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(57) Abstract: Mass flow meters and mass flow controllers that in-
clude mass flow meters are disclosed. A mass flow meter includes
a main flow path for a gas, and a bypass with a length, L, within
the main flow path. The bypass includes a continuous flow section
including a plurality of continuous capillary tubes that each have a
length, L. The bypass also includes n flow segments forming n-1
spaces within the bypass where n is greater than or equal to 2, and
cach of the flow segments has a plurality of capillary tubes. The
mass flow meter also includes at least one thermal sensor including
a sensor tube, and the sensor tube is positioned across at least one of
the flow segments to divert a portion of the gas around the at least
one of the flow segments and provide a measured flow signal in re-
sponse to the diverted portion of the gas.
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Description

Title of Invention: HIGH FLOW TUBULAR BYPASS
Technical Field

The present disclosed embodiments relate generally to systems and methods for
mass flow control. In particular, but not by way of limitation, the present disclosed em-
bodiments relate to mass flow controller bypass design.

Background Art

A mass flow controller (MFC) is a device commonly used to control the flow of a
gas to a desired location (e.g., processing chamber). As shown in FIG. 11, an MFC
1100 typically has a sensor, in this case a thermal sensor 1130, that is used to measure
a mass flow rate of a gas passing through the MFC 1100. The thermal sensor 1130
does this by measuring the flow rate through a sensor tube 1120 that is connected to a
main flow path 1115 of the MFC 1100. This flow rate measurement is communicated
by way of a measured flow signal 1140 to a controller 1150 that adjusts a valve 1160
to achieve a desired flow rate depending upon the application.

As shown, the MFC 1100 includes a bypass 1110 through which a gas flows, and
when operating properly, the bypass 1110 directs a constant proportion of the gas
through the main flow path 1115 and the sensor tube 1120. As a consequence, the flow
rate of the gas through the sensor tube 1120 is indicative of the flow rate of the gas
flowing through the main flow path 1115 of the MFC 1100.

A high-flow MFC typically implements the bypass 1110 as a high-flow tubular
bypass, which includes of a large number of tiny capillary tubes. When operating
properly, the flow of the gas through these capillary tubes is laminar, so that the
pressure drop across the bypass 1110 is linearly proportional to the flow. That pressure
drop is applied to the sensor tube 1120, producing a very small flow through the sensor
tube 1120 that is still linearly proportional to the flow through the bypass 1110 and
main flow path 1115.

Summary of Invention

An aspect may be characterized as a mass flow meter that includes a main flow path
for a gas and a bypass with a length, L, within the main flow path. The bypass includes
a continuous flow section including a plurality of continuous capillary tubes wherein
each of the plurality of continuous capillary tubes has a length, L. The bypass also
includes n flow segments that form n-1 spaces within the bypass where n is greater
than or equal to 2, and each of the n flow segments includes a plurality of capillary
tubes. The mass flow meter also includes at least one thermal sensor including a sensor

tube, and the sensor tube is positioned across at least one of the n flow segments to
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divert a portion of the gas around the at least one of the flow segments and provide a

measured flow signal in response to the diverted portion of the gas.
Another aspect may be characterized as a mass flow meter that includes a main flow

path for a gas and a bypass with a length, L, within the main flow path. The bypass
includes: means for creating a pressure drop, dP, across the bypass, means for dividing
the pressure drop across the bypass to provide a plurality of pressure drops, and means
for accessing one or more of the plurality of the pressure drops. The mass flow meter
also includes at least one thermal sensor including a sensor tube coupled to the means
for accessing to position the sensor tube across one of the plurality of pressure drops to
divert a portion of the gas through the sensor tube, and the at least one thermal sensor
is also configured to provide a measured flow signal in response to the diverted portion
of the gas.

Brief Description of Drawings

[fig. 1]FIG. 1 is a block diagram depicting a mass flow controller and mass flow meter
in which embodiments may be implemented.

[fig.2]FIG. 2 is a cross section view of an exemplary bypass design.

[fig.3]FIG. 3 is a cross section view of another bypass design.

[fig.4A]FIG. 4A is a side view of yet another bypass design.

