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FIG. 1A

gas using a vapor transfer unit are presented. The method includes providing
a first vapor transfer unit having a gas passage and a liquid passage, deliver-
ing a liquid to the liquid passage, delivering a gas to the gas passage, humidi-
fying the gas by delivering vapor from the liquid in the liquid passage to the
gas in the gas passage, exiting the humidified gas outside the vapor transter
unit at first relative humidity and at a high gas flow rate, and reducing the
gas flow rate through the first vapor transfer unit to less than a low gas flow
rate, while preventing the relative humidity from exceeding the first relative
humidity by more than an acceptable margin.
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SYSTEMS AND METHODS FOR HUMIDITY CONTROL

Cross Reference to Related Applications

[0001] This application claims the benefit of U.S. Patent Application No. 14/587,898, filed

on December 31, 2014, which is hereby incorporated herein by reference in its entirety.

Background

[0002] Patients with respiratory ailments are often treated with respiratory assist devices that
deliver supplemental breathing gas to a patient. Such devices may deliver gas to a patient
using high flow therapy (HFT). HFT devices deliver breathing gas to a patient at a high flow
rate via an interface such as a nasal cannula to increase the patient’s fraction of inspired
oxygen (Fi02), decrease a patient’s work of breathing, or do both. That helps the patient
recover from respiratory ailments, such as respiratory distress or bronchospasms. Some HFT
devices heat and humidify the delivered breathing gas for medical reasons (e.g., to maintain
the pliability of the tissues of surfactant-deficient patients, or to preserve mucosal integrity)
or to reduce patient discomfort.

[0003] A challenge associated with delivering breathing gas via a high-flow system is
condensation of moisture from the heated and humidified breathing gas. Condensation in a
ventilation circuit presents both clinical and mechanical challenges. The condensate can
accumulate in the gas circuit and thus limit flow through the system. Movement of
accumulated condensate liquid in the gas circuit into the patient can present a risk of
aspiration. Additionally, the condensate can collect and stagnate, posing a biologic hazard to
the patient.

[0004] In many devices that provide humidified breathing gas, gas flow rates can become
sufficiently low that the gas passing through the device spends more time in the
humidification region. As aresult, the humidity level of the gas flow exiting the device
toward the patient can approach 100% relative humidity. When the humidified gas cools at
the patient interface, its humidity will condense and form liquid droplets in the tube carrying

the gas. This unwanted condensation becomes more problematic at the lower flow rates
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where humidification can approach 100% relative humidity. The liquid droplets could pose
health risks if they were allowed to stagnate because they could facilitate the growth of
harmful microorganisms. Also, the liquid droplets could accumulate and impede the gas flow
or even be delivered to a patient’s respiratory tract, potentially causing discomfort or other
health problems. On the other hand, increasing the flow rate of a humidification device can
detrimentally reduce the humidification of the gas, impeding the benefits of humidified
breathing gas. Dry breathing gas can cause patient discomfort at high flow rates because dry
gas can dry the patient’s airway. A complication is that vapor transfer systems that are
configured to deliver humidified breathing gas at high flow rates can cause excessive
condensation to occur at low flow rates.

[0005] One solution is to provide separate, dedicated vapor transfer units, one for operating
at high flow rates and another for operating at low flow rates. The use of separate vapor
transfer units complicates the use of high flow therapy systems by requiring a healthcare
professional to turn off the system and switch vapor transfer units. The switching of vapor

transfer units can also interrupt a patient’s therapy.

