet stream emanating from the nozzle front end at three different times t;,

t> and ts, respectively;

[0018] FIGS. 6A through 6D are plots of the shear stress SS (Pa) at the ferrule end face
due to the jet stream of cleaning fluid versus the y position (um) relative to the ferrule axis,
wherein the plots are based on computational fluid dynamics computer simulations and

represent four different timest =5.1 us, t = 14.7 ps, t =22.2 ps, and t = 32.1 ps, respectively;

[0019] FIG. 7 is a partial cut-away schematic diagram of the nozzle assembly illustrating
the location of four (virtual) fluid velocity monitors M1 through M4 used to perform
computational fluid dynamics computer simulations of the flow of cleaning fluid over the

portion of the flow path FP;

[0020] FIGS. 8A through 8D are plots of the velocity magnitude |V | (meters per second,
m/s) versus time t (milliseconds, ms) for monitors M1 through M4, respectively, as

calculated using a computational fluid dynamics computer simulation of the flow path;

[0021] FIG. 9is a plot of the average shear stress SS, (Pa) at the fiber end face versus time
t (ms) based on the computer simulations used to generate the plots of FIGS. 8A through

8D; and

[0022] FIGS. 10A and 10B are close-up diagrams of the flow path contours of the jet

stream as generated by the nozzle as disclosed herein (FIG. 10A) and for the prior-art
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standard nozzle (FIG. 10B) as calculated using computational fluid dynamics computer

simulations.

DETAILED DESCRIPTION

[0023] Reference is now made in detail to various embodiments of the disclosure,
examples of which are illustrated in the accompanying drawings. Whenever possible, the
same or like reference numbers and symbols are used throughout the drawings to refer to
the same or like parts. The drawings are not necessarily to scale, and one skilled in the art
will recognize where the drawings have been simplified to illustrate the key aspects of the

disclosure.

[0024] The claims as set forth below are incorporated into and constitute part of this

Detailed Description.

[0025] Cartesian coordinates are shown in some of the Figures for the sake of reference

and are notintended to be limiting as to direction or orientation.

[0026] FIG. 1Ais a partially exploded schematic diagram and FIG. 1B is a schematic
diagram of an example cleaning system 10. The cleaning system 10 includes a nozzle
assembly 20 fluidly attached to a cleaning fluid delivery device 30 that is configured to
deliver a cleaning fluid 32. The cleaning fluid 32 can be a gas, a fluid, or a combination of a
gas or fluid. An example cleaning fluid 32 includes or consists of air and a solvent. In an
example, the cleaning fluid 32 can optionally include particles 32P, which can be combined
with a gas, a fluid or a combination of the gas or fluid. Because such particles 32P are used
for cleaning, they are referred to herein as “deaning particles.” Example cleaning particles
32P include for example frozen particles (e.g., ice) used in so-called “snow cleaning”

applications.

[0027] The nozzle assembly 20 includes an adapter 40 having a front end 42 and an
interior 46 configured to support a cleaning nozzle (“nozzle”) 100. The interior 46 includes a
front-end portion 46E closest to the front end 42. The nozzle 100 includes a nozzle axis AN,
a front end 102 and a back end 104, with the back end fluidly coupled to the cleaning fluid

delivery device 30. The nozzle 100 is described in greater detail below.
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[0028] Asbest seen in FIG. 1A, the front end 42 of the adapter 40 includes a channel 50
open to the interior 46. The channel 50 is configured to support a ferrule 60, which in an
example is part of an optical fiber connector 56. The optical fiber connector 56 can be any
type of single-fiber or multi-fiber optical fiber connector (e.g., LC, SC, MPO, etc.) that utilizes
at least one ferrule 60. The ferrule 60 includes a ferrule axis AF, a front end 62, a back end
64 and an outer surface 66. The ferrule front end 62 includes an end face 74, which
optionally includes a chamfer 76 adjacent the outer surface 66. The ferrule 60 has a
diameter DF. The end face 74 has an end-face diameter DE that excludes the chamfer 76
(see FIG. 3A). The ferrule 60 also includes an axial bore 80 that runs down the ferrule axis

AF from the front end 62 to the back end 64.