[fig.4B]F
[fig.4CJF
[fig.5A]FIG. 5A is a side view of yet another bypass design.
[fig.5B]F
[fig.5CJF
[fig.6A]FIG. 6A is a side view of yet another bypass design.
[fig.6B]F
[fig.6C]F
[fig. 7A]FIG. 7A is a side view of yet another bypass design.
[fig.7B]F
[fig.7C]F
[fig.8A]FIG. 8A is an isometric view of yet another bypass.

JFIG. 4B is a front view of a piece of the bypass depicted in FIG. 4A.
JFIG. 4C is a front view of another piece of the bypass depicted in FIG. 4A.

JFIG. 5B is a front view of a piece of the bypass depicted in FIG. 5A.
JFIG. 5C is a front view of another piece of the bypass depicted in FIG. SA.

JFIG. 6B is a front view of a piece of the bypass depicted in FIG. 6A.
JFIG. 6C is a front view of another piece of the bypass depicted in FIG. 6A.

JFIG. 7B is a front view of a piece of the bypass depicted in FIG. 7A.

JFIG. 7C is a front view of another piece of the bypass depicted in FIG. 7A.
[fig.8B]FIG. 8B is an isometric view of constituent components of the bypass depicted
in FIG. 8A.

[fig.9A]FIG. 9A is an isometric view of yet another bypass.

[fig.9B]FIG. 9B is a front view of the bypass depicted in FIG. 9A.

[fig. 9C]F
[fig.9D]FIG. 9D is a cross section view along section B-B of FIG. 9C.
[fig.9E]FIG. 9E is a detailed view of the portion H depicted in FIG. 9D.

JFIG
JFIG

. 9C is a cross section view along section A-A of FIG. 9B.
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[fig. 9F]FIG. 9F is a detailed view of the portion J depicted in FIG. 9D.

[fig.9G]FIG. 9G is a cross section view along section C-C of FIG. 9C.

[fig.9H]FIG. 9H is a detailed view of the portion K depicted in FIG. 9G.

[fig. 9I]FIG. 91 is a cross section view along section D-D of FIG. 9C.

[fig.9J]FIG. 9] is a cross section view along section E-E of FIG. 9C.

[fig. 9K]FIG. 9K is a cross section view along section F-F of FIG. 9C.

[fig. 10A]FIG. 10A is an isometric section view of a portion of a mass flow meter that
incorporates the bypass depicted in FIGS. 9A to 9K.

[fig. 10B]FIG. 10B is a front section view of a portion of the mass flow meter depicted
in FIG. 10A.

[fig. 11]FIG. 11 is block diagram of a prior art mass flow controller.

Description of Embodiments

Aspects of the present disclosure include various high flow tubular bypass em-
bodiments. Applicant has found that high flow tubular bypass designs are faced with
several challenging design requirements, which the prior art mass flow controller 1100
of FIG. 11 does not address. For example, the diameter of the capillary tubes must be
small enough to ensure laminar flow with a small enough Reynolds number, e.g., less
than 1000. Also, the capillary tube length-to-diameter ratio should be high enough,
e.g., greater than 20, to avoid “Reynolds entrance effects.” But a size of a housing of
many mass flow meters and mass flow controllers constrain the geometry and total
number of capillary tubes.

Design constraints, for example, may require the prior art bypass 1110 to have a
relatively long length, and this relatively long length may cause a pressure drop that is
higher than a desired-maximum pressure drop for the sensor tube 1120.

As aresult, the pressure drop across typical designs of the prior art bypass 1110 is
often higher than the optimal pressure drop for the sensor tube 1120, particularly if the
flow rate is higher than 100 to 200 standard liters per minute (SLM). Consequently, the
flow through the sensor tube 1120 can become too high, resulting in non-optimal
operating conditions for the thermal sensor 1130, such as a loss of linear propor-
tionality between the flow and a measured flow signal 1140 from the thermal sensor
1130.

As discussed herein, several embodiments of the present disclosure avoid exposing
thermal sensors (such as the thermal sensor 1130) to a higher than optimal pressure
drop.

