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MULTIPLE-PATH FLOW RESTRICTOR NOZZLE

BACKGROUND

Field

[0001] The present disclosure relates to devices for restricting a flow of a gas from a

pressurized vessel.

Description of Related Art

[0002] Conventional devices for restricting a flow of a gas from a pressurized vessel may
include movable components configured to actuate to provide the requisite flow restriction
(e.g., during a steam line break). However, the presence of movable components increases

the complexity of the device while also raising the risk of failure.
SUMMARY

[0003] A flow restrictor nozzle for a pressurized vessel of a nuclear reactor may comprise
a nozzle body including an inlet face and an outlet face. The nozzle body may define a
plurality of internal flow paths extending from the inlet face to the outlet face. Each of the
plurality of internal flow paths may include a convergent section, a throat section, and a
divergent section.

[0004] The nozzle body may be a passive structure with no moving parts.

[0005] The nozzle body may be a monolithic structure.

[0006] The plurality of internal flow paths may extend in parallel through the nozzle body.
[0007] The throat section may be closer to the inlet face than the outlet face of the nozzle
body.

[0008] The convergent section may have a first area at the inlet face. The divergent
section may have a second area at the outlet face. The throat section may have a third area
at a narrowest part of the throat section. The third area may be less than the first area and
the second area.

[0009] The convergent section may have a first length. The divergent section may have a
second length. The first length may be less than the second length.

[0010] The plurality of internal flow paths may include a central flow path and peripheral
flow paths surrounding the central flow path.

[0011] The throat section of the central flow path may be farther from the inlet face of the
nozzle body than the throat section of each of the peripheral flow paths.

[0012] The nozzle body may further define a channel extending from an exterior of the

nozzle body to at least one of the central flow path and the peripheral flow paths.



WO 2019/168572 PCT/US2018/062632

[0013] The channel may extend inward at an angle toward the inlet face of the nozzle
body.

[0014] The channel may extend between adjacent peripheral flow paths of the plurality
of internal flow paths.

[0015] The channel may extend to the throat section of at least one of the central flow
path and the peripheral flow paths.

[0016] The nozzle body may further include a connection stub protruding from the
exterior of the nozzle body. The connection stub may define an interior passage in fluidic
communication with the channel.

[0017] A method of restricting a flow from a pressurized vessel of a nuclear reactor may
comprise securing a flow restrictor nozzle to the pressurized vessel. The flow restrictor
nozzle may have a nozzle body including an inlet face and an outlet face. The nozzle body
may define a plurality of internal flow paths extending from the inlet face to the outlet face.
Each of the plurality of internal flow paths may include a convergent section, a throat
section, and a divergent section. The method may additionally comprise directing the flow
from the pressurized vessel through the plurality of internal flow paths of the flow restrictor
nozzle.

[0018] The securing may include welding the flow restrictor nozzle to an exterior of the
pressurized vessel. The flow restrictor nozzle may be a monolithic structure.

[0019] Alternatively, the securing may include attaching a first section of the flow
restrictor nozzle to the pressurized vessel and attaching a second section of the flow
restrictor nozzle to the first section.

[0020] The directing of the flow may result in a choked flow exiting the flow restrictor
nozzle.

[0021] The directing of the flow may result in a stabilized flow exiting at equal velocity
from the flow restrictor nozzle.

[0022] A method of manufacturing a flow restrictor nozzle for a pressurized vessel of a
nuclear reactor may comprise fabricating a nozzle body including an inlet face and an outlet
face. The nozzle body may define a plurality of internal flow paths extending from the inlet
face to the outlet face. Each of the plurality of internal flow paths may include a convergent
section, a throat section, and a divergent section. The method may additionally comprise
independently shaping, sizing, and positioning the convergent section of each of the
plurality of internal flow paths on the inlet face based on predicted pressure variances of

the pressurized vessel. The method may further comprise independently spacing the throat
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section of each of the plurality of internal flow paths relative to the inlet face to mitigate

acoustic wave reinforcement.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The various features and advantages of the non-limiting embodiments herein may
become more apparent upon review of the detailed description in conjunction with the
accompanying drawings. The accompanying drawings are merely provided for illustrative
purposes and should not be interpreted to limit the scope of the claims. The accompanying
drawings are not to be considered as drawn to scale unless explicitly noted. For purposes
of clarity, various dimensions of the drawings may have been exaggerated.

[0024] FIG. 1 is side view of a flow restrictor nozzle for a pressurized vessel of a nuclear
reactor according to an example embodiment.

[0025] FIG. 2 is an outlet end view of a cross-section of the flow restrictor nozzle of FIG.
1.

[0026] FIG. 3 is an outlet end view of a cross-section of another flow restrictor nozzle
according to an example embodiment.

[0027] FIG. 4 is an outlet end view of a cross-section of another flow restrictor nozzle
according to an example embodiment.

[0028] FIG. 5 is an outlet end view of a cross-section of another flow restrictor nozzle
according to an example embodiment.

[0029] FIG. 6 is an upper perspective view of a cross-section of a flow restrictor nozzle for
a pressurized vessel of a nuclear reactor according to an example embodiment.

