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GAS MIXER INCORPORATING SENSORS FOR MEASURING
FLOW AND CONCENTRATION

BACKGROUND

[0001] The subject matter disclosed herein relates generally to the use of sensors
capable of measuring both flow and concentration in a medical gas mixer, such as may be

part of an anesthesia machine.

[0002] Conventional gas mixing devices, such as those used in the administration of
anesthesia, typically blend together two or more known gases. Each gas is generally
separately sourced and provided by a respective mixer input. After blending, the gases
may be output as a mixed gas at a mixed gas channel output and may be administered to a

patient.

[0003] In conventional mixer technology, prior information of each input gas identity
and/or properties is needed for the gas mixing device to properly control flow and/or
concentration of the mixed gas output. This requirement limits architectural flexibility
with regards to what input gases may be sourced and dictates that they not be variable in
composition. This requirement also tends to drive product cost higher (as the associated
sensors must be calibrated for each specific possible input gas) and can result in reduced
up-time, such as if an outside device is relied upon to supply the needed information about

the input gas and communication with the outside device fails.

[0004] Conventional mixer technology also has other limitations. For example, in
conventional architectures, additional sensors may be employed at the mixing device
output so as to both provide control of flow and concentration at the device output and to
provide an independent, redundant measurement of concentration for patient safety. In
addition, providing accurate control of flow and/or concentration at the device output
typically requires precise measurement of one or more local environmental conditions for
the gas at both the input and output of the device. These additional requirements also act

to increase system complexity and cost.
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BRIEF DESCRIPTION

[0005] In one embodiment, a medical gas mixer is provided. In accordance with this
embodiment, the medical gas mixer includes: a main gas channel comprising one or more
main control valves that during operation control a first flow of a first gas through the main
gas channel; a side gas channel, comprising one or more side channel control valves that
during operation control a second flow of a second gas through the side gas channel; a
mixed gas channel configured to receive the first flow of the first gas and the second flow
of the second gas during operation and to output a mixed gas; a first dual-purpose sensor
positioned in the main gas channel and configured to generate a first set of measurements
during operation; a second dual-purpose sensor positioned in the mixed gas channel and
configured to generate a second set of measurements during operation; and a gas mixer
controller configured to receive the first set of measurements and the second set of
measurements, to calculate, one or more of flow of the first gas, flow of one or more
components of the first gas, or concentration of one or more components of the first gas,
to calculate, one or more of flow of the mixed gas, flow of one or more components of the
mixed gas, or concentration of one or more components of the mixed gas, and to control
operation of one or more of the main channel control valves or one or more of the side

channel control valves based upon one or more of the calculated flows or concentrations.

[0006] In a further embodiment, a method for regulating operation of a medical gas
mixer is provided. In accordance with this embodiment, a first gas is flowed through a
main gas channel. A second gas is flowed through a side gas channel. The first gas and
the second gas are combined to form a mixed gas in a mixed gas channel. A first set of
measurements is generated using a first dual-purpose sensor in the main gas channel and a
second set of measurements is generated using a second dual-purpose sensor in the mixed
gas channel. One or more of flow of the first gas, flow of one or more components of the
first gas, or concentration of one or more components of the first gas is calculated using

one or both of the first set of measurements or the second set of measurements. One or
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more of flow of the mixed gas, flow of one or more components of the mixed gas, or
concentration of one or more of the components of the mixed gas is calculated using one
or both of the first set of measurements or the second set of measurements. Operation of
valves in one or more of the main gas channel or side gas channel is controlled based upon

one or more of the calculated flows or concentrations.

[0007] In an additional embodiment, an ultrasonic sensor is provided. In accordance
with this embodiment, the ultrasonic sensor comprises: a gas conduit having an inlet and
an outlet; a first ultrasonic transducer positioned on the gas conduit; a second ultrasonic
transducer positioned on the gas conduit downstream from the first ultrasonic transducer;
and control circuitry configured to operate the first ultrasonic transducer and the second
ultrasonic transducer, and to process signals received from the first ultrasonic transducer
and the second ultrasonic transducer to generate a measurement set comprising an upstream

time-of-flight and a downstream time-of-flight.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] These and other features, aspects, and advantages of the present invention will
become better understood when the following detailed description is read with reference
to the accompanying drawings in which like characters represent like parts throughout the

drawings, wherein:

[0009] FIG. 1 depicts a general topology of an inhaled anesthesia administration, in

accordance with aspects of the present disclosure;

[0010] FIG. 2 depicts a topology of a conventional gas mixer;

[0011] FIG. 3 depicts a topology of gas mixer, in accordance with aspects of the present

disclosure;

[0012]  FIG. 4 depicts a schematic of a dual-purpose sensor, in accordance with aspects

of the present disclosure; and
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[0013] FIG. 5 depicts a perspective view of a physical implementation of a dual-purpose

sensor, in accordance with aspects of the present disclosure.

DETAILED DESCRIPTION

[0014] One or more specific embodiments will be described below. In an effort to
provide a concise description of these embodiments, all features of an actual
implementation may not be described in the specification. It should be appreciated that in
the development of any such actual implementation, as in any engineering or design
project, numerous implementation-specific decisions must be made to achieve the
developers’ specific goals, such as compliance with system-related and business-related
constraints, which may vary from one implementation to another. Moreover, it should be
appreciated that such a development effort might be complex and time consuming, but
would nevertheless be a routine undertaking of design, fabrication, and manufacture for

those of ordinary skill having the benefit of this disclosure.

[0015] When introducing elements of various embodiments of the present disclosure,
the articles “a,” “an,” “the,” and “‘said” are intended to mean that there are one or more of
the elements. The terms “comprising,” “including,” and “having” are intended to be
inclusive and mean that there may be additional elements other than the listed elements.
Furthermore, any numerical examples in the following discussion are intended to be non-

limiting, and thus additional numerical values, ranges, and percentages are within the scope

of the disclosed embodiments.

[0016] The present approach employs two dual-purpose sensors each capable of
measuring two parameters of a monitored gas. One example of such dual-purpose sensors
is ultrasonic sensors, which may be capable of concurrently measuring flow and
concentration of a gas or other fluid. In one implementation of the present approach,
ultrasonic sensors are employed and each ultrasonic sensor is associated with a gas conduit

with an input and output, upon which at least a pair of ultrasonic transducers of the sensor
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are positioned such that sound traveling between the transducers is influenced by the flow

and composition of gas within the conduit.

[0017] The transducers may be operated by one of (or a combination of) software
executed on a suitable microprocessor and/or an application specific integrated circuit
(ASIC). Such electrical components may be located within or proximate the sensor or
remote from, but in communication with, the sensor, such as in a controller or control
interface. By way of example such electronics and/or software may, when in operation,
generate electrical signals to excite the transducers and/or receive or readout corresponding
or responsive electrical signals generated by the transducers. The signals acquired from
the transducers may be processed into a measurement set for use by a gas mixer controller
in accordance with the approach discussed herein. By way of example, the measurement
set so generated may be used to determine one or both of a gas flow or gas concentration

within the monitored volume.

[0018] With the preceding in mind, and to provide useful context and background, a
general topology of an inhaled anesthesia administration is illustrated in FIG. 1. With
reference to this figure, a clinician or user 100 interacts with a user interface 102 or various
subsystems to direct an anesthesia machine to ventilate a patient's lungs 120 with an
appropriate breathing gas mix. The user interface 102 or various subsystems provide for
the acceptance of input from, and the provision of output to, the user 100. The user
interface 102 communicates with a system controller 108, which directs or coordinates the
various subsystems. At a low level, the depicted subsystems act on the gases in response
to the commands received from the user 100 or via the controller 108 and/or measure
parameters and pass them to the user 100 or to the controller 108 for processing and/or

display.

[0019] As shown in FIG. 1, the patient and the target lungs 120 are connected to the
machine with a patient breathing circuit configured in a Y arrangement 122. Gas flow
coming from, and returning to, the machine travels in separate respective legs of the Y,

while flow from/to the patient travels in the common leg 128 of the Y. On the machine
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side, gas to the patient flows in an inspiratory limb 124, and gas returning from the patient
travels in an expiratory limb 126. Gas is directed to the appropriate limb through the action
of flow check valves 130 placed in each. Often, the limbs are connected through an
absorber 132, which routes the gas from the expiratory limb 126 back to the inspiratory
limb 124, while passing the gas through a material to remove the exhaled carbon dioxide
from the patient. This arrangement is known as a circle system, with recirculating gas flow
as indicated. In some implementations, a respiratory gas monitor (RGM) 140 may be
present to sample gas inspired and expired by the patient. Such an RGM 140 may be
positioned in the patient breathing circuit for the purpose of measuring gas parameters and

reporting them to the user interface 102 or possibly directly by the monitor.