Turning to aspects of the present disclosure, FIG. 1 is a block diagram of an MFC
100 that includes a thermal sensor 130 that is used to measure a mass flow rate of a gas

passing through the MFC 100. Similar to the thermal sensor 1130 of the prior art mass
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flow controller 1100, the thermal sensor 130 measures the mass flow rate of the gas
through the MFC 100 by measuring the flow rate through a sensor tube 120 that is
connected to a main flow path 115 of the MFC 100. This flow rate measurement is
communicated by way of a measured flow signal 140 to a controller 150 that adjusts a
valve 160 to achieve a desired flow rate depending upon the application.

Although a unitary MFC 100 is depicted in FIG. 1, in some embodiments a mass
flow meter 117 is separately realized apart from the controller 150 and valve 160. For
example, the mass flow meter 117 may be realized by omitting the controller 150 and
valve 160 so that the gas exits the mass flow meter 117 without being controlled.

When viewing FIG. 1, it should be recognized that the depiction of the components
of the MFC 100 is not to scale. For example, a diameter of the sensor tube 120 is ex-
aggerated relative to dimensions of other components (such as, for example, a length,
L, of the bypass 110 along an axial direction) to show directions of gas flow through
the sensor tube 120. Specifically, inlet gas flow 121 into the sensor tube 120 (flowing
out of the bypass 110 along a radial direction) is shown and outlet gas flow 122
flowing out of the sensor tube 120 (back into the main flow path 115 along an opposite
radial direction) to a downstream side of the bypass 110 is depicted.

In contrast to the MFC 1100 of the prior art depicted in FIG. 11, the sensor tube 120
of the MFC 100 depicted in FIG. 1 is positioned across only a portion of a bypass 110.
In general, the bypass 110 is structurally configured so that gas flow is laminar through
capillary tubes (not shown in FIG. 1) of the bypass 110 while providing a pressure dif-
ferential, dP, across the sensor tube 120 that produces a flow rate through the sensor
tube 120 that provides linear proportionality between the flow through the MFC 100
and the measured flow signal 140 from the thermal sensor 130.

More specifically, many variations of the bypass 110 are capable of directing a
constant proportion of the gas through the main flow path 115 and the sensor tube 120
at flow rates higher than 100 SLM, and some variations of the bypass 110 are capable
of directing a constant proportion of the gas through the main flow path 115 and the
sensor tube 120 at flow rates higher than 200 SLM. As a consequence, even at
relatively high flow rates, the flow rate of the gas through the sensor tube 120 is in-
dicative of the flow rate of the gas flowing through the main flow path 115 of the MFC
100.

In general, a position of the bypass 110 in the main flow path 115 in connection
with the internal structure of the bypass 110 causes a pressure drop, dP, across the
length, L, of the bypass 110. As discussed further herein, the bypass 110 is im-
plemented with various means for dividing the pressure drop across the bypass 110 to
provide a plurality of pressure drops. Configurations of the bypass 110 discussed

further herein provide means for accessing one of the plurality of the divided pressure
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drops so that the sensor tube 120 of the thermal sensor 130 may be positioned across
one of the plurality of pressure drops to divert a desired portion of the gas through the
sensor tube 120. The desired portion of the gas may be, for example, a range of gas
flow values within an operating range of the thermal sensor 130.

As discussed further herein, the bypass 110 may include a continuous flow section
including a plurality of continuous capillary tubes than run along the length, L, of the
bypass 110. In addition, variations of the bypass 110 may be divided by creating n
flow segments in the bypass 110 to produce n pressure drops, which form n-1 spaces
within the bypass 110 where n is greater than or equal to 2. One or more of the spaces
may be used as access spaces for the sensor tube 120 of the thermal sensor 130.

For example, FIG. 2 depicts a cross section view of a bypass 210 with two flow
segments (i.e., n = 2) that may be used to realize the bypass 110 depicted in FIG. 1. As
shown, the bypass 210 includes a first flow segment 202, a second flow segment 203,
and a single space that functions as an access space 213. Also shown is a continuous
flow section 214 including a plurality of continuous capillary tubes having a length, L,
that convey a portion of the gas (that does not flow through a measurement region 211)
from an upstream side of the bypass 210 to a downstream side of the bypass 210. As
shown, capillary tubes 212 of the n flow segments 202, 203 and the continuous flow
section 214 are arranged in parallel.