Summary

[0006] Systems, methods, and devices for humidifying a breathing gas using a vapor
transfer unit are presented. In one aspect, a method provides a first vapor transfer unit having
a gas passage and a liquid passage, delivering a liquid to the liquid passage, delivering a gas
to the gas passage, humidifying the gas by delivering vapor from the liquid in the liquid
passage to the gas in the gas passage, exiting the humidified gas outside the vapor transfer
unit at first relative humidity and at a high gas flow rate, and reducing the gas flow rate
through the first vapor transfer unit to less than a low gas flow rate, while preventing the
relative humidity from exceeding the first relative humidity by more than an acceptable
margin. Acceptable margins can be pre-established and pre-programmed into the vapor
transfer unit control system, and may include an indicator that indicates when the margin is
exceeded. Acceptable margins may include about 10% relative humidity or less. The margin
may be about 8%, 6%, 4%, or less. In some implementations, the method also includes
passing a fraction of the gas through a bypass passage parallel to the gas passage and
automatically altering the fraction of the gas passed through the bypass passage inversely
with a change in the gas flow rate. The method may also include obstructing gas flow
through a portion of the gas passage and adjusting the relative humidity by changing the
portion of the gas passage that is obstructed.
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[0007] The systems, devices, and methods disclosed herein control the humidity of a
breathing gas over a range of flow rates. The systems, devices and methods impede or
prevent excessive humidification of a breathing gas at low gas flow rates while impeding or
preventing a significant drop in humidity at high flow rates (e.g., > 8 L/min, > 10 L/min, > 15
L/min, > 20 L/min, > 30 L/min, > 35 L/min, or another similar flow rate). This is done using
a vapor transfer unit. At low flow rates (e.g., > 30 L/min, > 20 L/min, > 15 L/min, > 10
L/min, > 8 L/min, or another similar flow rate), gas flowing through the vapor transfer unit
has more time to receive humidity than at high flow rates. Therefore, the systems, devices,
and methods disclosed herein limit the humidity of breathing gasses at low flow rates. This
can be done in various ways. The humidity can be limited by allowing a fraction of input gas
to bypass humidification. The humidity of the breathing gas can also be limited by changing
the number of humidification elements exposed to the flow of the input gas or by changing
the number of humidification elements exposed to the flow of liquid. At high flow rates, gas
flowing through a vapor transfer unit has less time to receive vapor and be humidified, so
there is a greater risk of inadequate humidification at high flow rates. Therefore, at high flow
rates, the systems, devices and methods disclosed herein preferably also maintain the relative
humidity of the output gas at a desired relative humidity level. By enabling a single vapor
transfer unit to perform at both high and low flow rates, the systems, devices, and methods,
can eliminate the need for switching vapor transfer units when flow rates are altered between
high and low flow.

[0008] In some implementations, a bypass passage is used to vary the humidification. The
bypass passage automatically admits a smaller fraction of incoming gas in response to an
increase in flow rate. The bypass passage may be valve controlled or not. In certain
implementations, a valve is manipulated to select the fraction of gas that bypasses
humidification or to select the total number of humidification elements exposed to gas flow,
or both. In some implementations, humidification is controlled by varying the amount of
liquid allowed to pass through the humidification elements by controlling the flow rate, or by
avalve, or both.

[0009] In a preferred implementation, the humidity control system is used with high flow
therapy (HFT). Nevertheless, the humidity control system may also be used with other types
of respiratory therapy and respiratory therapy devices, including low flow oxygen therapy,
continuous positive airway pressure therapy (CPAP), mechanical ventilation, oxygen masks,

Venturi masks, and tracheotomy masks, to name a few.
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[0010] In one aspect, systems and devices are provided that achieve controlled
humidification through a vapor transfer unit. In embodiments, a vapor transfer unit for
humidifying breathing gas includes a housing having a gas inlet and a gas outlet, a plurality
of tubes disposed within the housing and each defining a passage for a flow of gas from an
upstream end of the passage to a downstream end of the passage, and a valve positionable
between a first position and a second position. The valve obstructs the flow of gas through a
first subset of the plurality of tubes when in the first position, and the valve obstructs the flow
of gas through a second subset of the plurality of tubes, different from the first set, when in
the second position. In some implementations, the plurality of tubes comprises a first group
and a second group, wherein tubes of the first group are porous and tubes of the second group
are non-porous. The first position may correspond to a first ratio of unobstructed porous
tubes to unobstructed non-porous tubes, and the second position may correspond to a second
ratio of unobstructed porous tubes to unobstructed non-porous tubes. In some
implementations, the first ratio is greater than the second ratio. In certain implementations,
the first ratio is greater than about 50 and the second ratio is less than about 25. In some
implementations, a first number of tubes included in the first subset is greater than a second
number of tubes included in the second subset.

[0011] In certain implementations, the valve is positionable at a plurality of intermediate
positions, wherein the plurality of intermediate positions are between the first and second
positions. The gas inlet may be positioned to direct gas to the upstream end of each of the
passages of the tubes, and the gas outlet may be positioned to direct gas from the downstream
end of each of the passages of the tubes. In some implementations, the housing includes a
liquid inlet positioned to direct liquid toward outer surfaces of the tubes and a liquid outlet
positioned to direct liquid from the housing. In certain implementations, the tubes include a
first group and a second group, wherein tubes of the first and second groups are porous. In
some implementations, the second group of tubes is configured to prevent liquid from
contacting outer surfaces of tubes of the second group.