[0020] Often during the practice of anesthesia, mechanical assistance is used to drive
breathing gases into and receive gas out of the patient's lungs 120, thus facilitating
recirculation. For example, in the depicted implementation, the ventilator 150 coordinates
operation of a gas bellows 152 to deliver gas during inspiration and to receive gas during
expiration. During inspiration, the ventilator 150 contracts the bellows 152, closing the
check valve 130A in the expiratory limb 126 and opening the check valve 130B in the
inspiratory limb 124. Gas in the bellows 152 then flows through the absorber 132 and
down the inspiratory limb 124 to the patient. During expiration, the ventilator 150 allows
the bellows 152 to expand, closing the check valve 130B in the inspiratory limb 124 and
opening the check valve 130A in the expiratory limb 126. The bellows 152 then fills with
gas from the patient in addition to upstream replenishment gas from the fresh gas limb 134.
The ventilator 150 drives the bellows 152 in response to communication with the user 100

or controller 108, often using a pressured drive gas source 160.

[0021]  As gas is consumed by the patient via uptake in the lungs 120, it is replaced.
This is accomplished by the action of the medical gas mixer 166 and medical vaporizer
168. The gas mixer 166 may be connected to a number of gas sources 170 at its inputs,
and acts to select and mix these gases to create both a gas flow and component gas

concentration consistent with communications with the user 100 or controller 108. The
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output of the gas mixer 166 is connected to the input of the vaporizer 168 such that the gas
from the mixer 166 becomes the carrier gas for the anesthetic gas produced by the vaporizer
168. An anesthetic source 172 is input to the vaporizer 168, which serves to convert the
anesthetic to gas form if needed and mix it with the carrier gas to a concentration consistent
with communications with the user 100 or the controller 108. The output of the vaporizer

168 is connected to the fresh gas limb 134.

[0022]  With the preceding general overview in mind, aspects of the present approach
related to the operation of the gas mixer 166 are described. A topology of a conventional
medical gas mixer is shown in FIG. 2. In such a conventional approach, a gas mixer
typically blends together two or more known gases 170 in a pairwise manner. Each gas is
generally separately sourced and input via a respective gas mixer input. After blending,
the gases are output as a mixed gas 176 at a mixed gas channel 182 output and administered

to a patient as described above.

[0023] Typically, one gas is designated for a main gas channel 174 and one for a side
gas channel 178. A mixer controller 180 (which may be a separate controller or a function
performed by system controller 108) either knows the identity and/or properties of the
gases that the mixer inputs are pre-configured with, or receives such information during
real time operation. The mixer controller 180 uses this information, along with flow and/or
concentration commands, which may come from the user 100 or system controller 108, to
determine the current mixer operating state and compute the internal action required to
achieve its desired operating state. Commands to the gas mixer 166 may be from a number
of possible combinations of component and/or mixed gas flows, and/or mixed gas

concentrations.

[0024]  To perform the commanded mixing operation, the mixer controller 180 operates
the selector valves 184 to pick the desired input gases to mix. In addition, the mixer
controller 180 operates the variable valves 186 to achieve the commanded flows and/or
concentrations in response to feedback measurements from separate flow and/or

concentration sensors 190. While selector valves 184 are typically not calibrated for a
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particular gas, the variable valves 186 and/or sensors 190 typically are. If information
about the input gas identity and/or properties is lost or does not match the available
calibration of variable valve 186 and/or sensor 190, the accuracy and possibly safety of the
gas mixer 166 may be compromised. Popular flow sensors such as are presently available

can be calibrated for multiple gases at additional cost.