Overall, FIG. 2 depicts a portion of a mass flow meter including the bypass 210,
which contains capillary tubes 212 with a diameter and length to satisfy the re-
quirements for laminar flow with the pressure drop, dP, shown across the bypass 210
being linearly dependent on the flow. If the pressure drop, dP, across the bypass 210 is
too high for the thermal sensor 130 to function optimally, then a portion of the bypass
210 (e.g., the second flow segment 203) can be used as a pressure divider within the
measurement region 211 of the bypass 210, which will create a pressure drop, sensor
dP, across the sensor tube 220 that is exactly half of the total pressure drop, dP, across
the bypass 210.

The access space 213 in the measurement region 211 is at the middle of the bypass
210 (i.e., the first flow segment 202 and the second flow segment 203 are substantially
equal length); thus, dividing the total pressure drop, dP, in half within the measurement
region 211. As shown, the at least one access space 213 provides an inlet flow path
into the sensor tube 220 for a diverted portion of the gas, and the diverted portion of
the gas exits the sensor tube 220 just downstream of the bypass 210. Coupling the
sensor tube 220 across the access space 213 and the downstream side of the bypass 210
provides a smaller pressure drop for the sensor tube 220; thus, reducing a flow rate of
the gas through the sensor tube 220 to more optimal levels. In operation, the bypass

210 directs a constant proportion of gas through the main flow path 115 and sensor
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tube 220. As a consequence, the flow rate of the gas through the sensor tube 220 is in-
dicative of the flow rate of the gas flowing through the main flow path 115 of the MFC
100.

The sensor tube 220 may be a small-bore tube that is part of the thermal sensor 130
of the MFC 100. And as shown, sensing elements 225 and 227 are coupled to (e.g.,
wound around) the outside of sensor tube 220. In one illustrative embodiment, sensing
elements 225 and 227 are resistance-thermometer elements (e.g., coils of conductive
wire), but other types of sensors (e.g., resistance temperature detectors (RTD) and ther-
mocouples) may also be utilized. Moreover, other embodiments may certainly utilize
different numbers of sensors and different architectures for processing the signals from
the sensors without departing from the scope of the present invention.

As depicted, sensing elements 225 and 227 are electrically connected to a sensing-
element circuit 235 that may be included in the thermal sensor 130. In general, the
sensing-element circuit 235 is configured (responsive to signals from the sensing
elements 225, 227) to provide the measured flow signal 140, which is indicative of the
flow rate through the sensor tube 220, and hence, indicative of the flow rate through
the main flow path 115 of the MFC 100. More specifically, the measured flow signal
140 is defined by a temperature profile along the sensor tube 220 that affects a tem-
perature difference between the sensing elements 225, 227. As an example, without
limitation, the sensing element circuit 235 may be implemented with a Wheatstone
bridge circuit topology well known to those of ordinary skill in the art. Those of
ordinary skill in the art are also familiar with processing techniques to convert the
measured flow signal 140 to the digital domain and use an analog or digital version of
the measured flow signal 140 in a feedback loop (to control the valve 160) and/or to
provide a display of the measured flow rate to an operator via a display (no shown) of
the MFC 100.

In another embodiment shown in FIG. 3, a measurement region 311 of a bypass 310
can be divided into three flow segments (i.e., n = 3): a first flow segment 302, a second
flow segment 303, and a third flow segment 304 forming three pressure drops and two
spaces used as access spaces 313 within a measurement region 311 of the bypass 310
where one of the access spaces 313 is upstream from the other access space 313. As
shown, the upstream access space 313 provides an inlet flow path along a radial
direction for a diverted portion of the gas to enter the sensor tube 220, and the
downstream access space 313 provides an exit flow path (out of the sensor tube 220)
for the diverted portion of the gas to exit the sensor tube 220 along an opposite radial
direction.