[0012] According to another aspect, methods are provided for humidifying a breathing gas
using a vapor transfer unit. In embodiments, the methods include delivering gas to a plurality
of tubes disposed within a housing, directing liquid toward outer surfaces of the plurality of
tubes, obstructing gas flow through a subset of the plurality of tubes, and adjusting a
humidity level of gas output from the vapor transfer unit by adjusting the subset of obstructed
tubes so that different tubes are obstructed. For example, increasing the number of tubes that

are obstructed can lower the humidity level of the gas output, while decreasing the number of
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obstructed tubes can increase the humidity level of the gas output. In some implementations,
a first group of the tubes are porous and a second group of the tubes are non-porous. In
certain implementations, the plurality of tubes comprises a number of unobstructed porous
tubes and a number of unobstructed non-porous tubes, and adjusting the subset of obstructed
tubes includes changing a ratio of the number of unobstructed porous tubes to the number of
unobstructed non-porous tubes from a first ratio to a second ratio. In some implementations,
the first ratio is greater than about 50 and the second ratio is less than about 25. In certain
implementations, the first ratio is about 75, 100, 200, 500, or any other suitable number. In
some implementations, the second ratio is about 20, 10, 8, 6, 4, 2, or any other suitable
number. In certain implementations, adjusting the subset of obstructed tubes includes
changing a total number of obstructed tubes so there are more or fewer obstructed tubes. In
some implementations, the gas is delivered at a flow rate of greater than 8 liters per minute.
In certain implementations, liquid is directed to outer surfaces of a first group of the plurality
of tubes and is not directed to outer surfaces of a second group of the plurality of tubes.
[0013] According to another aspect, systems and devices are provided to control
humidification. In embodiments, a vapor transfer unit for humidifying breathing gas includes
a housing, a vapor transfer compartment, and a bypass gas passage. The housing includes a
liquid inlet, a liquid outlet, a gas inlet, and a gas outlet. The vapor transfer compartment is
disposed within the housing and includes a first gas passage coupling the gas inlet to the gas
outlet, a liquid passage coupling the liquid inlet to the liquid outlet, and a porous membrane
separating the first gas passage and the liquid passage. The bypass gas passage is disposed
within the housing and couples the gas inlet to the gas outlet. The bypass gas passage
includes a constriction and is configured to receive a fraction of the gas received by the gas
inlet. The constriction is sized so that the fraction of gas received by the bypass passage
decreases as arate of gas flow into the gas inlet increases. In some implementations, a cross-
sectional area of the constriction is fixed. In certain implementations, the porous membrane
comprises a plurality of hollow fiber membranes. In some implementations, the first gas
passage is defined by internal walls of the plurality of hollow fiber membranes. In certain
implementations, the liquid inlet is formed in the housing and is positioned to direct liquid
toward outer surfaces of the hollow fiber membranes and the liquid outlet is positioned to
direct liquid from the housing.

[0014] According to another aspect, methods for humidifying a breathing gas using a vapor
transfer unit include delivering gas to a vapor transfer unit having a vapor transfer device and

a bypass gas passage, wherein the gas is delivered at a gas flow rate, passing a fraction of the
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gas through the bypass gas passage, and automatically altering the fraction of the gas passed
through the bypass gas passage inversely with a change in the gas flow rate. The method
may also include maintaining fixed internal dimensions of the vapor transfer unit. In certain
implementations, passing the fraction of the gas through the bypass gas passage includes
passing gas through a constriction, wherein the constriction is sized so that the fraction of gas
received by the bypass gas passage decreases as the gas flow rate increases.

[0015] In some implementations, the methods include delivering liquid to the vapor transfer
device. In certain implementations, the vapor transfer device includes a first gas passage and
a liquid passage, where the gas is delivered to the first gas passage and the liquid is delivered
to the liquid passage. The vapor transfer device may include a plurality of hollow fiber
membranes. In certain implementations, delivering the liquid comprises directing liquid
toward outer surfaces of the plurality of hollow fiber membranes. In some implementations,
the gas is delivered at a high flow rate. The gas may be delivered at a flow rate of > 8 L/min,
> 10 L/min, > 20 L/min, > 30 L/min, > 35 L/min, or at any other suitable flow rate.