[0030] FIG. 7 is a side view of the cross-section of the flow restrictor nozzle of FIG. 6.
[0031] FIG. 8 is an upper perspective view of another cross-section of the flow restrictor
nozzle of FIG. 6.

[0032] FIG. 9 is a side view of the cross-section of the flow restrictor nozzle of FIG. 8.

[0033] FIG. 10 is a lower perspective view of the cross-section of the flow restrictor nozzle

of FIG. 8.

DETAILED DESCRIPTION

[0034] It should be understood that when an element or layer is referred to as being "on,"

"non

"connected to,"” "coupled to," or “covering” another element or layer, it may be directly on,
connected to, coupled to, or covering the other element or layer or intervening elements or
layers may be present. In contrast, when an element is referred to as being "directly on,"
"directly connected to," or "directly coupled to" another element or layer, there are no

intervening elements or layers present. Like numbers refer to like elements throughout the
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specification. As used herein, the term "and/or" includes any and all combinations of one
or more of the associated listed items.

[0035] It should be understood that, although the terms first, second, third, etc. may be
used herein to describe various elements, components, regions, layers and/or sections,
these elements, components, regions, layers, and/or sections should not be limited by these
terms. These terms are only used to distinguish one element, component, region, layer, or
section from another region, layer, or section. Thus, a first element, component, region,
layer, or section discussed below could be termed a second element, component, region,

layer, or section without departing from the teachings of example embodiments.

"non "non

[0036] Spatially relative terms (e.g., "beneath," "below," "lower," "above," "upper," and the
like) may be used herein for ease of description to describe one element or feature's
relationship to another element(s) or feature(s) as illustrated in the figures. It should be
understood that the spatially relative terms are intended to encompass different
orientations of the device in use or operation in addition to the orientation depicted in the
figures. For example, if the device in the figures is turned over, elements described as
"below" or "beneath" other elements or features would then be oriented "above" the other
elements or features. Thus, the term "below" may encompass both an orientation of above
and below. The device may be otherwise oriented (rotated 90 degrees or at other
orientations) and the spatially relative descriptors used herein interpreted accordingly.

[0037] The terminology used herein is for the purpose of describing various embodiments
only and is not intended to be limiting of example embodiments. As used herein, the

"non

singular forms "a," "an," and "the" are intended to include the plural forms as well, unless

the context clearly indicates otherwise. It will be further understood that the terms

» «s

“includes,” “including,

» "

comprises,” and/or "comprising,” when used in this specification,
specify the presence of stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of one or more other features,
integers, steps, operations, elements, components, and/or groups thereof.

[0038] Example embodiments are described herein with reference to cross-sectional
illustrations that are schematic illustrations of idealized embodiments (and intermediate
structures) of example embodiments. As such, variations from the shapes of the
illustrations as a result, for example, of manufacturing techniques and/or tolerances, are
to be expected. Thus, example embodiments should not be construed as limited to the
shapes of regions illustrated herein but are to include deviations in shapes that result, for
example, from manufacturing.

[0039] Unless otherwise defined, all terms (including technical and scientific terms) used

herein have the same meaning as commonly understood by one of ordinary skill in the art
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to which example embodiments belong. It will be further understood that terms, including
those defined in commonly used dictionaries, should be interpreted as having a meaning
that is consistent with their meaning in the context of the relevant art and will not be
interpreted in an idealized or overly formal sense unless expressly so defined herein.

[0040] FIG. 1 is side view of a flow restrictor nozzle for a pressurized vessel of a nuclear
reactor according to an example embodiment. Referring to FIG. 1, the flow restrictor nozzle
100 comprises a nozzle body 102 including an inlet face 104 and an outlet face 106. The
nozzle body 102 may define a plurality of internal flow paths extending from the inlet face
104 to the outlet face 106. Each of the plurality of internal flow paths may include a
convergent section, a throat section, and a divergent section.

[0041] The inlet face 104 of the flow restrictor nozzle 100 may be a flanged section of the
nozzle body 102, while the outlet face 106 of the flow restrictor nozzle 100 may be a tapered
section of the nozzle body 102. Thus, the inlet face 104 may have a larger circumference
and surface area than the outlet face 106. The flanged section of the nozzle body 102 may
facilitate the attachment of the flow restrictor nozzle 100 to a pressurized vessel (e.g., steam
generation vessel) of a nuclear reactor. Although the inlet face 104 is shown as being
concave, it should be understood that, in an alternative embodiment, the inlet face 104 may
be convex depending on the target surface to which the flow restrictor nozzle 100 will be
mounted.

[0042] The nozzle body 102 may further include an instrument tap or a connection stub
112 protruding from the exterior of the nozzle body 102. For example, two oppositely-
arranged connection stubs 112 may be provided. A pressure sensor may be connected to
the connection stubs 112. The nozzle body 102 may be a passive structure with no moving
parts. For example, the nozzle body 102 may be a monolithic structure.

[0043] FIG. 2 is an outlet end view of a cross-section of the flow restrictor nozzle of FIG.
1. Referring to FIG. 2, the nozzle body 102 of the flow restrictor nozzle 100 has a circular
cross-section, although example embodiments are not limited thereto. For instance, the
nozzle body 102 may alternatively have a polygonal cross-section.