The multiple access points may be uniformly distributed along the bypass 310, and

as a result, the length of the segmented capillary tubes within each of the first flow
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segment 302, the second flow segment 303, and the third flow segment 304 of the
measurement region 311 of the bypass 310 will be the same. Also shown is a
continuous flow section 314 including a plurality of continuous capillary tubes having
a length, L, that convey a portion of the gas from an upstream side of the bypass 310 to
a downstream side of the bypass 310. As shown, capillary tubes 212 of the n flow
segments 302, 303, 304 and the continuous flow section 314 are arranged in parallel.

The substantially identical length of each capillary tube segment in the mea-
surement region 311 produces three substantially equal pressure drops across each
segment. In cases of a local non-linearity between a pressure drop across individual
capillary tube segments and flow through capillary tube segments, this substantially
identical length enables the total pressure drop, dP, across the bypass 310 to be equally
divided by the number, n, of flow segments to obtain a substantially identical pressure
drop across each capillary tube segment.

In many implementations, the bypass 110 may be realized by different axially
aligned pieces. A side view of a bypass 410 is shown in FIG. 4A, for example, that is
formed by an alternating placement of a first piece 410B that has a circular cross-
sectional area, as shown in FIG. 4B, and a second piece 410C that has a truncated
circular cross-sectional area as shown in FIG. 4C. The truncated portion of the cross-
sectional area of the second piece 410C defines spaces that are configured as access
spaces 413 in a measurement region 411 of the bypass 410.

In another embodiment shown in FIGS. 5A-5C, the cross-sectional area of a bypass
510 at each space that is configured as an access space 513 in a measurement region
511 can be formed by a notch 515 in an overall circular cross-sectional area. A side
view of the bypass 510 is shown in FIG. 5A that is formed by alternating placement of
a first piece 510B that has a circular cross-sectional area, as shown in FIG. 5B, and a
second piece 510C that has a circular cross-sectional area with the notch 515 as shown
in FIG. 5C.

FIGS. 6A-6C show yet another aspect of a bypass 610 that allows for a radially
symmetric cross-sectional area of a measurement region 611 where the cross-sectional
area of the bypass 610 at each space configured as an access space 613 has a smaller,
circular cross-sectional area than a first piece 610B of the bypass 610. The mea-
surement region 611 in the bypass 610 is defined by the outer edge of a second piece
610C (shown in FIG. 6C) that has a smaller, circular cross-section and an outer portion
of the first piece 610B (shown in FIG 6B); thus, the measurement region 611 axially
spans along an outer ring of bypass 610. This radial symmetry of the measurement
region 611 depicted in FIG. 6A may mitigate against the measurement region 611 ex-
cessively influencing the overall flow distribution of the bypass 610.

In another embodiment shown in FIGS. 7A-7C, the cross-sectional area of a bypass
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710 at each space contains a thin slit 715 that functions as an access space 713 that is
connected to a central hole. Thus, a measurement region 711 is primarily disposed in
the center of the bypass 710. A side view of the bypass 710 is shown in FIG. 7A that is
formed by alternating a first piece 710B that has a circular cross-sectional area, as
shown in FIG. 7B, and a second piece 710C that has a circular cross-sectional area
with the thin slit 715 as shown in FIG. 7C. These exemplary embodiments allow for a
lessened influence on the overall flow distribution by the measurement region 711,
while maintaining access point functionality in coupling to the sensor tube 220.

In another aspect of the current disclosure, the capillary tube diameter within a mea-
surement region and a continuous flow section of a bypass can vary according to per-
formance requirements; although, in some instances it may still be desirable to have a
single diameter for all capillary tubes within the bypass, e.g., to provide uniform flow
distribution.