[0016] Methods are also provided for humidifying a breathing gas using a vapor transfer
unit. The methods include providing a first vapor transfer unit having a gas passage and a
liquid passage, delivering a liquid to the liquid passage, delivering a gas to the gas passage,
humidifying the gas by delivering vapor from the liquid in the liquid passage to the gas in the
gas passage, exiting the humidified gas outside the vapor transfer unit at a first relative
humidity and at a gas flow rate greater than about 35 liters per minute, and reducing the gas
flow rate through the first vapor transfer unit to less than about 20 liters per minute, while
preventing the relative humidity of the humidified gas exiting the vapor transfer unit from
exceeding the first relative humidity by more than a specified margin, wherein the margin is
about 10% relative humidity or less. The margin may be 8%, 6%, 4%, or any other suitable
margin.

[0017] In some implementations, methods also include passing a fraction of the gas through
a bypass passage parallel to the gas passage. In certain implementations, the methods include
automatically altering the fraction of the gas passed through the bypass passage inversely
with a change in the gas flow rate. As the flow rate increases, a smaller fraction of the gas is
passed through the bypass passage, whereas a larger fraction of the gas is passed through the
bypass passage when the flow rate decreases. In some implementations, the methods include
obstructing gas flow through a portion of the gas passage and adjusting the relative humidity
by changing the portion of the gas passage that is obstructed. By changing the portion of the

gas passage that is obstructed, a ratio of unobstructed porous tubes to unobstructed non-
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porous tubes in the gas passage can be increased, therefore the relative humidity increases.
Alternatively, the ratio of unobstructed porous tubes to unobstructed non-porous tubes can be
decreased, therefore the relative humidity decreases. In certain implementations, delivering
the gas to the gas passage further comprises delivering gas to a plurality of hollow fiber
membranes disposed within the gas passage. In some implementations, delivering the liquid
to the liquid passage also includes directing liquid toward outer surfaces of the plurality of
hollow fiber membranes. In certain implementations, the margin is about 8% relative
humidity. In some implementations, the margin is about 6% relative humidity. In certain
implementations, the margin is about 4% relative humidity. In some implementations, the
first relative humidity is significantly below saturation (e.g., < 70%, < 80%, < 85%, <90%, <
95%, or < 99%).

[0018] According to another aspect, a vapor transfer unit for humidifying breathing gas
includes a housing having a gas inlet and a gas outlet, a plurality of tubes disposed within the
housing and each defining a passage for a flow of gas from an upstream end of the passage to
a downstream end of the passage, and a liquid inlet positioned to direct liquid toward outer
surfaces of the tubes, wherein the plurality of tubes comprises a first group of tubes and a
second group of tubes and wherein tubes of the first group are porous. In some
implementations, tubes of the second group are non-porous. In certain implementations,
tubes of the second group are porous. In some implementations, tubes of the first group are
configured to contact the liquid, and tubes of the second group are configured to be separate
from the liquid. In certain implementations, a number of tubes included in the first group is
greater than a number of tubes included in the second group. In some implementations, a
number of tubes included in the first group is greater than or about equal to three times the
number of tubes included in the second group.

[0019] A bypass passage having a constriction can be added to any of the implementations
or embodiments described above. For example, a vapor transfer unit having a valve for
adjusting the subset of tubes that are exposed to gas flow may also include a bypass passage
having a constriction. Such a vapor transfer unit allows both automatic and manual
adjustment of the output humidity. The bypass passage can be added in parallel to a vapor
transfer unit or a portion of a vapor transfer unit.

[0020] Additionally, any of the implementations described above may include a subset of
inactive tubes that are non-porous, isolated from liquid flow, or both. The inclusion of such
inactive tubes in a vapor transfer unit allows a portion of incoming gas to bypass

humidification. Flow to the inactive tubes can be constant or can be controlled by a valve, a
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constricted orifice, or both. If both a valve and a constricted orifice are used, the valve and
constricted orifice can be used in series, in parallel, or both.

[0021] Variations and modifications will occur to those of skill in the art after reviewing
this disclosure. The disclosed features may be implemented, in any combination and
subcombination (including multiple dependent combinations and subcombinations), with one
or more other features described herein. The various features described or illustrated above,
including any components thereof, may be combined or integrated in other systems.

Moreover, certain features may be omitted or not implemented.

