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(57) Abstract: Various embodiments include apparatuses and methods to form the apparatus. In one embodiment, the apparatus is a
flow meter having inlet and outlet portions for transporting a fluid along a flow path. A flow-restrictor element is formed within the flow
path to impart a pressure drop to the fluid. A flow sensor has a first surface of the flow sensor in direct fluid communication with fluid
flowing upstream of the flow-restrictor element and a second surface, on a portion of the flow sensor opposite to the first surface, in
direct fluid communication with fluid flowing downstream of the flow-restrictor element. The flow sensor senses a differential pressure
in the fluid due to the at least one flow-restrictor element. Other apparatuses and systems are disclosed.
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DIFFERENTIAL-PRESSURE-BASED FLOW METERS

CLAIM OF PRIORITY

{0006} This application claims the priority benefit to U.S. Patent
Application Serial No. 62/796,969, filed on 25 January 2019, and entitled
“DIFFERENTIAL-PRESSURE-BASED FLOW METERS,” which is

incorporated by reference herein in its entivety.

TECHNICAL FIELD

{0601} The subject matter disclosed herein relates to various types of
squipment used in the semiconductor and allied industries. More
specifically, the disclosed subject matter relates to an apparatus to
determine either a volumetric-flow of a fhwd or 2 mass-flow of a flwid, hoth

being based on a differential-pressure sensor.

BACKGROUND

{6002] Many industrial processes require accurate and precise
measurement and control of various process fluids, Certain processes,
such as measurement of non-compressible fluids (e.g., liquids) may only
require measurement of a volumetrie flow rate (e.g., measured in liters per
minute, lpm, standard cubic centimeters per minute, scem, or cubic meters
per second, m3/s). However, other processes, such as measurement of
compressible fluids {e.g., gases) often require a measurement of mass-flow
rates {(e.g., milligrams per minute, mg/m, or kilograms per second, kg/s).
Thus, for compressible fluids, a discussion of volumetric mass-density
(also referred to as simply mass density herein) of the fluid may be
considered as being a function of absolute pressure and temperature. For
example, in the semiconductor and allied industries, mass-flow meters and
mass-flow controllers are used o accurately and precisely measure and
control the mass of a process fluid that is introduced into a process
chamber. A wide variety of techniques can be measured to flow rates in
such devices, including thermal devices, ultrasonic titne-of-flight devices,

Coriohis devices, and pressure-based devices.
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{0603} Pressure-based flow meters use a defined flow restriction to
create a pressure drop vesponsive to the flow to be measured. If the
pressure-based Jow meters are arranged as a mass-flow meter or mass-
flow controller, the meter also uses measurements of temperature, the
resulting pressure drop, and (for compressible {luids) absohute pressure,
combined with knowledge of both fluid properties and the flow restriction,

to caleulate mass-flow rate,

{0004] With reference to FIG. 1, a cross-sectional drawing of a
differential-pressure-based flow meter 100 of the prior art is shown. The
differential-pressure-based flow meter 100 includes a flwid inlet 109 and a
fluid outlet 111 for a fluid flowing in a flow path 113, and a restrictor
element 107, A first cavity 103A and a sccond cavity 1038 are coupled to
the flow path 113 by a first pressure port 105A and a second pressure port
1058, vespectively. The first cavity 103A is in fluid-pressure
communication with a first side 101A of a differential-pressure sensor 101
and the second cavity 103B is in fluid-pressure communication with a
second side 101B of the differential-pressure sensor 101, As fluid flows in
the flow path 113, the restrictor element 107 causes the pressure of the
fluid to be greater on an upstream side (on a side of the fhud inlet 109) to
be greater than the pressure on the downstream side (on a side of the fluid
outlet) of the restrictor element 107, Consequently, the higher Buid-
pressure (on the upstream side of the restrictor element 107) is
communicated through the first pressure port 105A fo the first cavity
103A. Similarly, the lower pressure (on the downstream side of the
restrictor element 107) is communicated through the second pressure port
1058 to the second cavity 1038, Thus, the first side 101A of the
differential-pressure sensor 101 experiences a higher pressure than the
socond side 101B of the differential-pressure sensor 101, Although the
cavities 1034, 1038 are coupled 1o the flow path by the pressure poris

108A, 1058, the cavities are not directly coupled to the fhuid flowing in the
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flow path 113. The cavities 103A, 1038 therefore experience a change in

pressure on either side of the restrictor element 107,

{00605} A person of ordinary skill in the art understands the operation of
the differential-pressure sensor 101, However, in general, the differential-
pressure sensor 101 can be considered as a type of tlexible diaphragm.
When the pressure on the first side 101A of the differential-pressure
sensor 101 is greater than the pressure on the second side 101B of the
differential-pressure sensor 101, the differential-pressure sensor 101
flexes or bends. The flexing produces an electrical signal that is
proportional to the difference in the two pressures. Therefore, the
differential-pressure sensor 101 can be calibrated for the flow rate of the

fluid based on the electrical signal produced.

{0006] However, a significant concern with the differential-pressure-
based flow meter 100 is that the first cavity 103A and the second cavity
1038 each comprise a “dead volume” that 18 not flushed during operation
of the differential-pressure-based flow meter 100. Consequently, various
types of contamination may become trapped within either of the cavities
1024, 1038, only potentially to be released into the fluid flow within the
flow path 113. In the case of the differential-pressure-based flow metor
100 being used in a semiconductor process operation, the contamination
may produce a defect in one or more infegrated circuits being fabricated.
Such a defect can cause the one or more integrated cireuits to be non-
operational and may represent a significant loss in revenue to the

company fabricating the integrated circuits.

{(007) Therefore, in various embodiments described hervein, the
disclosed subject matter discloses several types of differential-pressure-

based flow meters, which do not have any dead volumes.