[0029] The axial bore 80 supports a front-end section 92 of an optical fiber 90. The front-
end section 92 of the optical fiber 90 includes an end face (“fiber end face”) 94, which
resides substantially at ferrule end face 74. As shown in FIG. 1B, the ferrule 60 is supported
in the adapter channel 50 such that the ferrule axis AF is coaxial with the nozzle axis AN.
Further, the ferrule end face 74 and the optical fiber end face 94 reside within the front-end
portion 46E of adapter interior 46 and are spaced apart from the nozzle front end 102 so
that the ferrule end face confronts and is spaced apart from a tip 180 of a nozzle inner

housing 150 by an axial distance S (see Figs. 3A and 3B; to be discussed below).

[0030] Asshown in FIG. 1B, the nozzle assembly 20 defines a flow path FP for the cleaning
fluid 32. The flow path FP runs from the cleaning fluid delivery device 30 through the nozzle
100 and through the front-end portion 46E of the adapter interior 46 to the ferrule end face
74. The flow path FP continues back through the nozzle 100 toward the cleaning fluid
delivery device 30. The cleaning fluid 32 returning through the nozzle 100 may be diverted
into a containment vessel (not shown) before reaching the cleaning fluid delivery device 30.
In an example, the cleaning fluid delivery device 30 sets the inlet pressure P, i.e., the
pressure of the cleaning fluid 32 as inputted into the back end 104 of the nozzle 100. In an
example, the inlet pressure P is in the range from 5 psig to 80 psig. In an example where
negative pressure (i.e., vacuum) is applied in the front-end portion 46E of the adapter

interior 46, this negative pressure can be in the range from -1 psig to -5 psig.

[0031] Asdescribed in greater detail below, the cleaning fluid 32 is outputted from the

nozzle front end 102 in the form of a jet stream 34. The jet stream 34 traverses the front-
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end portion 46E of the adapter interior 46 and impinges upon the ferrule end face 74 and
the fiber end face 94. The shear force of the impingement jet stream 34, along with the
optional chemicals in the solvent, acts to removes particles adhered to the ferrule end face
74 and the fiber end face 94. For an axisymmetric, normally impinging jet stream from a
conventional nozzle, the shear force at the center of the ferrule end face 74 where the fiber
end face 94 is located is relatively low due to the existence of a stagnation zone SZ (see FIG.
4A, introduced and discussed below). For a non-axisymmetric, off-center, or tilted

impingement jet, the stagnation zone SZ still exists somewhere on the ferrule end face 74.

[0032] FIG. 2 is a cross-sectional view of an example nozzle 100 operably supported by the
adapter 40 to define the nozzle assembly 20. The general flow path FP of the cleaning fluid
32 through the nozzle 100 is also shown. FIG. 3Ais a close-up cross-sectional view of a
front-end portion of the nozzle 100 and the front end 62 of the ferrule 60. Referring
collectively to FIGS. 1A, 1B, 2, and 3A, the nozzle 100 has a central axis AN, a front end 102
and a back end 104. The back end 104 is configured to fluidly connect to the cleaning fluid
delivery device 30. The nozzle 100 includes an outer housing 120 centered on nozzle axis
AN. The outer housing 120 has a front end 122, a back end 124, an outer surface 126, and
an inner surface 128. The inner surface 128 defines an interior (“outer housing interior”)
138 of diameter D1. In an example, the outer housing 120 has a tubular configuration. In
an example, the diameter D1 has a size relative to the ferrule diameter DF as defined by the

relationship (0.5)DF < D1 < (5)DF.

[0033] The nozzle 100 also includes an inner housing 150 disposed within the outer
housing interior 138 and centered on the nozzle axis AN. The inner housing 150 has a front
end 152, a back end 154, an outer surface 156, and an inner surface 158. The inner surface
158 defines an interior (“inner housing interior”) 168. The inner housing interior 168 has a
diameter D2. As noted above, the front end 152 of the inner housing 150 is axially spaced

apart from ferrule front end 62 by the axial distanceS.