[0044] The nozzle body 102 defines a plurality of internal flow paths extending
therethrough. The plurality of internal flow paths may be arranged in an evenly-spaced
array (e.g., hexagonal lattice, triangular lattice) and centered within the nozzle body 102.
In an example embodiment, the plurality of internal flow paths may be of the same cross-
sectional shape and size. For instance, each of the plurality of internal flow paths may have
a circular cross-sectional shape or other shape (e.g., elliptical cross-sectional shape). The
plurality of internal flow paths may include a central flow path 108 and peripheral flow
paths 110 surrounding the central flow path 108. The central flow path 108 may coincide
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with the central longitudinal axis of the nozzle body 102. Each of the peripheral flow paths
110 may be spaced equidistantly from the central flow path 108 as well as from adjacent
peripheral flow paths 110. Although six peripheral flow paths 110 are shown, it should be
understood that a different number may be implemented depending on the conditions.
[0045] Each of the connection stubs 112 may be positioned between adjacent peripheral
flow paths 110 while also being radially oriented so as point towards the center of the nozzle
body 102 and, thus, the central flow path 108. The connection stubs 112 may be arranged
at the 9 o'clock and 3 o'clock positions so as to be about 180 degrees apart.

[0046] FIG. 3 is an outlet end view of a cross-section of another flow restrictor nozzle
according to an example embodiment. Referring to FIG. 3, the flow restrictor nozzle 100',
with the exception of the connection stubs 112', may be as described in connection with
the flow restrictor nozzle 100 of FIG. 2. In particular, the nozzle body 102', the central flow
path 108', and the peripheral flow paths 110' of FIG. 3 may correspond to the nozzle body
102, the central flow path 108, and the peripheral flow paths 110 of FIG. 2. Thus, in the
interest of brevity, the corresponding disclosures previously set forth will not be repeated
in this section.

[0047] As shown in FIG. 3, each of the connection stubs 112' may be positioned between
adjacent peripheral flow paths 110' while also being radially oriented so as point towards
the center of the nozzle body 102' and, thus, the central flow path 108'. The connection
stubs 112' may be arranged at the 10 o'clock and 2 o'clock positions so as to be 120 degrees
apart. However, it should be understood that if the view of the flow restrictor nozzle 100’
was rotated (e.g., clockwise), the connection stubs 112' may be regarded as being arranged
at the 12 o'clock and 4 o'clock positions (or other positions depending on the rotation). In
any event, the connection stubs 112' shown in FIG. 3 may be about 120 degrees apart
regardless of the rotation.

[0048] FIG. 4 is an outlet end view of a cross-section of another flow restrictor nozzle
according to an example embodiment. Referring to FIG. 4, the flow restrictor nozzle 100"
may be as generally described in connection with the flow restrictor nozzle 100 of FIG. 2.
Thus, in the interest of brevity, the corresponding disclosures previously set forth will not
be repeated in this section. The differences shown in the flow restrictor nozzle 100" of FIG.
4 are discussed below.

[0049] As shown in the flow restrictor nozzle 100" of FIG. 4, the plurality of internal flow
paths may be shifted to one side of the nozzle body 102" (rather than being centered within
the nozzle body 102"). The plurality of internal flow paths may be of the same cross-
sectional shape (e.g., circular cross-sectional shape) but of different sizes. In an example

embodiment, the central flow path 108" may be larger than the peripheral flow paths 110".
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The central flow path 108" may also be off-center relative the central longitudinal axis of
the nozzle body 102". The peripheral flow paths 110" may differ from each other in size.
For instance, four of the peripheral flow paths 110" may be of an intermediate size (relative
to the central flow path 108"), while three of the peripheral flow paths 110" may be of a
smaller size, although example embodiments are not limited thereto. In addition, one or
more of the peripheral flow paths 110" may have different spacings from the central flow
path 108" as well from each other. Furthermore, even though one central flow path 108"
and seven peripheral flow paths 110" are shown, it should be understood that a different
number may be implemented depending on the conditions.

[0050] Each of the connection stubs 112" may be positioned between adjacent peripheral
flow paths 110" while also being radially oriented so as point towards the central flow path
108". The connection stubs 112" may be arranged at the 11 o'clock and 1 o'clock positions
so as to be 60 degrees apart. However, it should be understood that if the view of the flow
restrictor nozzle 100" was rotated (e.g., clockwise), the connection stubs 112' may be
regarded as being arranged at the 12 o'clock and 2 o'clock positions (or other positions
depending on the rotation). In any event, as shown in FIG. 4, the connection stubs 112’
will be 60 degrees apart regardless of the rotation.

[0051] FIG. 5 is an outlet end view of a cross-section of another flow restrictor nozzle
according to an example embodiment. Referring to FIG. 5, the flow restrictor nozzle 100",
with the exception of the peripheral flow paths 110", may be as described in connection
with the flow restrictor nozzle 100" of FIG. 4. In particular, the nozzle body 102", the
central flow path 108", and the connection stubs 112" of FIG. 5 may correspond to the
nozzle body 102", the central flow path 108", and the connection stubs 112" of FIG. 4.
Thus, in the interest of brevity, the corresponding disclosures previously set forth will not
be repeated in this section. The differences shown in the flow restrictor nozzle 100" of FIG.
5 are discussed below.