(7S]
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{06008]  The information described in this section is provided to offer the
skilled artisan a context for the following disclosed subject matter and

should not be considered as admitted prior art.
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BRIEF DESCRIPTION OF THE FIGURES
{0609} FIG. 1 shows a cross-sectional drawing of a differential-pressure-

based flow meter of the prior art;

{00010} KIG. 2 shows a cross-sectional drawing of an embodiment of a
differential-pressure-based flow meter in accordance with the disclosed

subject matter;

{06011} FIG. 3A shows a cross-sectional drawing of another embodiment
of a differential-pressure-based flow meter in accordance with the

disclosed subject matter;

{00012} FIG. 3B shows a section of the embodiment of the differential-

pressurve-based flow meter of F1G. 3A;

060131  KIG. 4A shows a cross-sectional drawing of another embodirnent
of a differential-pressure-based flow meter in accordance with the

disclosed subject matter;

[00014] FIG. 4B shows details of a flow-sensor carrier used with the

embodiment of the differential-pressure-based flow meter of FIG. 4A;

{00013} FIG. 4C shows a cross-sectional drawing of another embodiment
of a differential-pressure-based flow meter in accordance with the

disclosed subject matter; and

{00016} FIG. 4D shows details of a flow-sensor carvier used with the

embodiment of the differential-pressure-based flow meter of FIG. 4C.

W
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DETAILED DESCRIPTION

{60017} The disclosed subject matter will now be described in detail with
reference 1o a few general and specific embodiments as illustrated in
various ones of the accompanying drawings. In the following description,
pumercus specific details are set forth in order to provide a thorough
understanding of the disclosed subject matter. It will be apparent,
however, to one skilled in the art, that the disclosed subject matter may be
practiced without some or all of these specific details. In other instances,
well-known process steps, construction techniques, or structures have not

been described in detail so as not to ohscure the disclosed subject matter.

{00018} In each of the embodiments described, the various differential-
pressure-based flow meters may be considered to be volhumetric-flow

meters. However, upon reading and understanding the disclosed subject
matier, a person of ordinary skill in the art will recognize how to convert
each of the various embodiments of the disclosed volumetric-flow meters
into mass-flow meters or mass-flow controllers. Such technigues are also

described in more detail, below.

100019 With reference now to FIG. 2, a cross-sectional drawing of an
embodiment of a differential-pressure-based flow meter 200 in accordance
with the disclosed subject matter is shown. The differential-pressure-
based flow meter 200 is shown to include a fluid inlet 201 and a fluid
outlet 203 for a fluid to flow in a flow path 205, FIG. 2 is also shown to
include a flow sensor 207, having a first side 207A and a second side 2078,
as well as a flow-restrictor element 211, and a flow-meter body 215. Since
fhuid flowing in the flow path 205 is in direct hydraulic or pneumatic
communication with the flow sensor 207, there is no need for the first and
second pressure ports 1054, 1058 of FIG. 1 to relay the pressure to the
first and second cavities 1034, 1038 as required by the prior art
differential-pressure-based flow. Consequently, since the pressure ports

108A, 1058 and the cavities 103A, 103B are not required with various
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embodiments of the disclosed subject matter, there are no dead volumes to
trap, and later potentially release, any contaminants. Further, since the
flow path is continuous, the differential-pressure-based flow meter 200 is

continuously flushed while in operation.

{00020 The flow-restrictor element 211 is located between a first bend
209 in the flow path 205 and a second bend 213 in the flow path 205. The
first and second bends 209, 213 allow fluid flowing in the flow path 205 to
flow past opposite sides of the flow sensor 207 (i.e., the first side 207A and
the second side 207H). The {low-restrictor element 211 may comprise any
type of tlow-restriction device that causes fhud flowing in the flow path
205 to have a higher pressure upstream of the flow-restrictor element 211
than downstream of the flow-restrictor element 211, (In certain
embodiments, the design of the differential-pressure-based flow meter 200
is bi-directional. Thus, the pressure differential on opposite sides of the
flow sensor 207 may be reversed.) Such a flow-restriction device may
include, for example, orifices machined or otherwise formed in a plate
positioned across the flow path 205, or a laminar-flow element. In other
embodiments, the flow-restrictor element 211 may comprise an area of the
flow path 205 with a reduced cross-sectional area to increase the pressure
of fluid tlowing upstream of the reduced-arca flow path. Such devices and

techniques are known in the art.

{00021}  In one embodiment, the flow sensor 207 comprises a differential-
pressure sensor that senses a difference in pressure experienced as a
difference in pressure between fluid prossure on the first side 207A and
the second side 2078 of the flow sensor 207. in this embodiment, the flow

sensor 207 can be considered as a type of flexible diaphragm.

{00022} Asis known to a person of ordinary skill in the art, a
differential-pressure sensor can measure a much larger range of fluid flow

rates than other flow sensors known in the art. The range of fluid flow
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rates that are detectable is known as a "turndown ratio.” The turndown
ratio ig also referred to as “rangeability,” and indicates the range over
which a flow meter can accurately measure the flow rate of the {luid.
Therefore, the turndown ratio expresses the high end of a measurement
range with the low end of the measurement range and is expressed as a
ratio between the high end and the low end. For each of the various
embodiments of the flow meters disclosed herein, the turndown ratio may

be at least about 100:1 or greater.

{060231  In various embodiments and as shown in FI1G. 2, the flow sensor
207 is arranged to measure a flow rate of a fluid that is flowing in
directions that are approximately 180° apart relative {o each other on
opposite sides of the flow sensor 207 (1.¢., the inlet and cutlet flows on
opposite side of the flow sensor 207 are substantially parallel to one
another but in opposite directions). However, there is no requirement that
fluid at the fluid inlet 201 and the fhud outlet 203 be flowing substantially
parallel to one another. That is, fluid flowing from the fluid inlet 201 need
not be flowing toward the fhuid outlet 202 in nearly opposite directions.
The fluid inlet 201 and the fluid outlet 203 may be arranged at, for
example, angles that are about 0° to about 45° apart. In other
embodiments, the fluid inlet 201 and the fluid outlet 203 may be arranged
at, for example, at angles that are about 45° to about 60° apart. In still
other embodiments, the fluad inlet 201 and the fluid outlet 202 may be
arranged at, for example, at angles that are about 60° to about 90° apart
or ruore. Consequently, in embodiments where it is desired that the Huwd
flow in proximity to the flow sensor be flowing in a laminar-flow regime,
the fluid inlet 201 and the fluid outlet 203 may be arranged at various
angles and will be considered as being within a scope of the disclosed

subject matter.