For example, FIGS. 8A and 8B show an aspect of the current disclosure in which
the capillary tube diameter within a measurement region 811 is smaller than the
capillary tube diameter in a continuous flow section 8§14 of a bypass 810. FIG. 8A
depicts an assembled view of the bypass 810, and FIG. 8B depicts constituent pieces of
the bypass 810: a first piece 810B, and a second piece 810C. In some cases, smaller
capillary tube diameters can be used to improve the linearity of the pressure drop to
flow relationship at the measurement region 811 of the bypass 810, which can improve
thermal sensor accuracy. As a result, the scaling of the capillary tube diameter in the
measurement region 811 of the bypass 810 can be tailored to meet the needs of a
specific application. Similarly, the size of an access spaces 8§13 can be tailored to
interface properly with a given sensor tube.

It should be recognized that in general, the capillary tube diameter in the mea-
surement region may be different from the capillary tube diameter in the continuous
flow section in any one of the design variations disclosed herein. For example, the
designs of the bypass depicted in FIGS. 1-7C may, similar to the design depicted in
FIGS. 8A and 8B, also use a smaller tube diameter in a measurement region than a
continuous flow section.

Referring next to FIG. 9A, shown is an isometric view of yet another bypass 910.
As shown, the bypass 910 includes capillary tubes that each have an inlet at a front,
upstream face of the bypass 910, and the capillary tubes run from the front face,
parallel to an outer surface 940 of the bypass, to a rear, downstream face (not shown in
FIG. 9A). In this bypass 910, the outer surface 940 includes a recessed portion 942 and
an aperture 944 that connects to one of four spaces 946 depicted in FIG. 9C.

FIG. 9B depicts a front view of the bypass 910 depicted in FIG. 9A. As shown, the

bypass 910 includes a measurement region 911 and a continuous flow section 914. In
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this design, the bypass 910 includes a wall 948 that isolates the measurement region
911 from the continuous flow section 914.

FIG. 9C is a section view along section A-A in FIG. 9B. FIG. 9C depicts a mea-
surement region 911 with five pressure drops that includes four spaces 946 (where one
of the spaces 946 is an access space 913) formed by cavities between five flow
segments: a first flow segment 902, a second flow segment 903, a third flow segment
904, a fourth flow segment 905, and a fifth flow segment 906. As depicted, each of the
flow segments in the measurement region 911 includes a plurality of parallel capillary
tubes that run along an axial direction in the bypass 910. Also shown in FIG. 9C is a
continuous flow section 914 that includes a plurality of capillary tubes that run along
the axial direction, in parallel, without any breaks in the capillary tubes.

FIG 9D is a view of the bypass 910 along section B-B of FIG. 9C, which is a
section view of the first flow segment 902. As shown, the first flow segment 902 is
made up of capillary tubes in the measurement region 911 that allow gas to flow
between the first flow segment 902 and the second flow segment 903.

FIG. 9E depicts a detailed view of a portion H shown in a center portion of the
section of FIG. 9D. Although not required, the bypass 910 may be constructed by
many circular, etched, sheets that are co-axially stacked together to form the capillary
tubes 950 of the bypass 910. As shown in FIG. 9E, the sheets may be etched to form
holes, and when stacked along the axial direction, the sheets form the capillary tubes.
The absence of holes may be used to form the wall 948 in the bypass 910 between the
measurement region 911 and the continuous flow section 914. The sheets of the bypass
910 may be made from corrosion resistant material such as corrosion resistant stainless
steel (e.g., 316L) or super alloys such as Hastelloy.

FIG. 9F. depicts a detailed view of a portion J, of the section depicted in FIG. 9D.
As shown, the absence of holes forms the outer surface 940 of the bypass 910.

Referring next to FIG. 9G, shown is a view along section C-C of FIG. 9C, which
includes a portion of the space 946 formed between the first flow segment 902 and the
second flow segment 903. As shown, the space 946 is a key-shaped slot that may be
formed by etching through sheets of the bypass 910. FIG. 9H depicts a detailed view of
a portion K shown in FIG. 9G. Collectively, sheets with a cross section depicted in
FIG. 9G form the space 946 between the first flow segment 902 and the second flow
segment 903. It should be recognized, however, that the bypass 910 may be con-
structed without assembling sheets together.