[0025] In a conventional topology, the sensors 190A, 190B in the main and side
channels 174, 178 are typically gas flow sensors. The sensors 190C, 190D in the mixed
channel 182 are typically either gas flow or gas concentration sensors. In order to control
the flow and/or concentration in the main, side, and/or mixed channels, a total of at least
two separate sensors 190 from the four locations shown in FIG. 2 are needed. As a matter
of patient safety, a gas mixer 166 is often designed to have an additional, independent
redundant measurement of flow and/or concentration, making the total number of separate
sensors 190 needed to be at least three separate sensors 190 from the four locations shown.
Further, mixer implementations that employ separate sensors 190 on the side, main, and/or
mixed channels, as shown in FIG. 2, typically require information of each sensor's local
environmental conditions with precision, due to the impact of differential temperatures on
overall gas mixer accuracy. These various factors may contribute to additional cost of the

gas mixer.

[0026] For the purpose of controlling a gas mixing operation, the mixer controller 180
computes targets for the measurements for its internal sensors based on the commands it
receives from the user 100 or system controller 108. These targets may be in high-level
terms, such as gas flow or gas concentration, or they may be in other intermediate or low-
level terms, depending on the scheme chosen. The target flows and/or concentrations may
be achieved using a feedback control scheme, where the controller 180 operates the
variable valves 186 to minimize the difference or error between the target and measured
sensor values. An example for flow is shown below in Equation (1), where the feedback
error for the flow in the mixed channel (ery) is formed from the target for the flow in the

mixed channel (F7x) and the measured flow in the mixed channel (Fux).
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(1) epx = Frx — Fuyx

[0027] An example for concentration is shown below in Equation (2), where the
feedback error for the concentration in the mixed channel (e.x) is formed from the target
for the concentration in the mixed channel (c7x) and the measured flows in the main channel
(Fum) and the mixed channel.

Fym
2 €cx = Crx — 7 —
MX

Note that other effective feedback error terms and controls schemes are possible
(depending on the choices made for placement of sensors, combination of targets and
measurements, and error comparison), and the present examples are provided solely to

provide context and to facilitate explanation.

[0028] The mixer controller 180 typically has a check to detect and/or react to an
improper concentration in the mixed gas channel 182 in the event of a single-fault failure.
This may involve comparing the redundant flow and/or concentration to either: (1) the
measured flow and/or concentration or (2) the target flow and/or concentration. An
example is shown below in Equation (3), where the safety check for concentration in the
mixed channel (scx) is formed from the target for concentration in the mixed channel, the
measured flow in the mixed channel, and the redundant flow in the side channel (Fks).

(3) Sex = Crx — ( - E)

Fux

[0029]  As with the discussion relating to feedback error terms and control schemes,
other effective checks are also possible, depending on the choices made for placement of
sensors, combination of targets, measurements, and/or redundant measurements, and check
comparison. When the check exceeds safety limits, the mixer controller 180 may perform
a number of actions including, but not limited to, generating an alarm, shutting down,

enabling alternate gas delivery, and so forth.
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[0030] As noted above, as a practical matter, typically sensors 190 are single-purpose
and need to be present in at least three of the four locations shown in FIG. 2 to provide the
needed gas flow and gas concentration for control of the gas mixer 166 and for a useful

degree of redundancy.

[0031] Asdiscussed below, the present approach utilizes a different gas mixer topology.
The described topology incorporates dual-purpose sensors, as discussed herein, each
capable of simultaneously providing multiple data or measurements, such as for both gas
flow and gas concentration. Any type of sensor capable of simultaneously providing both
gas flow and gas concentration may be employed in accordance with the present approach.
One example of such a dual-purpose sensor is an ultrasonic sensor, as discussed herein,
and the present examples and discussion are presented in the context of such an ultrasonic
sensor. It should be appreciated, however, that such examples are provided only for the
purpose of explanation and to provide a useful, real world context and that other suitable

sensors are also encompassed by the present discussion.

[0032] With respect to ultrasonic sensors, such sensors operate based on principles
related to sound propagation. With respect to these underlying concepts, sound (which
may be understood to be the propagation of acoustic waves in a medium) is influenced by
both gas flow and gas composition, the latter being directly related to individual gas
component concentration. In particular, the longitudinal speed of propagation of the
acoustic waves, i.e., the speed-of-sound, is influenced by both flow and concentration of

the medium through which the waves propagate.