{00024} For example, each of the various direction scenarios of the fluid

inlet 201 and the fluid outlet 203 described above may be flowing in
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directions that are approximately 180° to each other on opposite sides of
the flow sensor 207 in a portion of the flow path that is proximate to the
flow sensor 207. However, distal to the flow sensor 207 (e.g., upstream and
downstream from the flow sensor 207 at appropriate distances {o
accommodate a laminar-fow regime near the flow sensor 207, as described
in more detail below), the flow paths can be arranged in any of the relative
angles from one another as described above for convenience in placing

couplers or fittings onto the differential-pressure-based flow meter 200.

{06023  With continued reference to FIG. 2, the first bend 209 and the
second bend are on opposite sides of the flow-restrictor element 211,
However, if, for a given implementation of the differential-pressure-hased
flow meter 200, it is desired that fluid flow be in a laminar-flow regime, at
least one of the first bend 209 and the second bend 213 may each be
located at least {ive-to-seven diameters (based on an internal dimension
and assuming a cross-section of the flow path is circular) upstream and
downstream, respectively, of the flow-restrictor element 211,
Alternatively, or in addition to the increased path length at least five-to-
soven diameters, various flow-straightener devices known in the art may
be used within the flow path 205 as well. Based on basic principles of fluid
meachanics, a person of ordinary skill in the art will recognize how to
arrange and size the flow path 205 to accommodate laminar fluid flow, For
example, if the flow path 205 does not have a circular cross section,
another relevant internal characteristic linear dimension such as, for
example, a hydraulic diameter in the case of a flow path having a
rectangular cross-section, lengths of the channel upstream and
downstream of the bends 209, 213 may be selected to restore laminar flow,
RBased upon reading and understanding the disclosed subject matier, a
person of ordinary skill in the art will recognize how to determine lengths
of flow paths (e.g., before or after a bend) to produce a laminar flow for ¢

given fluid flow rate, fluid density, and dynamic viscosity of the fhuid.
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{00026} As an alternative to providing a laminar fluid flow, and in other
embodiments, the flow sensor 207 may be calibrated for turbulent-flow or
transitional-flow regimes where a variation in flow rate is fairly
consistent. The tolerable variation in flow may be determined empirically
for a given thud and flow rate of interest or may be pre-determined using
computational fluid dynamic (CFD) analysis as known in the art. For
example, the person of ordinary skill in the art may determine that
turbulent low rates may be within a predetermined tolerance if the flow

calibration techniques are known in the relevant art.

[00027)  Overall, the differential-pressure-based flow meter 200 may be
constructed by various means known in the art. For example, in various
embodiments, the differential-pressure-based flow meter 200 may be
constructed from one or more faminations of material, where cach
lamination is at least partially machined or otherwise formed (e.g.,
molded) prior to a final assembly. In a specific-exemplary embodiment, a
first laminate portion may be machined from 316L stainless. A second
laminate portion, substantially mirroring the first laminate portion is also
machined. The flow sensor 207 and the flow-restrictor element 211 are
then placed and adhered (e.g., welded, chemically adhered, or otherwise
bonded) into one of the laminate portions. The two laminate portions are

then welded or bonded together.

{00028} In other embodiments, the flow-meter body 215 may have
portions cast, molded, sintered, or otherwise formed and joined fogether.
In still other embodiments, the {low-meter body may be partially or fully
produced using additive-manufacturing techniques (e.g., printed from a
three-dimensional printer). Such techniques and others are known in the

art.
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0606029} 'The flow-meter body 215 may be formed from one or more of a
number of materials known in the art. For example, if the differential-
pressure-based Jow meter 200 is expected to carry caustic or corrosive
fluids, various types of ceramic material (¢.g., aluminum oxide, AlsOs,
zirconium dioxide, ZrOg, or beryllium oxide, BeO) or stainless steel (e.g.,
types 304 or 3161 may be selected for forming at least portions of the
flow-meter body 215. In other applications, various types of machinable
and/or formable polymers and high-performance plastics may he selected

to form at least portions of the flow-meter hody 215.

{00030} FIG. 3A shows a cross-sectional drawing of another embodiment
of a differential-pressure-based flow meter 300 in aceordance with the
disclosed subject matter. When used to measure flows of fluids in the
laminar-flow regime, the long flow path reduces or elininates a possibility
of viscous impingement of the fluid onto faces of a flow sensor 309, thus
reducing or eliminating measurements errors due fo transitional or
turbulent flow. However, as discussed in more detail below, the
differential-pressure-based flow meter 300 can also be calibrated for use

with flows in transitional-flow regimes and turbulent-flow regimes.

{00031} The differential-pressure-based flow meter 300 of FIG. 3 is
shown to include a {luid inlet 301 and a fluid outlet 303 for a fluid flowing
in a flow path 307. FIG. 2 is shown to include the flow sensor 309, having
a first side 309A and a second side 309B, and a sensor wire 315 to couple
the flow sensor 309 to an external device, such as a flow controller or
microprocessor (not shown). FIG. 3 is also shown to include a first
lamminar-flow element 305, a second laminar-flow element 313, a {low-

restrictor element 311, and a flow-meter body 317.

{00032} In various embodiments, at least one of the first laminar-flow
elernent 305 and the second laminar-flow element 313 is optional.

Whether the laminar-flow elements 305, 313 are optional depends at least
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partially on whether the flow sensor 309 is arranged to measure a flow
rate of fluid in a laminar-flow regime, a transitional-flow regime, or a
turbulent-flow regivne as discussed above with reference to the

differential-pressure-based flow meter 200 of FIG. 2.