FIG. 91 shows a view along section D-D of FIG. 9C, which depicts a portion of a
space 946 between the second flow segment 903 and the third flow segment 904. The
section in FIG. 91 is similar to the section FIG. 9G except that the section in FIG. 91

includes a portion of the recessed portion 942.
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FIG. 9J shows a section view along section E-E of FIG. 9C, which shows a portion
of the third flow segment 904. The section depicted in FIG. 9] is similar to the section
depicted in FIG. 9D except the section depicted in FIG. 9] includes a section view of
the recessed portion 942, which is depicted at a top of this section of the bypass 910.

FIG. 9K shows a view along section F-F of FIG. 9C, which depicts a portion of the
access space 913 between the fourth flow segment 905 and the fifth flow segment 906.
Also shown is FIG. 9K is the aperture 944, which functions as an inlet to a sensor tube
1020 as shown in FIG. 10A, which is an isometric section view of a mass flow meter
1000 that incorporates the bypass 910. FIG. 10B is a section view of the mass flow
meter 1000 in FIG. 10A.

As shown by directional arrows in FIG. 10B, a gas enters the mass flow meter 1000
via a main flow path 1015 and a portion of the gas flows through the capillary tubes of
the continuous flow section 914 (that have a length L) and a remaining portion of the
gas flows through the measurement region 911, which includes the n flow segments
902, 903, 904, 905, 906 (where n=5) and the n-1 spaces 946. As shown, the sensor
tube 1020 of a thermal flow sensor 1030 is positioned across the fifth flow segment
906 to cause a diverted portion 1080 of the gas to flow around the fifth flow segment
906, through the sensor tube 1020.

In this implementation, a substantially constant proportion of the gas through the
main flow path 1015 and the sensor tube 1020 is maintained. Moreover, the n flow
segments provide a means for dividing the entire pressure drop, dP, (across the length,
L, of the bypass 910) to provide a plurality of pressure drops, and each of the plurality
of pressure drops is within an operating range of the thermal sensor 1030. And more
specifically, the pressure drop across the fifth flow segment 906 is within an operating
range of the thermal sensor 1030. As a consequence, a flow rate of the gas through the
sensor tube 1020 is indicative of the flow rate of the gas flowing through the main flow
path 1015 of the mass flow meter 1000.

In this implementation, means for accessing the pressure drop across the fifth flow
segment 906 is provided by the aperture 944 that connects the access space 913 to the
recessed portion 942. And the recessed portion 942 of the bypass 910 forms a flow
cavity between a body 1082 of the mass flow meter 1000 and the bypass 910, and the
cavity feeds to a conduit 1070 that is coupled between the recessed-formed cavity and
an inlet of the sensor tube 1020. Thus, the aperture 944, recessed portion 942, and
conduit 1070 provide an inlet flow path for the diverted portion of the gas between the
inlet of the sensor tube 1020 and the access space 913. As shown, an exit conduit 1072
through the body 1082 of the mass flow meter 1000 couples the outlet of the sensor
tube 1020 to a downstream side of the bypass 910; thus providing an exit flow path for
the portion of the gas diverted through the sensor tube 1020.
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For clarity, FIGS. 10A and 10B do not show components of the thermal sensor
1030, but those of ordinary skill in the art are very familiar with a variety of sensing
elements and sensing element circuits that are used in connection with the sensor tube
1020 (as described with reference to FIG. 2, for example) to produce a measured flow
signal 140 indicative of the flow rate of the diverted portion 1080 of the gas.

The previous description of the disclosed embodiments is provided to enable any
person skilled in the art to make or use the present invention. Various modifications to
these embodiments will be readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other embodiments without departing from
the spirit or scope of the invention. Thus, the present invention is not intended to be
limited to the embodiments shown herein but is to be accorded the widest scope

consistent with the principles and novel features disclosed herein.
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Claims

A mass flow meter comprising:

a main flow path for a gas;

a bypass with a length, L, within the main flow path, the bypass
including:

a continuous flow section including a plurality of continuous
capillary tubes, each of the plurality of continuous capillary tubes
having a length, L; and

n flow segments forming n-1 spaces within the bypass where n
is greater than or equal to 2, each of the n flow segments having a
plurality of capillary tubes; and

at least one thermal sensor including a sensor tube, the sensor tube
positioned across at least one of the n flow segments to divert a portion
of the gas around the at least one of the flow segments and provide a
measured flow signal in response to the diverted portion of the gas.