[0052] As shown in FIG. 5, the peripheral flow paths 110" may differ from each other in
cross-sectional size and shape. For instance, in addition to four of the peripheral flow paths
110" being of an intermediate size and three of the peripheral flow paths 110" being of a
smaller size, two of the smaller-sized peripheral flow paths 110" may have an elliptical
cross-sectional shape. Although not shown, it should be understood that, depending on
the conditions, the nozzle body 102" may be alternatively configured such that the central
flow path 108" is smaller in size than the peripheral flow paths 110"'. Furthermore, the
central flow path 108" may have a different shape (e.g., elliptical cross-sectional shape)

than as shown.
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[0053] FIG. 6 is an upper perspective view of a cross-section of a flow restrictor nozzle for
a pressurized vessel of a nuclear reactor according to an example embodiment. Referring
to FIG. 6, the flow restrictor nozzle 200 comprises a nozzle body 202 including an inlet face
204 and an outlet face 206. The nozzle body 202 defines a plurality of internal flow paths
extending from the inlet face 204 to the outlet face 206. The plurality of internal flow paths
in FIG. 6 may correspond to the plurality of internal flow paths in FIG. 2, although example
embodiments are not limited thereto. In FIG. 6, the plurality of internal flow paths may
extend in parallel through the nozzle body 202. Each of the plurality of internal flow paths
may include a convergent section, a throat section, and a divergent section. In a non-
limiting embodiment, the throat section of each of the plurality of internal flow paths is
closer to the inlet face 204 than the outlet face 206 of the nozzle body 202.

[0054] As shown in FIG. 6, the plurality of internal flow paths include a central flow path
208 and peripheral flow paths 210 surrounding the central flow path 208. The central flow
path 208 includes a convergent section 208a, a throat section 208b, and a divergent section
208c, while each of the peripheral flow paths 210 includes a convergent section 210a, a
throat section 210b, and a divergent section 210c. The central flow path 208 may coincide
with the central longitudinal axis of the nozzle body 202. Each of the peripheral flow paths
210 may be spaced equidistantly from the central flow path 208 as well as from adjacent
peripheral flow paths 210, although example embodiments are not limited thereto.

[005S] The inlet face 204 of the flow restrictor nozzle 200 may be a flanged section of the
nozzle body 202, while the outlet face 206 of the flow restrictor nozzle 200 may be a tapered
section of the nozzle body 202. Thus, the inlet face 204 may have a larger circumference
and surface area than the outlet face 206. The flanged section of the nozzle body 202 may
facilitate the attachment of the flow restrictor nozzle 200 to a pressurized vessel (e.g., steam
generation vessel) of a nuclear reactor. Although the inlet face 204 is shown as being
concave, it should be understood that, in an alternative embodiment, the inlet face 204 may
be convex depending on the target surface to which the flow restrictor nozzle 200 will be
mounted.

[0056] The nozzle body 202 may further include an instrument tap or a connection stub
212 protruding from the exterior of the nozzle body 202. For example, two oppositely-
arranged connection stubs 212 may be provided. A pressure sensor may be connected to
the connection stubs 212. The connection stub 212 may be in fluidic communication with
the throat section 208b of the central flow path 208 via an opening 216. In another
instance, although not shown, the opening 216 may be alternatively (or additionally)
disposed in the throat section 210b of the peripheral flow path 210 so that the connection

stub 212 is in fluidic communication with the throat section 210b via the opening 216.
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Furthermore, the nozzle body 202 may be a passive structure with no moving parts. For
example, the nozzle body 202 may be a monolithic structure.

[0057] FIG. 7 is a side view of the cross-section of the flow restrictor nozzle of FIG. 6.
Referring to FIG. 7, the convergent section 208a of the central flow path 208 may have a
first area at the inlet face 204 of the nozzle body 202. The divergent section 208c of the
central flow path 208 may have a second area at the outlet face 206 of the nozzle body 202.
The throat section 208b of the central flow path 208 may have a third area at a narrowest
part of the throat section 208b. The third area of the central flow path 208 may be less
than the first area and the second area.

[0058] Similarly, with regard to the peripheral flow paths 210, the convergent section
210a of each of the peripheral flow path 210 may have a first area at the inlet face 204 of
the nozzle body 202. The divergent section 210c of each of the peripheral flow paths 210
may have a second area at the outlet face 206 of the nozzle body 202. The throat section
210D of each of the peripheral flow paths 210 may have a third area at a narrowest part of
the throat section 210b. The third area of each of the peripheral flow paths 210 may be
less than the first area and the second area.

[0059] In addition, the convergent section 208a of the central flow path 208 may have a
first length. The divergent section 208c of the central flow path 208 may have a second
length. The first length of the central flow path 208 may be less than the second length.
[0060] Similarly, with regard to the peripheral flow paths 210, the convergent section
210a of each of the peripheral flow paths 210 may have a first length. The divergent section
210c of each of the peripheral flow paths 210 may have a second length. The first length of
each of the peripheral flow paths 210 may be less than the second length.