{00033} Another consideration for whether the laminar-flow elements
305, 313 are optional depends at least partially on a physical location
(distance) of the first side 309A of the flow sensor 309 in relation to the
fluid inlet 301 as well as a physical location (distance) of the second side
309B of the flow sensor 309 in relation to the How-restrictor element 311,
For example, the difforential-pressure-based flow meter 300 may be
constructed such that the flow sensor 308 is a sufficient distance away
from the fluid inlet 341, or a combination of tubes, channels, or other
piping that transports the fluid to the differential-pressure-based flow
meter 300 is sufficiently long such that a first velocity profile of the fluid is
in a laminar-flow regime at least immediately prior to the fluid passing by
an upstream edge of the flow sensor 309 on the first side 308A. Such
determinations and calculations are well-understood by a person of
ordinary skill in the art. Similarly, a physical distance from a downstream
side of the flow-restrictor element 311 to an upstream edge of the flow
sensor 309 on the second side 309B can be constructed such that a second

velocity profile of the fluid 1s 1 a laminar-flow regime.

{00034] Accordingly, one or more laminar-flow elements 305, 313 may be
used in the differential-pressure-based flow meter 300. For example, for
various embodiments and configurations of the differential-pressure-based
flow meter 300, more than two laminar-flow clements (only two are
shown) may be used. Additionally, more than one of the flow-restrictor
elernents 311 {only one is shown) may be used for certain types of fluid or
for certain ranges of fluid fow. For example, when measuring low flow

rates, more than one of the flow-restrictor elements 311 may be used to
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increase a pressure differential where the flow sensor 309 is selected to be

a differential-pressure sensor.

{06035}  As with the differential-pressure-based flow meter 200 of FIG. 2,
since fluid flowing in the flow path 205 is in direct hydraulic or pneumatic
communication with the pressure sensor, there is no need for the first and
second pressure ports 105A, 1058 to relay the pressure to the first and
second cavities 103A, 1038 as required by the differential-pressure-hased
flow meter of FIG. 1 of the prior art. Consequently, since the pressure
ports 105A, 10588 and the cavities 1634, 1038 are not requirved with

various embodiments of the disclosed subject matter, there are no dead

volumes to trap, and later potentially release, any contaminants.

[00036]  As discussed with regard to the flow-restrictor element 211 of
FIG. 2, the flow-restrictor element 311 of FIG. 3 may comprise various
types of flow-restriction devices. For example, the flow-restrictor element
311 may be a laminar-flow element, a plate configured transverse to a
direction of fluid flow having one or multiple orifices drilled or otherwise
formed therethrough, or a restrictive bend in the flow path with vo
separate flow restriction device. Also, the flow sensor 309 may comprise
one or more types of flow sensor as described above with reference to the
flow sensor 207 of FIG. 2. For ease in understanding the disclosed subject
matter provided herein, the flow sensor 309 may be considered to be a

differential-pressure sensor.

{00037}  Asis also discussed with reference to FIG. 2, the flow sensor 309
is arranged to measure a flow rate of a fluid that is flowing in directions
that are approximately 180° to each other on opposite sides of the flow
sensor 309 (Le., the inlet and outlet flows on opposite side of the flow
sensor 309 are substantially parallel to one another but in opposite
directions). However, there is no requirernent that fluid at the fluid inlet

301 and the fluid outlet 303 be flowing substantially parallel to one

13
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another. That is, fluid flowing from the fluid inlet 301 need not be flowing
toward the fluid outlet 303 in nearly opposite directions. The fluid inlet
301 and the flund outlet 303 may be arvanged at, for example, at angles
that are about 0° to about 45° apart. In other embodiments, the fluid inlet
301 and the fluid outlet 303 may be arranged at, for example, at angles
that are about 45° to about 60° apart. In still other embodiments, the fhud
inlet 301 and the {fluid outlet 303 may be arranged at, for example, at
angles that are about 60° to about 90° apart or more. Consequently, in
embodiments where it is desired that the fluid flow in proximity to the
flow sensor be flowing in a laminar-flow regime, the fluid inlet 301 and the
fluid outlet 203 may be arranged at various angles and will be considered

as being within a scope of the disclosed subject matter,

{06038] For example, each of the various direction scenarios of the fluid
inlet 301 and the {tuid outlet 303 described above may be flowing in
directions that are approximately 180° to each other on opposite sides of
the flow sensor 309 in a portion of the flow path that is proximate to the
flow sensor 309, However, distal to the flow sensor 309 (e.g., upstream and
downstream from the flow sensor 309 at appropriate distances {o
accommodate a laminar-flow regime near the flow sensor 309, as described
in more detail herein), the flow paths can be arranged in any of the
relative angles from one another as described above for convenience in
placing couplers or fittings onto the differential-pressure-based flow meter

300.

{60039}  With continuing reference to FIG. 3A, the flow-restrictor element
311 is located between the first laminar-flow element 305 in the flow path
307 and the second laminar-flow element 313 in the flow path 307.
Consequently, the first and second laminar-flow elements 305, 313 allow
fluid flowing in the flow path 307 to flow past opposite sides of the flow
sensor 309 (the first side 309A and the second side 309B). When used with

a flow sensor 309 that is based on a differential-pressure sensor, the flow-

14
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restrictor element 311 may comprise any type of flow-restriction device
that causes fluid flowing in the flow path 307 to have a higher pressure
upstream of the flow-restrictor element 311 than downstream of the flow-
restrictor element 311, Such a flow-restriction device may include, for
example, orifices machined or otherwise formed in a plate positioned
across the flow path 307. In various embodiments, the flow-restrictor
element 311 may also comprise an additional laminar-flow element.
(Laminar-flow elements are known in the art to cause a pressure drop
across the length of the laminar-flow clement.) In other embodiments, as
described above with reference to FIG. 2, a cross-sectional area of the flow
path 307 may be reduced so as to increase the pressure of fluid flowing
upstream of the reduced-area flow path. In various embodiments, a
diameter, di, of the flow path 307 may be selected to be larger or smaller
than a diameter, dg, of a second portion of the flow path 307 (see FIG. 3B).