The mass flow meter of claim 1, wherein the sensor tube includes
an inlet and an outlet, the inlet is positioned along the bypass to provide
an inlet flow path for the portion of the gas between the inlet and an
upstream one of the n-1 spaces, and the outlet is positioned to provide
an exit flow path for the portion of the gas between the outlet and a
downstream one of the n-1 spaces.

The mass flow meter of claim 1, wherein the sensor tube includes
an inlet and an outlet, the inlet is positioned along the bypass to provide
an inlet flow path for the portion of the gas between the inlet and one of
the n-1 spaces, and the outlet is positioned to provide an exit flow path
for the portion of the gas between the outlet and a downstream side of
the bypass.

The mass flow meter of claim 1, wherein each of the n flow
segments have an equal length.

The mass flow meter of claim 1, wherein the n flow segments and
the continuous flow section are arranged in parallel.

A mass flow meter comprising:

a main flow path for a gas;

a bypass with a length, L, within the main flow path, the bypass
including:

means for creating a pressure drop, dP, across the bypass;

means for dividing the pressure drop across the bypass to
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provide a plurality of pressure drops; and
means for accessing one or more of the plurality of the pressure
drops; and

at least one thermal sensor including a sensor tube, the sensor tube
coupled to the means for accessing to position the sensor tube across
one of the plurality of pressure drops to divert a portion of the gas
through the sensor tube, and the at least one thermal sensor is
configured to provide a measured flow signal in response to the
diverted portion of the gas.

The mass flow meter of claim 6, wherein the means for dividing the
pressure drop across the bypass includes means for dividing the
pressure drop in half.

The mass flow meter of claim 6, wherein the means for dividing the
pressure drop across the bypass includes means for dividing the
pressure drop into three pressure drops.

The mass flow meter of claim 6, wherein the means for dividing the
pressure drop across the bypass includes means for dividing the
pressure drop into five pressure drops.

The mass flow meter of claim 6, wherein the means for dividing the
pressure drop across the bypass includes means for dividing the

pressure drop into equal pressure drops.
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AMENDED CLAIMS

received by the International Bureau on 29 July, 2020 (29.07.2020)

[Claim 1]

[Claim 2]

[Claim 3]

[Claim 4]

[Claim 5]

[Claim 6]

A mass flow meter comprising:

a main flow path for a gas;

a bypass with a length, L, within the main flow path, the bypass
including:

a continuous flow section including a plurality of continuous
capillary tubes, each of the plurality of continuous capillary tubes
having a length, L; and

n flow segments forming n-1 spaces within the bypass where
n is greater than or equal to 2, each of the n flow segments having a
plurality of capillary tubes; and

at least one thermal sensor including a sensor tube, the sensor
tube positioned across at least one of the n flow segments to divert a
portion of the gas around the at least one of the flow segments and
provide a measured flow signal in response to the diverted portion of
the gas.

The mass flow meter of claim 1, wherein the sensor tube includes
an inlet and an outlet, the inlet is positioned along the bypass to
provide an inlet flow path for the portion of the gas between the inlet
and an upstream one of the n-1 spaces, and the outlet is positioned to
provide an exit flow path for the portion of the gas between the outlet
and a downstream one of the n-1 spaces.

The mass flow meter of claim 1, wherein the sensor tube includes
an inlet and an outlet, the inlet is positioned along the bypass to
provide an inlet flow path for the portion of the gas between the inlet
and one of the n-1 spaces, and the outlet is positioned to provide an
exit flow path for the portion of the gas between the outlet and a
downstream side of the bypass.

The mass flow meter of claim 1, wherein each of the n flow
segments have an equal length.

The mass flow meter of claim 1, wherein the n flow segments and

the continuous flow section are arranged in parallel.

(Canceled)

lAMENDED SHEET (ARTICLE 19)
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lAMENDED SHEET (ARTICLE 19)
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[Fig. 9G]
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