[0034] In the example shown, the inner housing 150 has a tubular configuration. Also in
the example shown, the outer housing 120 and the inner housing 150 are concentrically
arranged. Furthermore, the outer housing 120 and the inner housing 150 each have

generally circular cross-sectional shapes. In other examples, the inner and/or outer
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housings 150 and 120 may have different configurations and/or be arranged in a different

manner.

[0035] Theinner housing interior 168 is also referred to herein as “inner flow channel”
168 because it supports the flow of the cleaning fluid 32 from the fluid delivery device 30 to
the ferrule 60 over a portion of the flow path FP. The nozzle 100 also includes an outer flow
channel 139 defined by the portion of the outer housing interior 138 between the inner
housing outer surface 158 and the outer housing inner surface 128. The inner flow channel
168 and the outer flow channel 139 of the nozzle 100 are fluidly connected through the
front-end portion 46E of the adapter interior 46 when the nozzle is used to form nozzle
assembly 20. Thus, the flow path FP generally runs through the inner flow channel 168,
then through the front-end portion 46E of the adapter interior 46, and then though the
outer flow channel 139. In an example, the cross-sectional (annular) area of the outer flow

channel 139 is greater than the cross-sectional area of the inner flow channel 168.

[0036] With continuing reference to FIG. 3A, the inner housing 150 includes a front-end
section or tip 180 that includes the front end 152 of the inner housing. The tip 180 includes
a front-end portion of the inner housing interior 168 that has a converging or narrowing
taper 184, i.e., the taper narrows in the direction from the back end 154 to the front end
152, i.e., in the +x direction as shown, which is in the initial direction of the flow path FP

through nozzle 100.

[0037] In an example, the taper 184 has a frustoconical shape. The taper 184 starts at an
axial transition position PT and ends at the front end 152 of the inner housing. The taper
184 has wide diameter DW at the transition position PT and a narrow diameter DN at the
frontend 152. In an example, DW =D2. Also in an example, the narrow diameter DN of the
taper 184 has a size relative to the end-face diameter DE of ferrule 60 as defined by the
relationship (0.5)DE < DN < (2)DE. Also in an example, the diameter D2 of the inner flow
channel 168 has a size relative to the narrow diameter DN of the taper 184 as defined by the
relationship (1.5)DN < D1 < (3)DN. Also in an example, the axial distance S between the
front end 152 of the nozzle inner housing 150 and the ferrule front end 62 has a size relative
to the narrow diameter DN of the taper 184 as defined by the relationship (0.5)DN < S <
(5)DN.
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[0038] The taper 184 has an axial length LT as measured from the axial transition point PT
to front end 152. Due to the taper 184, the tip 180 is convergent and so is referred to
hereinafter as “convergent tip” 180. The convergent tip 180 also defines an output end of
the inner flow channel 168 of the inner housing 150. The back end 154 of the inner housing

150 serves as an input end to the inner flow channel 168.

[0039] With continuing reference to FIGS. 2 and 3A, the flow path FP passes through the
inner housing interior 168, through convergent tip 180 and into the front-end portion 46E of
adapter interior 46. The flow path FP thus first moves in the +x direction and includes (i.e.,
passes over) the ferrule end face 74 and the fiber end face 94. The flow path FP then moves

in the —x direction through the outer flow channel 139.

[0040] The nozzle 100 further includes at least one flow disrupter element 200 disposed
within the interior 168 of the inner housing 150 upstream of convergent tip 180 (i.e.,
upstream of axial transition point PT) and within the flow path FP. Inan example, only a
single flow disrupter element 200 is employed, and this example is discussed below by way
of illustration and for ease of discussion. In an example, the flow disrupter element has a
unitary, monolithic structure, i.e., is a made of a single material and is not made by

combining multiple components or parts.

[0041] The flow disrupter element 200 includes a central axis AD, which by way of
example is shown as oriented in the z-direction. The central axis AD is located an axial
distance DD from the axial transition point PT. In one example, the flow disrupter element
200 extends directly outward from the inner surface 158 of the inner housing 150 and into

the portion of flow path FP that passes through the inner housing interior 168.