Such devices and technigues are known in the art.

{06040 FIG. 3B shows a section 330 (at Section A-A of FIG. 3A) of the
embodiment of the differential-pressure-based flow meter 300 of FI1G. 3A.
Upon reading and understanding the disclosed subject matter, a person of
ordinary skill in the art will recognize that the differential-pressure-hased
flow meter 300 of FIGS. 3A and 3B may be constructed using, for example,
any of the materials or techniques described above with reterence to FIG.

2.

{00041} FIG. 4A shows a cross-sectional drawing of another embodiment
of a differential-pressure-based flow meter 400 in accordance with the
disclosed subject matter. Although the differential-pressure-based flow
meter 400 is described as being based on a differential-pressure sensor,
the differential-pressure-based flow meter 400 can use any of a variety of
flow sensors known in the art. Thus, the term “differential-pressure-based
flow meter” 1s used primarily for case in understanding various

embodiments of FIG. 4A as deseribed below,

15
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{00042} 'The differential-pressure-based flow meter 400 of FIG. 4 is
shown to include a fluid inlet 401, a fluid outlet 403, an upstream-portion
flow path 4051, a downstream-portion flow path 405R, a first-enclosure
portion 4071, a sccond-enclosure portion 407R, and a flow-sensor carrier
439, The upstream-portion flow path 405L and the downstream-portion
flow path 405R are upstream and downstream, respectively, of the flow-
sensor carvier 409, The flow-sensor carrier 409 has an upstream side 413A

and a downsiream side 4131,

{060431 FIG. 4B shows details of the flow-sensor carrier 409 used with
the embodiment of the differential-pressure-based flow meter 400 of FIG.
4A. With concurrent reference to FIG. 44 and FIG. 4B, the ow-sensor
carrier 409 is shown to include a differential-pressure sensor 413 and a
first 411, a second 417, and a third through-hole 419. The through holes
411, 417, 419 comprise orifices that are formed in substantially a same
direction through the flow-sensor carrier 409 through which fluid is
allowed to flow from the upstream-portion flow path 4051 to the

downstream-portion flow path 405K,

[00044] Upon reading and understanding the disclosed subject matter, a
person of ordinary skill in the art will recognize that at least two of the
first, second, and third through holes 411, 417, 419 are optional and that
only a single through hole in the flow-sensor carrier 409 is needed. In
other embodiments, there may be more than three through holes (e.g., four
or more). Further, any of the through holes may be formed in various
diameters and shapes through various technigues known independently in
the art. Such techniques include laser drilhing, machine drilling, Electrical
[hscharge Machining (DM}, or other subtractive machining operations
known in the art. For example, at least one of the through holes 411, 417,
419 may have a conical or tapered inlet and/or outlet and may have a
circular, elliptical, or other cross-sectional hole. In other embodiments, the

entirety of the flow-sensor carrier 409 may be formed from additive
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machining techniques as discussed above. After being formed, the
differential-pressure sensor 413 may be press-fit, welded, chemically
adhered, or otherwise bonded to the flow-sensor carrier 409 by technigues

known independently in the art.

{00043} In a specific exemplary embodiment, and as shown, the first-
enclosure portion 4071 comprises an inlet fube structure having two ends:
a first end (including the fhuid inlet 401) and a second end arranged to
accept the flow-sensor carrier 409. The first end may be flared into, for
example, a VCR® metal-to-metal seal feature, as is known in the art, or
welded onto a male VCR® tube stub. In other embodiments, the first end
may be formed as, for example, a VCO® O-ring face seal fitting (VCRPand
VCO®geal fittings are registered trademarks of the Swagelok Company of
Solon, Ohio, USA). A person of ordinary skill in the art will recognize that

other types of fittings may be used as well.

[00046] 'The remaining end (L.e., the second end) of the inlet tube
structure may be flared, in substantially one direction (e.g., in a positive y-
direction). The substantially one-directional flaring leaves a lower portion
of the first-enclosure portion 407L (e.g., the inlet tube) substantially
undeformed and a lower portion of the second-enclosure portion 407R (e.g.,
the outlet tube) substantially undeformed, thereby forming an elliptical
cross-sectional area at interface area 415, The substantially one-
directional flaring produces a first-interface feature 421 and a second-

interface feature 423 as shown in FIG. 4A.

060477 Continuing with this specific exemplary embodiment, the
second-enclosure portion 407R comprises an outlet tube that starts with a
flared portion on the upstream portion of the cutlet tube, forming the
second-interface feature 423, to mate with the {irst-interface feature 421.
The outlet tube terminates, on a downstream portion of the outlet tube,

with a coupling feature to connect the outlet tube to, for example, a
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proportioning-valve block {(not shown but known in the art). Kither the
outlet end of the outlet tube or the proportioning-valve block terminates
with, for example, a VCRY or VOO seal fitting feature. The Bow-sensor
carrier 409 is then placed, formed, or otherwise fitied between the inlet
tube and the outlet tube at the iterface features 421, 423, The inlet tube
and the outlet tube are then adhered to one another at the interface area
415 to be substantially colinear with one another (e.g., by orbital-laser
welding, an interference or press fit, chemical adhesives, combinations

thereof, or other techniques known in the art).

{60048} The first-enclosure portion 4071, the second-enclosure portion
407R, and the flow-sensor carrier 409 can be constructed using any of one
or more of the materials or techniques described above with reforence to
FIG. 2. Alternatively, the first-enclosure portion 407L and the second-
enclosure portion 407R may be constructed using various types of tubing
materials known in the art including, for example, stainless-steel tubing,
copper tubing, polymer-based tubing, or other materials. The tubing is
selected based at least partially on fluid flow considerations (e.g., a
corrosive nature of the fluids as well as pressures at which the fluid is
carried), contamination considerations, and other considerations known in

the art.