[0061] Furthermore, the throat section 208b of the central flow path 208 may be farther
from the inlet face 204 of the nozzle body 202 than the throat section 210b of each of the
peripheral flow paths 210. In such an instance, during the use of the flow restrictor nozzle
200 in connection with a pressurized vessel of a nuclear reactor, the throat section 208b of
the central flow path 208 will be more downstream relative to the throat section 210b of
each of the peripheral flow paths 210.

[0062] FIG. 8 is an upper perspective view of another cross-section of the flow restrictor
nozzle of FIG. 6. In particular, the cross-section of the flow restrictor nozzle 200 in FIG. 8
is between adjacent peripheral flow paths 210 of the nozzle body 202. Referring to FIG. 8,
the nozzle body 202 may further define a pair of channels 214 extending from an exterior
of the nozzle body 202 to the central flow path 208. Each of the connection stubs 212 may
define an interior passage in fluidic communication with a corresponding one of the

channels 214. As a result, the channels 214 may fluidically connect the connection stubs
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212 to the throat section 208b of the central flow path 208. In addition, as shown in FIG.
8, the channels 214 extend between adjacent peripheral flow paths 210 of the plurality of
internal flow paths. According to an example embodiment, the connection stubs 212 and
the channels 214 may be diametrically and symmetrically arranged such that the opposing
connection stubs 212 and associated channels 214 mirror each other. In another instance,
although not shown, the channels 214 may also be provided so as to fluidically connect the
connection stubs 212 to the throat section 210b of one or more of the peripheral flow paths
210.

[0063] FIG. 9 is a side view of the cross-section of the flow restrictor nozzle of FIG. 8.
Referring to FIG. 9, the channels 214 may extend inward at an angle toward the inlet face
204 of the nozzle body 202. According to an example embodiment, the channels 214 extend
to the throat section 208b of the central flow path 208. The channels 214 may be regarded
as converging at the throat section 208b of the central flow path 208, although different
openings 216 (FIG. 6) are associated with each channel 214. Furthermore, the connection
stubs 212 may be arranged at approximately a midway point between the inlet face 204
and the outlet face 206 of the nozzle body 202, although example embodiments are not
limited thereto.

[0064] FIG. 10 is a lower perspective view of the cross-section of the flow restrictor nozzle
of FIG. 8. Referring to FIG. 10, the convergent section 208a of the central flow path 208
and the convergent sections 210a of the peripheral flow paths 210 may be directly adjacent
to one another so as to have shared boundaries at the inlet face 204 of the nozzle body 202.
For instance, the boundary of a convergent section 210a of one of the peripheral flow paths
210 at the inlet face 204 of the nozzle body 202 may also form a part of the boundaries of
two of the convergent sections 210a of the peripheral flow paths 210 adjacent to it. In
addition, the boundaries of the convergent sections 210a of the peripheral flow paths 210
may form the boundary of the convergent section 208a of the central flow path 208 at the
inlet face 204 of the nozzle body 202.

[0065] The flow restrictor nozzles disclosed herein may be used to restrict a flow from a
pressurized vessel of a nuclear reactor. With reference to FIGS. 6-10 as an example, a
method of restricting a flow from a pressurized vessel of a nuclear reactor may comprise
securing a flow restrictor nozzle 200 to the pressurized vessel. The flow restrictor nozzle
200 may have a nozzle body 202 including an inlet face 204 and an outlet face 206. The
nozzle body 202 may define a plurality of internal flow paths extending from the inlet face
204 to the outlet face 206. Each of the plurality of internal flow paths may include a

convergent section, a throat section, and a divergent section. The method may additionally
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comprise directing the flow from the pressurized vessel through the plurality of internal flow
paths of the flow restrictor nozzle 200.

[0066] The securing may include welding the flow restrictor nozzle 200 to an exterior of
the pressurized vessel. The flow restrictor nozzle 200 may be a monolithic structure.
Alternatively, the securing may include attaching a first section of the flow restrictor nozzle
to the pressurized vessel and attaching a second section of the flow restrictor nozzle to the
first section.

[0067] The directing of the flow may result in a choked flow exiting the flow restrictor
nozzle 200. The directing of the flow may also result in a stabilized flow exiting at equal
velocity from the flow restrictor nozzle 200.

[0068] Furthermore, with reference to FIGS. 6-10 as an example, a method of
manufacturing a flow restrictor nozzle 200 for a pressurized vessel of a nuclear reactor may
comprise fabricating a nozzle body 202 including an inlet face 204 and an outlet face 206.
The nozzle body 202 may define a plurality of internal flow paths extending from the inlet
face 204 to the outlet face 206. Each of the plurality of internal flow paths may include a
convergent section, a throat section, and a divergent section. The method may additionally
comprise independently shaping, sizing, and positioning the convergent section of each of
the plurality of internal flow paths on the inlet face 204 based on predicted pressure
variances of the pressurized vessel. The method may further comprise independently
spacing the throat section of each of the plurality of internal flow paths relative to the inlet
face 204 to mitigate acoustic wave reinforcement.