[0042] FIG. 3Bis aclose-up cross-sectional view of the convergent tip 180 of the nozzle
100 similar to that of FIG. 3A and illustrates an example wherein the flow disrupter element
200 spans the interior 168 of the nozzle inner housing 150. In this configuration, the flow
disrupter element 200 extends all of the way across the portion of the flow path FP that
passes through inner housing interior 168. In the example configuration of FIG. 3B, the
central axis AD of the flow disrupter element 200 intersects the nozzle axis AN at a right

angle.
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[0043] The flow disrupter element 200 may have a cylindrical shape with a diameter DC,
such as shown in FIG. 3B. The flow disrupter element 200 can also have round (circular)
cross-sectional shape or other cross-sectional shape. As an example, the flow disrupter
element 200 may not be cylindrical, e.g., may have an axial taper or more generally a width

that varies along its central axis AD.

[0044] In the example shown, the flow disrupter element 200 is fixed in position, i.e., is
stationary relative to the nozzle inner housing 150. This stationary feature results in nozzle
100 having no moving parts. In the example configuration of FIG. 3B, the flow disrupter
element 200 includes opposite ends 202 that are respectively secured to opposite sides of
the inner surface 158 of the inner housing 150. In an example, the term “stationary” does
not preclude vibrations that can occur when the cleaning fluid 32 flows rapidly over the flow
disrupter element 200. Such vibrations can occur, for example, when only one end 202 of

the flow disrupter element 200 is secured to the inner surface 158 of the inner housing 150.

[0045] FIGS. 4A and 4B are schematic diagrams of the flow of cleaning fluid 32 along the
flow path FP for the case of a standard prior art nozzle 100S with no flow disrupter element
200 and a standard tip 180S (FIG. 4A) and with the flow disrupter element 200 and
convergent tip 180 (FIG. 4B) as disclosed herein. The schematic diagrams of FIG. 4A and 4B
are based on computer simulations using commercially available computational fluid
dynamics software. The simulations were two-dimensional and used air as the cleaning

fluid 32.

[0046] With reference to FIG. 4A, the flow of the cleaning fluid 32 follows a standard flow
path FPS that results in a standard jet stream 34S that is generally laminar until it reaches
the ferrule end face 74. The standard jet stream 34S travels in a fixed direction and defines
a relatively large stagnation zone SZ for the standard flow path FPS along the ferrule axis AF
where the fiber end face 94 resides. The stagnation zone SZ forms due to the pressure
increase at the ferrule end face 74 on the ferrule axis AF, leading to a low shear force and

thus a low local cleaning efficiency.

[0047] With reference to FIG. 4B, the flow disrupter element 200 is configured to disrupt
the flow of cleaning fluid 32 along the flow path FP to form a disrupted flow 33 in the flow

path on the downstream side of the flow disrupter element. The disrupted flow 33 in flow

-10 -
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path FP results from flow separation and vortex shedding, which leads to substantially
turbulent flow. The disrupted flow 33 passing through the convergent tip 180 results in the
jet stream 34 having a much smaller stagnation zone SZ and a larger shear force, which

provides greater local cleaning efficiency relative to the standard jet stream 34S.

[0048] The flow disrupter element 200 works in cooperation with the convergent tip 180
to generate a jet stream 34 whose direction varies with time. The shear force generated by
the jet stream 34 also varies with time. It is noted here that the time variation of the shear
force and the direction of the jet stream 34 can be accomplished with no moving parts in
nozzle 100. Itis further noted that the time variation of the shear force and of the direction
of the jet stream 34 is not purely periodic and is quasi-periodic or chaotic. In an example,
the time variation of the direction of the jet stream 34 has a frequency f on the order kHz,
e.g., between 0.5 KHz and 100 kHz or 1 kHz to 10 kHz. Here, the frequency fis that of a
random (or quasi-random) process and is determined using techniques known in the art of

random processes.