[00049]  In another specific exemplary embodiment, the first-enclosure
portion 4071 and the second-enclosure portion 407R can comprise tube
structures. As is known in the art, tube structures can be formed from, for
example, thin-wall tubing that, on its own, may not withstand the
operating pressures encountered during fluid transport. However, the tube
structures could be backed up with one or more structural components,
such as a mold of the outside of each of the tube structures to ensure that
the tubes do not deform during operation. The back-up components could
comprise, for example, fiber-reinforced polymer, ceramics, polymers,

metals, or other suitable materials known in the art. Additionally, since
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the back-up components are not wetted, the components have limited or
no purity requirements. Consequently, the function of structure is
separated from the function of maintaining fluid purity. Thin-walled tubes
can be selocted from materials known to resist chemistry and formed to
reduce or eliminate particle traps. Further, as is known in the art,
operations such as hydroforming, pneumatic forming, or mechanical

flaring may be used to form the tubes.

[00056] Depending on factors such as fluid velocity, fluid density, and
fluid dynamic viscosity, the velocity impingement on the upstream side
413A of the flow-sensor carrier 409, and consequently on the differential-
pressure sensor 413, may be significant. Further, the drag force produced
by the flow-sensor carrier 409 may also be significant. Therefore, the
differential-pressure-based flow meter 400 may need to be calibrated for
cach of various types of fluid that are carried within the differential-
pressure-based flow meter 400. However, the differential-pressure-based
flow meter 400 of FIG. 4A may be less expensive to construct than the
differential-pressure-based flow meters 200, 300 of FIG. 2 and FIG. 3A.
{00051} Similar in at least some aspects to the differential-pressure-
based flow meter 400 of FIG. 4A and FIG. 4B, FIG, 4C shows a cross-
sectional drawing of another embodiment of a differential-pressure-based

flow meter 430 in accordance with the disclosed subject matter.

[00052]  The differential-pressure-based flow meter 430 of FIG. 4C is
shown to include a fluid inlet 431, a fluid outlet 433, a upstream-portion
fow path 4351, a downstream-portion flow path 435R, a first-enclosure
portion 4371, a second-enclosure portion 437R, and a flow-sensor carrier
439. The upstream-portion flow path 435L and the downstream-portion
flow path 435R are upstream and downstream, respectively, of the flow-
sensor carrier 439, The flow-sensor carrvier 439 has an upstream side 443A

and a downstream side 443B.
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{00053} FIG. 4D shows details of the flow-sensor carrier 439 used with
the embodiment of the differential-pressure-based flow meter 430 of FIG.
4C. With concurrent reference to FIG. AC and FIG. 4D, the flow-sensor
carrier 439 is shown to include a differential-pressure sensor 443, and a
plurality of through holes 44 1. The plurality of through holes 441 comprise
orifices that are formed in substantially a same direction through the flow-
sensor carrier 439 through which fluid is allowed to flow from the
upstream-portion flow path 4351 to the downstream-portion flow path

435R.

{006054] Upon reading and understanding the disclosed subject matter, a
person of ordinary skill in the art will recognize that onldy a single one of
the plurality of through holes 441 in the flow-sensor carrier 439 is needed.
Further, the skilled artisan will recognize that additional through holes,
beyond the number shown in FIG. 4D, may be used. The plurality of
through holes 441, as well as the flow-sensor carrier 438, may be formed
from various materials and possess various shapes as described above

with reference to FIGS. 4A and 4B,

[00055)  The differential-pressure-based flow meter 420 of FIG. 4C varies
from the differential-pressure-based flow meter 400 of FIG. 4A in that an
interface area 445 of FIG. 4C has a substantially vound cross-sectional
area in comparison with the substantially elliptical cross-sectional area at

7
{

the interface area 415 of FIG. 4C. That is, a first-interface feature 447 and
a second-interface feature 449 of FIG. 4C may be flared in substantially

three directions (p.g., in positive x, v, and z directions).

[00036]  Onco the first-interface feature 447 and the sccond-interface
feature 449 of F'1G. 4C are flared, the flow-sensor carrier 439 1s then
placed, formed, or otherwise fitted between the first-enclosure portion
437L and the second-enclosure portion 437R at the interface features 447,

449, The first-enclosure portion 4371 and the second-enclosure portion
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437R are then adhered o one another at the interface area 445 to be
substantially colinear with one another (e.g., by orbital-laser welding, an
interference or press fit, chemical adhesives, combinations thereof, or

other technigues known in the art).

{00057}  Asis recognizable to a person of ordinary skill in the art, each of
the various embodiments of the differential-pressure-based volumetric
flow meters described herein may be formed into mass-flow meters or
mass-flow controllers by adding additional components. As is known in the
art, a mass-flow controller is arranged to control automatically the flow
rate of a fluid according to a set flow rate sent as an electrical signal in the
form of a predetermined setpoint. Especially in the case where the fluid is
a gas, the mass-flow controller is substantially unaffected by changes in
gas pressure due to temperature changes or other factors as these factors
can be measured separately and considered. For example, in addition {o
the various volumetric-flow meters described above, 2 mass-flow controller
also includes a control valve, a valve actuator, and a controller all coupled
to the volumetric-flow meter. Upon reading and understanding the
disclosed subject matter, the person of ordinary skill in the art would
readily recognize which components are needed and how {o couple those
components to the various volumetric-flow meters described herein to form

various types of mass-flow meters.

{00058}  Overall, the disclosed subject matter contained herein describes
or relates generally to flow meter components that are operable with and
can be used to control portions of operations of “tools” in a semiconductor
fabrication environment (fab). Such tools can include various types of
deposition (including plasma-based tools such as ALD {atomic layer
deposition), CVD (chemical vapor deposition), PECVD (plasma-enhanced
CVD), ete.) and etching tools (e.g., reactive-ion etching (RIE) tools), as well
as various types of thermal furnaces (e.g., such as rapid thermal annealing

and oxidation), ion implantation, and a variety of other process and
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metrology tools found in various fabs and known to a person of ordinary
skill in the art. However, the disclosed subject matter is not imited o
semiconductor environments and can be used in a number of machine-tool
environments such as fluid control operations in robotic assembly,
manufacturing, machining envivonments (e.g., including those operations
using physical vapor deposition (PVD tools)), as well as a variety of other
environments. Upon reading and understanding the disclosure provided
herein, a person of ordinary skill in the art will recognize that various
embodiments of the disclosed subject matter may be used with other types

of process and a wide variety of tools and components.