[0033] A simple physics model (Equation (4)) of the speed-of-sound (V) in a gas
flowing at flow rate (F) is shown below, having two terms, one (V) related to the flow
rate, and the other (Vs) related to the gas medium's properties. The effect of gas flow may
increase or decrease the overall speed-of-sound and is modulated by inclination angle (&)

depending on the direction of sound relative to the direction of gas flow.

4 v=v; T v, sina

10
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The first term (V5) depends on heat capacity ratio () and molar mass (M), having values
which are characteristic of each gas, as well as gas temperature (7) as shown in Equation

(5) below. Also included is the molar gas constant (R).

(5 Vs = \/%

Properties of mixed gases can be related back to those of the component gases (1, M1, 7,

M:>) as shown in Equations (6, 7) below and through the gas concentration (c) of either

component.

(©6) —1+( < +1"C)_1
V= Yi—1  ye—1

(7 M=cM;, +(1—-c)M,

The second term (Viz) depends on the flow rate and the cross-sectional area (A) of the gas

conduit as shown below.
F
) Um = n

Time-of-flight (1) may be measured using ultrasonic transducers and appropriate
electronics and software. Speed-of-sound can be related to the sound path length (d) as

shown below.

9) p==

[0034]  With the preceding in mind, and turning to FIG. 3, a topology for a medical gas
mixer 166 is depicted in accordance with the present approach. In the depicted topology,
a pair of dual-purpose sensors, such as two ultrasonic sensors 200 are employed. In this
topology, a set of two or more gases are sourced at their respective mixer inputs and
blended together pairwise, with the resulting mixed gas 176 provided at a mixed gas

channel 182 output. Examples of gases that may be provided as input streams to the gas

11
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mixer 166 include, but are not limited to, oxygen, air, nitrous oxide, carbon dioxide, heliox,
xenon, and so forth). As used herein, the term “gas” should be understood to encompass
not only a pure gas stream, but also gas blends that may be either inputs or outputs to the
gas mixer 166. In one implementation, there is a main gas channel 174 through which one
gas 202 is input and a side gas channel 178 through which as second gas 170 is input. The
mixer controller 180 either knows the identity and/or properties of the gases 170 in the side
gas channel 178 that the mixer inputs are pre-configured with, or receives such information
during real time operation. The gases 202 in the main gas channel 174 can be (but are not
necessarily) unknown and may even be of variable composition. The mixer controller 180
uses the known information, along with flow and/or concentration commands from the user
100 or system controller 108, to determine the current mixer operating state and compute
the internal action required to achieve its desired operating state. Commands to the mixer
controller 180 may be from a number of possible combinations of component and/or mixed

gas flows, and/or mixed gas concentrations.

[0035] The mixer controller 180 is configured and/or programmed to operate the
selector valves to pick the desired input gases to mix. The mixer controller 180 is also
configured and/or programmed to operate the variable valves to achieve target gas flows
and/or gas concentrations in response to feedback measurements from the dual-purpose
sensors (e.g., ultrasonic sensors 200) located in the main (i.e., ultrasonic sensor 200A) and
mixed (i.e., ultrasonic sensor 200B) gas channels. As the mixer controller 180 does not
need to know the identity and/or properties of the gas 202 in the main gas channel 174, the
gas 202 can be any number of possible gases, or even of variable composition. That is, in
this topology, the accuracy and safety of the medical gas mixer 166 are virtually

independent of the main channel 174 gas.

[0036] As shown in the depicted example, in order to control the gas flow and/or gas
concentration in the main, side, and/or mixed gas channels, only the two separate sensors
200A and 200B in the locations shown (i.e., one positioned in the main gas channel 174

and one positioned in the mixed gas channel 182) are required. The independent redundant

12
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measurement of gas concentration remains available due to the dual nature of the sensors
200. Thus, in this topology no additional sensors are required for patient safety, which

may reduce hardware cost.