[0069] The flow restrictor nozzle disclosed herein and the associated design, use, and
manufacture thereof are discussed in further detail below in accordance with example
embodiments of the present application. Described herein is a flow restrictor nozzle for use
in steam generation vessels with features of compactness using multiple parallel paths,
nozzle axis angling and inflow and outflow port shaping to control pressure variations, flow
distribution, flow swirl, and acoustic pressure wave transmission. The flow restrictor nozzle
is designed to be replaceable/renewable after installation. According to an example
embodiment, the flow restrictor nozzle has no moving parts. The flow restrictor nozzle may
be applied to new or existing vessels. The flow restrictor nozzle may be utilized in connection
with steam service vessel flow restriction, in saturated or superheated state. However, it
should be understood that the flow restrictor nozzle may also be applied in other vapor, gas,
and/or liquid (e.g., water) applications with vessel flow restriction nozzle requirements.
[0070] Fluid mechanic principles are applied to address the problems affecting current
nozzles. According to an example embodiment, multiple parallel flow paths are each formed

using a combination of flow nozzle intake and Venturi nozzle discharge flow principles.
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[0071] Inlet pressure fields and flows are generally non-uniform and unstable and often
have entrained eddies and swirls. By application of advanced analytical flow simulations,
the number of individual flow path ports, the port shapes, the angle of entry, port locations,
accessory features, and individual throat sizes in a multiple parallel flow path restrictor
nozzle can be correspondingly varied to mitigate the adverse effects of these inlet conditions.
Inlet port surfaces can be smooth and uniform or may have convolutions or fluting. In
addition, the shape can be circular, oval, elliptical, or an asymmetric version of oval or
elliptical shapes.

[0072] The throat area can be uniform for all ports of a nozzle or can vary to take
advantage of non-uniform pressure field prediction at the inlet so that the portion of the
nozzle inlet face with higher pressure has a larger throat flow area while the inlet face
portion with lower pressure has a smaller throat flow area. The total flow area is
approximately equivalent to the flow area of a single-path flow restrictor nozzle. The throat
location within the nozzle can be at a uniform distance from the inlet surface or can be
varied in accordance with acoustic analysis to prevent or reduce acoustic wave
reinforcement at the inlet or outlet of the multiple-path flow restrictor nozzle.

[0073] Discharge nozzles are relatively shallow angle, following the engineering rules for
Venturi expansions, to obtain maximum pressure recovery with minimum total pressure
loss from the throat to the nozzle outlet face. Discharge nozzles can be in parallel to a single
straight pipeline axis that is orthogonal to the nozzle outlet end. Alternatively, the outlet
flow paths from the throat section can be angled by several degrees to optimize the piping
connection interface at the nozzle outlet end. Accessory features may include inlet or outlet
anti-swirl (flow straightening) blades, varying thickness of erosion resistant weld overlay
material, and pressure sensor taps.

[0074] The entire nozzle may be formed as a single piece. Alternatively, the nozzle may
be composed of two pieces, with the two-piece form permitting nozzle removal /replacement
during the equipment service life. The nozzle form can be manufactured according to at
least three approaches. In a first approach, the single piece multiple parallel flow path flow
restrictor nozzle is a permanent form that is welded into a vessel during original shop
fabrication. In a second approach, for original fabrication or retro-fit vessel modification,
the first piece of a two-piece nozzle form is welded into a vessel and provides a socket or
chamber into which a second multiport restrictor element piece is mechanically inserted
and secured prior to unit service. In a third approach, for retro-fit vessel nozzle
modification, the first piece is a mechanical locking mechanism that is inserted into place
inside an existing nozzle bore using the principle of interference fit by material cryogenic

shrink, with an external mechanical pattern that seals and locks the piece permanently as
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it re-expands by thermal equalization. With the locking mechanism in place, a second
multi-path restrictor element piece is mechanically inserted and secured prior to unit
service.

[0075] By separating the mass flow through the nozzle into multiple sub-flows, the throat
diameter of each flow path is decreased so that the total flow restrictor function is satisfied
by the sum effect of the parallel flow path restrictions, which reduces the overall recovery
length of the Venturi discharges so that the overall nozzle is much shorter than the
equivalent single flow path nozzle. The multiple-path flow restrictor nozzle’s total diameter
remains very close to that of the equivalent single-path nozzle so that vessel fabrication
impact is negligible. The nozzle length is a function of the Venturi discharge expansion
length which is directly proportional to throat orifice diameter. A shortened flow recovery
length from the smaller throat orifices of individual paths to the nozzle discharge face makes
the nozzle compact enough to be fully installed into the vessel during shop fabrication and
requires no expensive, time-consuming, and space-consuming field fitting, welding, and
heat treatment of nozzle extensions to complete the vessel nozzle fabrication after field
placement

[0076] By reshaping and resizing the port inlets, the mass flow per unit area of the flow
paths can be equalized by more closely matching the available flow area to the inlet pressure
distribution at the nozzle inlet face. As a result, the flows then pass through the parallel
flow paths at equal velocity. This contributes to minimizing the potential for generating
adverse flow phenomena in any individual flow path due to relative flow "starving" compared
to other ports of the nozzle, and to eddies at the nozzle exit or downstream flow area
displacement caused by recirculating-flow stall conditions due to recombination of
individual path flows at different velocities.

[0077] For example, by selection of the number of port inlets, the individual port throat
diameters, and their relative location on the nozzle inlet face, steam flow interference
between the main steam nozzle elevation and the BWR reactor vessel steam dryer structure
elevation can be mitigated. With the asymmetric inlet arrangement, the capability of
manufacturing the individual flow paths at small angles to the nozzle’s nominal centerline
axis permits redistribution of the discharge ports to uniformly fill the exit flow area at the
nozzle outlet face.