{00059}  Asused herein, the ferm “or” may be construed in an inclusive or
exclusive sense. Ifurther, other embodiments will be understood by a
person of ordinary skill in the art upon reading and understanding the
disclosure provided. Further, upon reading and understanding the
disclosure provided herein, the person of ordinary skill in the art will
readily understand that various combinations of the techniques and

examples provided herein may all be applied in various configurations.

[00060]  Although various embodiments are discussed separately, these
separate embodiments are not intended to be considered as independent
technigues or designs. As indicated above, each of the various portions
may be inter-related and each may be used separately or in combination
with other embodiments discussed herein. For example, although various
embodiments of methods, operations, and processes have been described,
these methods, operations, and processes may be used either separately or

in various combinations,

{00061}  Conseguently, many modifications and variations can be made,
as will be apparent to a person of ordinary skill in the art upon reading
and understanding the disclosure provided herein. For example, each of

the various embodiments is shown and described as using a single
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differential-pressure sensor. However, upon reading and understanding
the disclosed subject matter, a person of ordinary skill in the art will
recognize that two or more differential-pressure sensors may be used in
each of the embodiments depending upon, for example, a viscosity of the
fluid that is expected to be transported through the respective flow meters.
Further, one or more flow restrictor elements may be used with each of the
various embodiments described herein to increase a differential-pressure
drop measured by the various differential-pressure sensors. A higher
pressure-drop can be used when low fluid flow rates {e.g., less than 1
scem) are to be measured; the higher pressure-drop increasing the

accuracy of the flow meter at low flow rates.

{00062} Further, functionally equivalent methods and devices within the
scope of the disclosure, in addition to those enumerated hevein, will be
apparent to the skilled artisan from the foregoing descriptions. Portions
and features of some embodiments, materials, and construction techniques
may be included in, or substituted for, those of others. Such modifications
and variations are intended to fall within a scope of the appended claims.
Therefore, the present disclosure is to be limited only by the terms of the
appended claims, along with the full scope of equivalents to which such
claims are entitled. It is also to be understood that the terminology used
herein is for the purpose of descxibing particudar embodiments only and is

not intended to be limiting.

{00063} 'The Abstract of the Disclosure is provided to allow the reader to
quickly ascertain the nature of the technical disclosure. The abstract is
submitted with the understanding that it will not be used to interpret or
limit the claims. In addition, in the foregoing Detailed Description, it may
be seen that various features may be grouped together in a single
embodiment for the purpose of streamlining the disclosure. This method of

disclosure is not to be interpreted as limiting the claims. Thus, the
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following claims are hereby incorporated into the Detailed Description,

with each claim standing on its own as a separate embodiment.
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CLAIMS
What is claimed is:

1. A flow meter, comprising:

a flow path having an inlet portion and an outlet portion and configured to
transport a faid;

at least one flow-restrictor element within the flow path and arranged
between the inlet portion and the outlet portion of the flow path and
configured to impart a pressure drop to the fluid; and

a flow sensor arranged between the inlet portion and the outlet portion of
the flow path, a first surface of the flow sensor is configured to be in
direct fluid communication with the fluid that is flowing upstream
of the at least one flow-restrictor element, a second surface on g
portion of the flow sensor opposite to the first surface of the flow
sensor is configured to be in direct luid communication with the
fluid that is flowing downstream of the at least one flow-restrictor
element, the flow sensor being configured to sense a differential

pressure in the fluid due to the at least one flow-restrictor element.

2. The flow meter of claim 1, wherein the at least one flow-restrictor

element comprises a laminar flow element.

3. The flow meter of claim 1, wherein the at least one flow-restrictor

element comprises an orifice.

4. The flow meter of claitm 1, wherein the at least one flow-restrictor

element comprises a plurality of orifices.
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5. The flow meter of claim 1, wherein the inlet portion and the outlet
portion of the flow path are arranged substantially parallel to each

other.

3. The flow meter of elaiva 1, wherein the inlet portion and the outlet
6. The {1 { fel 1, wh i} let t itk tlet
portion of the flow path are arranged at angles that are about 0° to

about 457 apart.

3

. The flow meter of claim 1, wherein the inlet portion and the outlet
portion of the flow path are arranged at angles that are about 45° to

about 60° apart.

8. The flow meter of claim 1, further comprising a first bend in the flow
path that is upstream to the at least one flow-restrictor element and
a second bend that is downstream from the at least one flow-

restrictor element.

9. The fow meter of claim 1, wherein at least one of the {irst bend and the
second bend are at least five-to-seven chavacteristic linear
dimensions away from the at least one flow-restrictor element, the
characteristic linear dimension being based on an internal

dimension of the flow path.

10. The flow meter of claim 1, wherein the flow sensor is a differential-

pressure sensor.

11. The flow meter of claim 1, wherein a turndown ratio of the flow meter

is at least about 100:1.
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12. A flow meter, comprising:

a flow path having an inlet portion and an outlet portion and configured to
transport a fluid, the flow path having a single bend formed therein;

at least one flow-restrictor element within the flow path and arranged
between the inlet portion and the outlet portion of the flow path and
configured to impart a pressure drop to the fluid; and

at least one flow sensor having a first surface and a second surface
opposite the first surface, the first surface of the flow sensor being
configured to be in direct fluid communication with the fluid that is
flowing upstream of the at least one flow-restrictor element, the
second surface being configured to be in direct fluid communication
with the fluid that is flowing downstream of the at least one flow-
restrictor elemnent, the flow sensor being configured to sense a
differential pressure in the fluid due to the at least one flow-

restrictor element.