[0037] In one implementation, the gases in the sensors 200 in the main and mixed gas
channels 174, 182 may be pre-conditioned to have the same temperature, which can then
be measured as a lower-precision, common-mode temperature, while still preserving
medical gas mixer accuracy. Such pre-conditioning may be accomplished a number of
ways. By way of example, in one embodiment, the gas flow is routed through a passage
of suitable length in a manifold having a known or specified heat conductivity. Due to the
relatively low heat capacity of a gas, and through interaction with the walls of the passage
in the manifold, the gas equalizes to the temperature of the manifold. The manifold may
be heated, cooled, and/or simply maintained at local ambient temperature. In one
embodiment, the main and mixed channel 174, 182 gas flows are routed in separate

passages in a common metal manifold that is maintained at local ambient temperature.

[0038] In addition, separate temperature and/or pressure transducers may be provided
in one or more of the gas channels to obtain one or both of temperature or pressure of the
gas in the respective channel. Further, if temperature transducers are provided in
combination with the manifold pre-conditioning arrangement as described above, the
temperature transducers may be located so as to transduce the temperature of the manifolds
in the main and/or mixed channels 174, 182 and/or to transduce the temperature of the
common metal manifold. If temperature and/or pressure measurements are obtained from
such transducers, they may also be provided to the mixer controller 180 for use in control

and feedback calculations performed by the mixer controller 180.

[0039] Turning to FIG. 4, an example of a dual-purpose sensor in the form of an
ultrasonic sensor 200 is depicted. For reference, a perspective external depiction of a
physical embodiment of two adjacently-packaged sensors 200 is provided in FIG. 5. In the
depicted example, each ultrasonic sensor 200 includes a gas conduit 220 with an input and

output, upon which at least a pair of ultrasonic transducers 224 are positioned such that

13
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sound 226 traveling between the transducers 224 is influenced by the gas flow and gas
composition in the conduit 220. A temperature transducer 232 and/or pressure transducer
230 may, in certain embodiments, be included to sense the local environmental conditions
of the gas in the conduit 220. Depending on the implementation, the transducers 224, 230,

232 may be placed in any number of locations and/or orientations to be effective.

[0040]  The transducers 224, 230, 232 may be operated by one of (or a combination of)
software executed on a suitable microprocessor and/or an application specific integrated
circuit (ASIC). Such electrical components may be located within or proximate the sensor
200 or remote from, but in communication with, the sensor 200, such as in a controller
(e.g., mixer controller 180) or control interface. By way of example such electronics and/or
software (illustrated generally as excitation and receive circuitry 242) may, when in
operation, generate electrical signals to excite (or otherwise activate or operate) the
transducers and/or receive or readout corresponding or responsive electrical signals
generated by the transducers. The signals acquired from the transducers may be processed
into a measurement set 240 for use by the mixer controller 180. In one embodiment, the
measurement set 240 includes an upstream time-of-flight (fy) and a downstream time-of-

flight (p), in addition to possibly any one or more of a temperature (7)) or a pressure (P).

[0041] The aforementioned time-of-flight measurements may be used to calculate
measurements of the flow and/or concentration of the gas in the sensor 200. In some
embodiments, one or more of temperature and pressure measurements may also be
employed in the gas flow and/or concentration calculations though, as noted above,

temperature and pressure measurements are not required.

[0042] In the following discussion, “f{ )” denotes “is a function of’. Measurements
having an associated “M” subscript relate to the main gas channel 174, while those with an
associated “X” subscript relate to the mixed gas channel 182. As discussed below, gas flow
may be calculated using upstream and downstream time-of-flight alone or, in certain

embodiments, may incorporate some or all of the other measurements that may be present

14
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in a given sensor's measurement set 240. Thus, main gas flow (Equation (10)) and mixed

gas flow (Equation (11)) may be given as:
(10) Fy = [ (tum, toms Trs Pu)

(11) Fy = f(tyx,tpx, Tx, Px)

[0043] The time-of-flight measurements, either alone or in combination with
temperature and/or pressure measurements, may also be used to calculate a measurement
of the concentration (Equations (11, 12)) of the component gases in the respective conduits.
In particular, the concentration of component gases in one or both of the main gas channel
174 or mixed gas channel 182 as a function of the time-of-flight measurements noted herein
may be calculated. For the main gas channel 174, this is accomplished using at least one
of the upstream or downstream time-of-flight measurements from sensor 200A. For the
mixed gas channel 182, this is accomplished using at least one of the upstream or
downstream time-of-flight measurements from each sensor 200. Other possible
combinations of time-of-flight measurements are also effective for this calculation. In
addition, temperature measurements (if available) may also be employed in the gas
concentration calculation, as shown below. As noted above, however, temperature

measurements are not necessary for the calculation.
(1) ey = f(tum, Tn)
(12) cx = ftum, tux, Tn, Tx)