[0049] The FIGS. 5A through 5C are schematic diagrams that illustrate the time-varying
direction of jet stream 34 emanating from convergent tip 180 at three different times ty, t»
and t;, respectively. FIGS. 5A through 5C also schematically illustrate the disrupted flow
region 33 in flow path FP. In an example, t; =t; + Atand t; =t; + 2At. In an example, Atis a
fraction of asecond, e.g., between 0.1 second and 0.0001 second, or between 0.01 second
and 0.001 second. Contaminants (e.g., particles) 220 are shown on the ferrule end face 74

and the fiber end face 94.

[0050] Because the direction of the jet stream 34 varies with time t, the jet stream sweeps
over the ferrule end face 74, with the location of the stagnation zone SZ at the ferrule end
face also varying with time (i.e., moving relative to the ferrule end face). This means that no
one location on the ferrule end face 74, including the location on the ferrule axis AF, is
subjected to the stagnation zone SZ for a significant length of time, e.g., no longer than a
fraction of a second. For example, the stagnation zone SZ does not stay in the same place
for longer than 0.1 second or for even shorter time periods such as, no longer than 0.01
second, no longer than 0.005 second, no longer than 0.001 second, or no longer than 0.0001

second. The amount of shear force provided by the jet stream 34 at the ferrule end face 74

-11 -
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is generally sufficient to dislodge and remove the usual types of contaminants 220 from the

ferrule end face as well as from the fiber end face 94.

[0051] FIGS. 6A through 6D are plots of the shear stress SS (Pa) at the ferrule end face 74
due to the jet stream 34 versus the position y (um) relative to the ferrule axis AF. The span
of the fiber end face 94 at the ferrule end face 74 is indicated by dashed lines. The plots are
based on computer simulations and are for different times t = 5.1 ps (FIG. 6A), t =14.7 us
(FIG. 6B), t =22.2 pus (FIG. 6C) and t =32.1 ps (FIG. 6D). The simulations assumed the
cleaning fluid 32 consisted of air only. The plots of FIGS. 6A through 6D show that the
nozzle 100 can generate a rapid sweeping flow with relatively high shear stress SS on the
ferrule end-face 74, which ensures high cleaning efficiency. The plots of FIGS. 6A through
6D also indicate that direction of the jet stream 34 (and thus its position on ferrule end face
74) can change substantially over a time period of about 10 ps, which corresponds to a

frequency f of about 100 kHz.

[0052] When nozzle 100 is operated at a high inlet pressure P (e.g., a cleaning fluid
velocity of 40 m/s), it generates the disrupted flow 33, which is converted to the jet stream
34 by passing through convergent tip 180. The jet stream 34 is unstable and so its direction
randomly (or quasi-randomly) varies at relatively high frequency f to sweep the cleaning
fluid 32 over the ferrule end face 74. The plots of FIGS. 6A and 6C show how the sweeping
flow pushes the stagnation zone SZ away from the fiber end face 94 so that the shear stress
SS is relatively high at the fiber end face. The plots of FIGS. 6B and 6D show that the
stagnation zone SZ can reside at the fiber end face 94, which leads to a relatively low shear
stress SS at the fiber end face. Since the sweeping flow has very high frequency (in the
order of kHz), the fiber end face 94 can be cleaned within a short amount of operating time,

e.g., within 1 second or within a fraction of a second.

[0053] FIG. 7 is a partial cut-away schematic diagram of the nozzle assembly 20 illustrating
the location of four (virtual) fluid velocity monitors M1 through M4 used to perform
additional computer simulations of the flow of cleaning fluid 32 over the flow path FP. FIGS.
8A through 8D are plots of the velocity magnitude |V| (m/s) versus time t (milliseconds, ms)
at monitors M1 through M4, respectively. FIG. 9is plot of the average shear stress SS, (Pa)
at the fiber end face 94 versus time t (ms) based on the computer simulations used to

generate the plots of FIGS. 8A through 8D.
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[0054] The plots of monitored velocity magnitudes | V| as measured at locations M1, M2
and M3 downstream of the flow disrupter element 200 (FIGS. 8A, 8B and 8C, respectively),
show relatively strong periodic velocity fluctuations. The plot of FIG. 8D for the velocity
magnitude | V| at monitor M4, which is upstream of the flow disrupter element 200, does
not show the strong velocity associated with the downstream monitors M1, M2 and M3. As
noted above, as the flow path FP passes over the flow disrupter element 200, vortex
shedding occurs, thereby forming the disrupted flow 33. The disrupted flow 33 passing
through the convergent tip 180 leads to the formation of jet stream 34 and the time

variation in the shear force and in the direction of the jet stream.