13. The flow meter of claim 12, wherein the at least one restrictor element

is located within the single bend in the flow path.

14. The flow meter of ciaim 12, wherein the at least one flow-restrictor
element is 2 laminar-flow element.

15. The flow meter of claim 12, wherein the at least one flow-restrictor is a
plate configured transverse to a direction of fluid flow having at

least one orifice formed therethrough.

16. The flow meter of claim 12, wherein the single bend in the flow path
has a reduced cross-sectional area as compared with a cross-
sectional arca of remaining portions of the flow path, the at least

one Hlow-restrictor comprising the reduced cross-sectional area.
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17. The flow meter of claim 12, wherein a cross-sectional area of the inlet,
portion of the flow path is greater than a cross-sectional area of the

putlet portion of the flow path.
18. The flow meter of claim 12, wherein a cross-seciional area of the outlet
portion of the flow path is greater than a cross-sectional area of the

inlet portion of the flow path.

19. The flow meter of claim 12, wherein the flow meter is configured to

have no dead volumes loecated therein.
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20. A flow meter, comprising:

an upstream portion flow path and a downstream portion flow path to
transport a fluid, the upstream portion flow path and the
downstroam portion flow path being substantially colinear with one
another;

a flow-sensor carrier arranged transverse to a direction of the transported
fluid and between the upstream portion flow path and the
downstream portion flow path;

at least one orifice formed through the flow-sensor carrier in substantially
a same direction as a divection of the fluid, the at least one orifice to
provide a pressure drop between the upstream portion flow path
and the downstream portion flow path; and

a flow sensor formed within the flow-sensor carvier and having a first
surface and a second surface opposite the first surface, the first
surface of the flow sensor being configured to be in direct fluid
communication with the fluid that is flowing upstream of the flow-
sensor carrier and the second surface of the flow sensor being
configured to be in divect fluid communication with the fluid that is
flowing downstream of the flow-sensor carrier, the flow sensor being
configured to sense a differential pressure in the fluid due to the at

least one orifice.

29



PCT/US2020/014117

WO 2020/154197

/5

{LyY HONMd)

L Old

mth

n e 0

4604 Vel

-~ [0}

/N

’
[ b

{ i /
“mgw E@%mﬁ

o P+



WO 2020/154197 PCT/US2020/014117

2/5

ﬁ" 203
2078

AR

201
2@5wﬂ
2074




WO 2020/154197

7

o J09A

A

313

|

3/5
<
SCA-

PCT/US2020/014117

/-~ 317
v




WO 2020/154197 PCT/US2020/014117

4/5

405R

4
FIG. 4A

4138 X

P
oo
<

4051




PCT/US2020/014117

WO 2020/154197

5/5

344

o Ol

Ghp
NesY N
9 —d

opp

Npd

§Ebh —1 b VEIP
Z
M 66t —
HiEh \

=t

A TR

LA™

T6Ey

18y



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2020/014117

A. CLASSIFICATION OF SUBJECT MATTER
GO1F 1/42(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

GO1F 1/42; GO1F 1/36; GO1F 25/00; GOIN 11/14; GO5D 7/06

Minimum documentation searched (classification system followed by classification symbols)

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: flow meter, flow restrictor, differential pressure sensor, laminar, orifice, bend

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X CN 108872019 A (SINOPEC YIZHENG CHEMICAL FIBRE COMPANY LIMITED et al.) 23 1,3-12,15-19
November 2018
paragraph [0023], claim 1, and figure 1

Y 2,13-14,20

Y US 2014-0299210 A1 (SENICO LIMITED) 09 October 2014 2,13-14
paragraphs [0022]-[0024] and figure 2

Y US 2006-0231149 A1 (KULKARNI, KEDAR A.) 19 October 2006 20
paragraph [0027] and figure 1

A US 2017-0328750 A1 (ENDRESS + HAUSER G.M.B.H. + CO. KG.) 16 November 2017 1-20
paragraphs [0023]-[0026] and figure 1

A KR 10-1341161 B1 (SURPASS IND. CO., LTD.) 13 December 2013 1-20
paragraphs [0088]-[0111] and figure 2

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

"D" document cited by the applicant in the international application

"E" eatlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other means

"P" document published prior to the international filing date but later

than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

document member of the same patent family

'

myn

ngn

Date of the actual completion of the international search
20 May 2020 (20.05.2020)

Date of mailing of the international search report

21 May 2020 (21.05.2020)

Name and mailing address of the [SA/KR

International Application Division

Korean Intellectual Property Office

189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No, 182-42-481-8578

Authorized officer

LEE, Eon Su

Telephone No. +82-42-481-8539

Form PCT/ISA/210 (second sheet) (July 2019)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2020/014117
Patent document Publication Patent family Publication
cited in search report date member(s) date
CN 108872019 A 23/11/2018 None
US 2014-0299210 Al 09/10/2014 CA 2858448 Al 13/06/2013
GB 2497321 A 12/06/2013
GB 2497321 B 18/06/2014
US 9671793 B2 06/06/2017
WO 2013-083721 Al 13/06/2013
US 2006-0231149 A1l 19/10/2006 WO 2006-113883 A2 26/10/2006
WO 2006-113883 A3 15/02/2007
US 2017-0328750 Al 16/11/2017 CN 107110675 A 29/08/2017
CN 107110675 B 15/11/2019
DE 102014119240 Al 23/06/2016
EP 3234512 Al 25/10/2017
US 10006790 B2 26/06/2018
WO 2016-096296 Al 23/06/2016
KR 10-1341161 B1 13/12/2013 EP 1887326 Al 13/02/2008
JP 2006-337234 A 14/12/2006
JP 4824949 B2 30/11/2011
KR 10-2008-0015817 A 20/02/2008
US 2008-0210017 Al 04/09/2008
US 7610817 B2 03/11/2009
WO 2006-129588 Al 07/12/2006

Form PCT/ISA/210 (patent family annex) (July 2019)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - wo-search-report
	Page 37 - wo-search-report