[0044]  With this in mind, for the purposes of control, the mixer controller 180 computes
targets for the flow and/or concentration measurements from its internal sensors 200 based
on the flow and/or gas concentration commands it receives from the user 100 or system
controller 108. The target flows and/or concentrations are achieved using a feedback
control scheme, where the controller 180 operates the variable valves 186 to minimize the
difference or error between the target and measured sensor values. As discussed herein,

the feedback error for the flow in the mixed channel (erx) is formed from the target for the
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flow in the mixed channel (Frx) and the measured flow in the mixed channel (Fux), as

discussed above with respect to Equation (1).

[0045] An example for concentration is shown below, where the feedback error for
concentration in the mixed channel (ecx) is formed from the target for the concentration in

the mixed channel (c7x) and the measured concentration in the mixed channel (cux).

(13) €cx = Crx — Cymx

Other effective feedback error terms and controls schemes are also possible, depending on

the choices made for combination of targets and measurements, and error comparison.

[0046] For the purpose of safety, the mixer controller 180 may be provided with a check
to detect and/or react to an improper concentration in the mixed gas channel 182 in the
event of a single-fault failure. Such a check may involve comparing the measured
concentration to the measured flow in the main gas channel 174 and/or the measured flow
in the mixed gas channel 182, as shown in the example below (Equation (14)). While the
same sensor 200B in the mixed gas channel 182 may be used for both control and safety
purposes, the dual nature of the sensor 200B to provide both flow and concentration
measurements is still effective in single-fault conditions because of the disparity in effect

on speed-of-sound, and therefore time-of-flight, that flow and concentration have.

(14) Sex = f(cmx, Fums Fux)

When the check exceeds safety limits, the mixer controller 180 may perform a number of
actions including, but not limited to, generating an alarm, shutting down, enabling alternate

gas delivery, and so forth.

[0047]  Technical effects of the invention include providing a medical gas mixer design
that is accurate and safe independent of the gas in its main gas channel. In one embodiment,
dual-purpose sensors, such as ultrasonic sensors, are employed, such as in a configuration

in which one is positioned in the mixed gas flow channel and one is positioned in the main
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gas flow channel. Each sensor provides measurements that may be used to determine both
gas flow and gas concentration in the respective channel, even when the identity and/or

properties of the gas in the main gas channel are unknown.

[0048]  This written description uses examples to disclose the invention, including the
best mode, and also to enable any person skilled in the art to practice the invention,
including making and using any devices or systems and performing any incorporated
methods. The patentable scope of the invention is defined by the claims, and may include
other examples that occur to those skilled in the art. Such other examples are intended to
be within the scope of the claims if they have structural elements that do not differ from
the literal language of the claims, or if they include equivalent structural elements with

insubstantial differences from the literal languages of the claims.
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CLAIMS:
1. A medical gas mixer, comprising:

a main gas channel comprising one or more main control valves that during
operation control a first flow of a first gas through the main gas channel;

a side gas channel, comprising one or more side channel control valves that during
operation control a second flow of a second gas through the side gas channel;

a mixed gas channel configured to receive the first flow of the first gas and the
second flow of the second gas during operation and to output a mixed gas;

a first dual-purpose sensor positioned in the main gas channel and configured to
generate a first set of measurements during operation;

a second dual-purpose sensor positioned in the mixed gas channel and configured
to generate a second set of measurements during operation; and

a gas mixer controller configured to receive the first set of measurements and the
second set of measurements, to calculate, one or more of flow of the first gas, flow of one
or more components of the first gas, or concentration of one or more components of the
first gas, to calculate, one or more of flow of the mixed gas, flow of one or more
components of the mixed gas, or concentration of one or more components of the mixed
gas, and to control operation of one or more of the main channel control valves or one or
more of the side channel control valves based upon one or more of the calculated flows or

concentrations.