[0055] The convergent tip 180 focuses the jet stream 34 towards the center (on-axis
location) of the ferrule end face 74, thus amplifying the sweeping strength of fiber end face
94. The focused jet stream 34 from the nozzle 100 disclosed herein also has a smaller
stagnation zone SZ than that formed using a standard nozzle 100S (see FIGS. 4A and 4B).
The example simulations used to generate FIGS. 8A through 8D show that the sweeping flow
of the jet stream 34 can have a frequency f of about 20 kHz, and the induced average shear
stress SS across the entire fiber end face 94 can fluctuate between 2.0 and 47.4 Pa. FIG.9

indicates that the average shear stress SS, over the entire time range is about 16.1 Pa.

[0056] In comparison, the corresponding shear stress of a standard nozzle 100S that does
not have the flow disrupter element 200 and convergent tip 180 is only about 1.5 Pa. Thus,
for the same operating conditions, the nozzle 100 can increase the cleaning force by about

10 times as compared to the standard nozzle 100S.

[0057] Asthe flow velocity of the cleaning fluid 32 increases, the sweeping frequency f of
the jet stream 34 increases accordingly. In addition, the sweeping motion can be enhanced
by a high inlet velocity as well. When the inlet velocity of the cleaning fluid 32 increases to
40 m/s, the nozzle 100 can induce strong sweeping flow that cleans the entire fiber surface,
as indicated by the cleaning fluid flow contours of the flow simulation diagram of FIG. 10A.
In contrast, increasing the inlet velocity for a standard nozzle 100S does not show significant
improvement in reducing the size of the stagnation zone Sz, as illustrated by the cleaning
fluid flow contours in the flow simulation diagram of FIG. 10B for the standard (prior art)

nozzle.
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[0058] it will be apparent to those skilled in the art that various modifications to the
preferred embodiments of the disclosure as described herein can be made without
departing from the spirit or scope of the disclosure as defined in the appended claims.

Thus, the disclosure covers the modifications and variations provided they come within the

scope of the appended claims and the equivalents thereto.
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What is claimed is:

1. A nozzle for cleaning an end face of a ferrule using a cleaning fluid, comprising:

an outer housing comprising a central axis and an inner surface that defines an outer
housing interior;

an inner housing that resides within the outer housing interior along the central axis,
the inner housing comprising an inner surface that defines an inner flow channel that
supports flow of the cleaning fluid, the inner flow channel including a converging taper; and

at least one flow disrupter element disposed in the inner flow channel.

2. The nozzle according to daim 1, wherein the inner housing includes a front end, and

wherein the converging taper ends at the front end of the inner housing.
3. The nozzle according to daim 1, wherein the inner housing includes a front end, and
wherein the converging taper is at least partially positioned between the at least one flow

disrupter element and the front end of the inner housing.

4, The nozzle according to any of claims 1-3, wherein the at least one flow disrupter

element has at least one end that is fixed to the inner surface of the inner housing.

5. The nozzle according to any of claims 1-4, wherein the at least one flow disrupter

element is a single flow disrupter element.

6. The nozzle according to cdaim 5, wherein the single flow disrupter element has a

cylindrical shape.

7. The nozzle according to claim 6, wherein the cylindrical shape has a round cross-

sectional shape.
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8. The nozzle according to either claim 6 or 7, wherein the inner flow channel has a
diameter D2, the converging taper has a narrow end with a diameter DN, and wherein the

diameter D2 and the diameter DN satisfy the relationship (1.5)DN < D2 < (3)DN.