[0078] Acoustic waves generated in the piping downstream from the nozzle can cause
damage to vessel internal structures by high-cycle fatigue. Low frequency acoustic waves
carry the most energy and are the most capable of causing metal fatigue failure of vessel
internal structures. The acoustic pressure waves are partially attenuated by the multiple

parallel flow path flow restrictor nozzle by reflection of some of the wave energy. The
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remainder of the wave energy is subject to frequency conversion and energy division by
individual higher frequency wave packets that are generated in each of the smaller diameter
parallel flow paths of the nozzle. Acoustic detuning of the design avoids having these
transmitted higher frequency wave packets recombine to reinforce each other. Therefore,
the energy impulses that reach the vessel internal structures are further from internal
structure resonance frequencies and are of lower energy. This mitigates the potential for
internal structure failure from piping system acoustically induced high-cycle fatigue.
[0079] Accessory features of the nozzle design are used to further enhance performance,
improve mass-energy transmission efficiency, and assist in flow monitoring. For minimizing
flow swirl, fluted inlets may be used to enhance flow entry in the direction of the flow axis
and disrupt parasitic drag phenomena caused by swirl. The apexes may be sharply peaked
to trip cross-flows, or are joined to form flow straightening blades (foils, vanes), such as a
bisecting blade, tri-blade or quad-blade pattern. Additionally, flow-straightening blades can
be included at the individual Venturi expansion outlets to limit swirl development due to
transition eddies formed before the flow reaches full pipe diameter. The anti-swirl blades
may stabilize flow streams by canceling the cross-flow streams that are a source of drag
and downstream eddies.

[0080] By angling the discharge Venturi expansion nozzles even a few degrees, the
location of the nozzle discharge face connection to piping can be adjusted to improve the
system piping interface, reducing the required pipe bends that tend to re-introduce swirl in
the downstream flow.

[0081] The variation of weld metal overlay addresses areas with higher erosion potential
and allows for flow path shaping during fabrication by selective machining and smoothing
of the surface.

[0082] Pressure sensing ports can measure upstream (inlet face) and throat pressures so
that the mass flow rate through the nozzle can be determined using a differential pressure
to flow rate equivalency.

[0083] By optionally using the two-piece multiple parallel flow path flow restrictor nozzle,
wear and erosion that occur during service can be managed by removal, and refurbishment
or replacement of the multi-port restrictor element piece. This also permits modification to
increase or reduce the restrictor nozzle total mass flow capacity without incurring a
modification to the vessel’s pressure boundary.

[0084] The nozzle design herein substantially reduces the pressure losses caused by flow
swirl that has been analytically demonstrated, and is evidenced by an observable polishing

effect on steam dryer outer bank surfaces directly opposite the steam nozzles.
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[0085] Improved steam flow delivery increases the potential megawatt-electric output of
the unit without adding additional core energy.

[0086] Elimination of field vessel fabrication steps of the current restrictor nozzle design
saves significant construction cost. The improved interface with the main steam piping also
contributes to improved steam delivery.

[0087] The compact design of the multiple-path flow restrictor nozzle allows the complete
nozzle to be installed into the pressure vessel without interference with other structures
surrounding the vessel or in the vicinity of the steam nozzles.

[0088] For retrofit plants, replacement of the in-line Venturi restrictor with a vessel
multiple-path flow restrictor nozzle design will reduce LOCA consequences compared to the
current unrestricted steam pipe break assumption.

[0089] The acoustic wave attenuation reduces the cyclic loading of the steam dryer
assembly due to downstream acoustic generators (e.g., relief valve branch piping). This
mitigates the potential for dryer failures. Furthermore, the smaller flow path orifices of the
multiple-path flow restrictor nozzle design would effectively block all but the smaller pieces
of debris from being discharged into the steam lines. This debris screening is especially
effective if the nozzle design installed in any particular plant’s vessel includes inlet, outlet,
or inlet and outlet flow straightening blades.

[0090] In addition, the partial blockage of acoustic waves includes impulse or shock
waves due to sudden valve closures in the downstream piping system, mitigating the
transient loads experienced by the vessel internals. This consequently facilitates faster
closure times for closing the downstream piping to reduce mass discharge early in a steam
system transient event.

[0091] Designing the restrictor nozzle for initial thick-overlay cladding provides a built-in
means to adapt the nozzle for a power/flow increase in later service by permitting a portion
of the clad to be machined away for a re-profiling of the pathways and recertification of the
restrictor nozzle’s capacity rating.

[0092] The two-piece design described herein simplifies the original component parts
shop fabrication. This concept also permits routine inspection of the restrictor element
outside the vessel. Away-from-vessel maintenance facilitates and simplifies refurbishment
or replacement of the restrictor element because no welding is involved and all work can be
performed in a controlled shop environment. Performing maintenance work remotely from
the vessel considerably reduces the material risk of damaging the vessel or losing foreign
material in the vessel, and reduces the risk to maintenance personnel performing the work.
It also allows use of standard precision shop tools and more accurate and complex methods

than possible with in-situ inspection or repair. The ability to swap out restrictor elements

15



WO 2019/168572 PCT/US2018/062632

permits rapid refitting of a vessel for a change in the design mass flow rate because a new
insert piece can be fabricated and certified in advance of the change.