2. The medical gas mixer of claim 1, wherein the gas mixer controller is configured
to compare one or more of, flow of the first gas, flow of one or more components of the
first gas, flow of the mixed gas, or flow of one or more components of the mixed gas, to
corresponding target flow values and to control operation of one or more of the main

control valves or the side channel control valves based upon this comparison.
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3. The medical gas mixer of claim 1, wherein the gas mixer controller is configured
to compare one or more of concentration of one or more components of the first gas or
concentration of one or more components of the mixed gas to target concentration values
and to control operation of one or more of the main control valves or the side channel

control valves based upon this comparison.

4. The medical gas mixer of claim 1, wherein no dual-purpose sensor is positioned in

the side gas channel.

5. The medical gas mixer of claim 1, wherein at least one of the first set of
measurements or the second set of measurements comprises one or more time-of-flight

measurements.

6. The medical gas mixer of claim 1, wherein the first dual-purpose sensor and the

second dual-purpose sensor comprise ultrasonic sensors.

7. The medical gas mixer of claim 6, wherein the ultrasonic sensors each comprise a

pair of ultrasonic transducers.

8. The medical gas mixer of claim 6, wherein the ultrasonic sensors further comprise

one or both of a pressure transducer or a temperature transducer.
9. The medical gas mixer of claim 1, further comprising:
at least one manifold positioned to pre-condition one or both of the first gas or the

mixed gas to a specified temperature or to ambient temperature.

10. The medical gas mixer of claim 1, wherein one or both of the identity or properties

of the first gas are unknown to the gas mixer controller.

19



WO 2018/175692 PCT/US2018/023713

11. The medical gas mixer of claim 1, wherein one or both of the identity or properties

of the second gas are known to the gas mixer controller.

12. The medical gas mixer of claim 1, wherein one or both of the first gas or second

gas may be a pure gas or a gas blend.

13. A method for regulating operation of a medical gas mixer, comprising:

flowing a first gas through a main gas channel;

flowing a second gas through a side gas channel;

combining the first gas and the second gas to form a mixed gas in a mixed gas
channel;

generating a first set of measurements using a first dual-purpose sensor in the main
gas channel and generating a second set of measurements using a second dual-purpose
sensor in the mixed gas channel;

calculating one or more of flow of the first gas, flow of one or more components of
the first gas, or concentration of one or more components of the first gas using one or both
of the first set of measurements or the second set of measurements;

calculating one or more of flow of the mixed gas, flow of one or more components
of the mixed gas, or concentration of one or more of the components of the mixed gas using
one or both of the first set of measurements or the second set of measurements; and

controlling operation of valves in one or more of the main gas channel or side gas

channel based upon one or more of the calculated flows or concentrations.

14. The method of claim 13, further comprising:
comparing one or more of flow of the first gas, flow of one or more components of
the first gas, flow of the mixed gas, or flow of one or more components of the mixed gas

to target flow values and to control operation of valves based upon this comparison.
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15. The method of claim 13, further comprising:
comparing the concentration of one or more components of the mixed gas to target

concentration values and to control operation of valves based upon this comparison.

16. The method of claim 13, wherein at least one of the first set of measurements or the

second set of measurements comprises one or more time-of-flight measurements.

17. The method of claim 13, wherein the first dual-purpose sensor and the second dual-

purpose sensor comprise ultrasonic sensors.

18. An ultrasonic sensor, comprising:

a gas conduit having an inlet and an outlet;

a first ultrasonic transducer positioned on the gas conduit;

a second ultrasonic transducer positioned on the gas conduit downstream from the
first ultrasonic transducer; and

control circuitry configured to operate the first ultrasonic transducer and the second
ultrasonic transducer, and to process signals received from the first ultrasonic transducer
and the second ultrasonic transducer to generate a measurement set comprising an upstream

time-of-flight and a downstream time-of-flight.
19. The ultrasonic sensor of claim 18, further comprising:
a temperature transducer, wherein the measurement set further comprises a

temperature.

20. The ultrasonic sensor of claim 18, further comprising:

a pressure transducer, wherein the measurement set further comprises a pressure.
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