9. The nozzle according to any of claims 1-8, wherein the inner housing includes an
outer surface, and wherein the outer surface of the inner housing and the inner surface of

the outer housing define an outer flow channel.

10. A nozzle assembly, comprising:

the nozzle according to any of claims 1-9;

an adapter comprising an adapter front end and an adapter interior configured to
support the nozzle, the adapter front end including an adapter channel open to a front-end
portion of the adapter interior;

a ferrule supported in the adapter channel, the ferrule including a ferrule end face
spaced apart from the nozzle inner housing through the front-end portion of the adapter
interior; and

an optical fiber comprising a front-end section with a fiber end face, the front end
section of the optical fiber being supported by the ferrule so that the fiber end face resides

substantially at the ferrule end face.

11. The nozzle assembly according to claim 10, further comprising:

an optical fiber connector operably supporting the ferrule.

12. A cleaning system, comprising:
the nozzle assembly according to either claim 10 or 11; and

a cleaning fluid delivery device fluidly coupled to the nozzle assembly.

13. A method of cleaning a fiber end face of an optical fiber supported by a ferrule
substantially at a ferrule end face, comprising:
flowing a cleaning fluid through a flow channel from an input end of the flow

channel toward a convergent output end of the flow channel;
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flowing the cleaning fluid around at least one flow disrupter element that resides
stationary in the flow channel to form a disrupted flow of the cleaning fluid; and

passing the disrupted flow of the cleaning fluid through the convergent output end
of the flow channel to form a jet stream of the cleaning fluid, the jet stream having a

direction that varies with time and sweeps over the ferrule end face.

14. The method according to claim 13, wherein the cleaning fluid:
a) consists of a gas;
b) consists of a solvent;
c) comprises a mixture of a gas and a solvent; or

d) comprises cleaning particles and at least one of a gas and a solvent.

15. The method according to either claim 13 or 14, wherein the jet stream generates a

shear force at the ferrule end face that varies with time.

16. The method according to any of claims 13-15, wherein the time-varying direction of

the jet stream varies with a frequency fin the range from 0.5 kHz to 100 kHz.
17. The method according to any of claims 13-16, wherein the jet stream defines a
stagnation zone at the ferrule end face, and wherein the stagnation zone moves relative to

the ferrule end face.

18. The method according to any of claims 13-17, wherein the at least one disrupter

element consists of a single disrupter element.

19. The method according to claim 18, wherein the single disrupter element has a

cylindrical shape.

20. The method according to any of claims 13-19, further comprising supporting the

ferrule in an optical fiber connector.
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21. A method of cleaning a fiber end face of an optical fiber supported by a ferrule
substantially at a ferrule end face, comprising:

a) positioning the ferrule relative to a nozzle that includes an inner flow channel so
that an output end of the inner flow channel is spaced apart from and confronts the ferrule
end face;

b) directing a cleaning fluid through the inner flow channel, wherein the inner flow
channel includes a converging taper that defines the output end of the inner flow channel;

c) passing the cleaning fluid around a stationary flow disrupter element disposed
within the inner flow channel upstream of the converging taper to form a disrupted flow;
and

d) forming a jet stream of cleaning fluid by passing the disrupted flow through the
converging taper, wherein the jet stream has a time-varying direction that causes the jet

stream to sweep over the ferule end face.

22. The method according to claim 21, wherein the cleaning fluid:
i) comprises at least one of a gas and a solvent; or

ii) comprises cleaning particles and at least one of a gas and a solvent.

23. The method according to either claim 21 or 22, wherein the ferrule end face
includes contaminants and wherein the method further comprises the jet stream imparting

an amount of shear force to the ferrule end face sufficient to remove the contaminants.

24. The method according to any of claims 21-23, wherein the time-varying direction of

the jet stream varies with a frequency fin the range from 0.5 kHz to 100 kHz.

25. The method according to any of claims 21-24, wherein the inner flow channel is
defined by an inner surface of an inner housing that also includes an outer surface, and
further comprising after act d):

removing the cleaning fluid through an outer flow channel defined by the outer
surface of the inner housing and an inner surface of an outer housing that surrounds the

outer surface of the inner housing.
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