[0093] Because no welding to the vessel is needed, the material selection options for
fabricating the restrictor element insert can make use of a broader selection of available
corrosion or erosion resistant materials and alloys, which are also thermally compatible
with the vessel and main nozzle chamber base material.

[0094] By designing a multiple-path flow steam flow restrictor element with integral
pressure-sensing ports for the inlet face static pressure and the dominant path (e.g., central
port) Venturi throat pressure, the restrictor nozzle can be calibrated and capacity certified
in a test stand. This can be performed external from the plant. The differential-pressure
instrumentation connections for the nozzle are simplified and provide assurance of accurate
in-service measurement of the nozzle performance.

[0095] While a number of example embodiments have been disclosed herein, it should be
understood that other variations may be possible. Such variations are not to be regarded
as a departure from the spirit and scope of the present disclosure, and all such
modifications as would be obvious to one skilled in the art are intended to be included

within the scope of the following claims.
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CLAIMS

1. A flow restrictor nozzle for a pressurized vessel of a nuclear reactor,
comprising:

a nozzle body including an inlet face and an outlet face, the nozzle body defining a
plurality of internal flow paths extending from the inlet face to the outlet face, each of the
plurality of internal flow paths including a convergent section, a throat section, and a
divergent section.

2. The flow restrictor nozzle of claim 1, wherein the nozzle body is a passive

structure with no moving parts.

3. The flow restrictor nozzle of claim 1, wherein the nozzle body is a monolithic
structure.
4. The flow restrictor nozzle of claim 1, wherein the plurality of internal flow

paths extend in parallel through the nozzle body.

S. The flow restrictor nozzle of claim 1, wherein the throat section is closer to the

inlet face than the outlet face of the nozzle body.

6. The flow restrictor nozzle of claim 1, wherein the convergent section has a first
area at the inlet face, the divergent section has a second area at the outlet face, the throat
section has a third area at a narrowest part of the throat section, and the third area is less
than the first area and the second area.

7. The flow restrictor nozzle of claim 1, wherein the convergent section has a first
length, the divergent section has a second length, and the first length is less than the second

length.

8. The flow restrictor nozzle of claim 1, wherein the plurality of internal flow
paths include a central flow path and peripheral flow paths surrounding the central flow
path.

9. The flow restrictor nozzle of claim 8, wherein the throat section of the central
flow path is farther from the inlet face of the nozzle body than the throat section of each of

the peripheral flow paths.

10.  The flow restrictor nozzle of claim 8, wherein the nozzle body further defines
a channel extending from an exterior of the nozzle body to at least one of the central flow

path and the peripheral flow paths.

11. The flow restrictor nozzle of claim 10, wherein the channel extends inward at

an angle toward the inlet face of the nozzle body.
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12.  The flow restrictor nozzle of claim 10, wherein the channel extends between

adjacent peripheral flow paths of the plurality of internal flow paths.

13. The flow restrictor nozzle of claim 10, wherein the channel extends to the

throat section of at least one of the central flow path and the peripheral flow paths.

14.  The flow restrictor nozzle of claim 10, wherein the nozzle body further includes
a connection stub protruding from the exterior of the nozzle body, the connection stub

defining an interior passage in fluidic communication with the channel.

15. A method of restricting a flow from a pressurized vessel of a nuclear reactor,

comprising:

securing a flow restrictor nozzle to the pressurized vessel, the flow restrictor nozzle
having a nozzle body including an inlet face and an outlet face, the nozzle body defining a
plurality of internal flow paths extending from the inlet face to the outlet face, each of the
plurality of internal flow paths including a convergent section, a throat section, and a
divergent section; and

directing the flow from the pressurized vessel through the plurality of internal flow

paths of the flow restrictor nozzle.

16. The method of claim 15, wherein the securing includes welding the flow
restrictor nozzle to an exterior of the pressurized vessel, the flow restrictor nozzle being a

monolithic structure.

17. The method of claim 15, wherein the securing includes attaching a first
section of the flow restrictor nozzle to the pressurized vessel and attaching a second section

of the flow restrictor nozzle to the first section.

18. The method of claim 15, wherein the directing of the flow results in a choked

flow exiting the flow restrictor nozzle.

19. The method of claim 15, wherein the directing of the flow results in a stabilized

flow exiting at equal velocity from the flow restrictor nozzle.

20. A method of manufacturing a flow restrictor nozzle for a pressurized vessel of
a nuclear reactor, comprising:

fabricating a nozzle body including an inlet face and an outlet face, the nozzle body
defining a plurality of internal flow paths extending from the inlet face to the outlet face,
each of the plurality of internal flow paths including a convergent section, a throat section,

and a divergent section;
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independently shaping, sizing, and positioning the convergent section of each of the
plurality of internal flow paths on the inlet face based on predicted pressure variances of
the pressurized vessel; and

independently spacing the throat section of each of the plurality of internal flow paths

relative to the inlet face to mitigate acoustic wave reinforcement.
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