Brief Description of the Drawings

[0022] The foregoing and other objects and advantages will be apparent upon consideration
of the following detailed description, taken in conjunction with the accompanying drawings,
in which like reference characters refer to like parts throughout, and in which:

[0023] FIG. 1A shows an illustrative vapor transfer unit for humidity control;

[0024] FIG. 1B shows a cross section view of the vapor transfer unit of FIG. 1A;

[0025] FIG. 2 shows an illustrative vapor transfer unit for humidity control;

[0026] FIGS. 3 and 4 show a vapor transfer unit having a valve for selectively obstructing
tubes;

[0027] FIG. 5 shows an illustrative valve for selectively obstructing the tubes of FIGS. 3
and 4;

[0028] FIG. 6 shows a vapor transfer unit having a rotating valve for selectively obstructing
tubes;

[0029] FIGS. 7-11 show bottom views of the vapor transfer unit of FIG. 6 having the
rotating valve at various orientations;

[0030] FIGS. 12-16 show bottom views of a vapor transfer unit having a rotating valve;
[0031] FIG. 17 shows an exploded view of a vapor transfer unit having a rotatable housing;
[0032] FIG. 18 shows an exploded view of another vapor transfer unit having a rotatable
housing;

[0033] FIG. 19 shows illustrative vapor transfer units having different output humidity
levels;

[0034] FIG. 20 shows a plot of relative humidity as a function of gas flow rate for the vapor
transfer units of FIG. 19;

[0035] FIG. 21 shows a schematic representation of a humidification system, according to

certain implementations;
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[0036] FIG. 22 shows a front perspective view of a humidification system, according to
certain implementations;

[0037] FIG. 23 shows a side perspective view of the humidification system of FIG. 22,
according to certain implementations;

[0038] FIG. 24 shows an illustrative process for controlling the humidity of a breathing gas
by obstructing a subset of tubes, according to certain implementations;

[0039] FIG. 25 shows an illustrative process for automatically controlling the humidity of a
breathing gas, according to certain implementations; and

[0040] FIG. 26 shows an illustrative process for controlling the humidity of a breathing gas,

according to certain implementations.

Detailed Description

[0041] To provide an overall understanding of the systems, devices, and methods described
herein, certain illustrative embodiments will be described. Although the embodiments and
features described herein are specifically described for use in connection with a high flow
therapy system, it will be understood that all the components and other features outlined
below may be combined with one another in any suitable manner and may be adapted and
applied to other types of respiratory therapy and respiratory therapy devices, including
mechanical ventilation, continuous positive airway pressure therapy (CPAP), oxygen masks,
Venturi masks, low flow oxygen therapy, tracheotomy masks, and the like.

[0042] The systems, devices, and methods described herein control the relative humidity of
a breathing gas delivered from a breathing gas humidification system. The systems, devices
and methods impede or prevent excessive humidification of a breathing gas at low gas flow
rates while impeding or preventing a significant drop in humidity at high flow rates using a
single vapor transfer unit. In some implementations, a fraction of gas flow through a vapor
transfer unit bypasses humidification. In these implementations, the fraction of gas that
bypasses humidification varies inversely with the flow rate. Thus, a larger fraction of the
total flow is bypassed at lower flow rates to prevent excessive humidification which could
cause condensation, while a smaller fraction of the gas is bypassed at high flow rates so that
humidity at high flow rates remains acceptably high for patient comfort. The fraction of total
flow that is admitted to the bypass passage may be reduced automatically using a constriction
in the bypass passage that is sized to admit a smaller fraction of the total flow as the flow rate
increases. The bypass path may be manually controlled using a rotating or sliding valve. In

some implementations, the total number of humidification elements exposed to the gas flow
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is varied to control the humidity level at high and low flow rates. In these implementations,
more humidification elements are exposed to the flow at high flow rates, and fewer
humidification elements are exposed to the flow at low flow rates. By enabling a single
vapor transfer unit to perform at both high and low flow rates, the systems, devices, and
methods can eliminate the need for separate vapor transfer units for high and low flow rates.
[0043] FIG. 1A shows a vapor transfer unit 100 for humidity control, according to certain
implementations. FIG. 1B shows a cross section view 200 of the vapor transfer unit 100.
The vapor transfer unit 100 includes a housing 102 having a longitudinal axis 132, a gas inlet
104, and a gas outlet 106. The vapor transfer unit 100 also includes a plurality of tubes 108a-
e disposed within the housing 102. The tubes 108a-e each define a passage for the flow of
gas from the gas inlet 104 to the gas outlet 106. The tubes 108a-e may be hollow fiber
membranes that are permeable to water vapor, but are impermeable or somewhat
impermeable to liquid water. Gas flowing in the inlet 104 enters an upper chamber 134 and
splits into the respective tubes 108a-e, where the flow occurs in parallel. The gas then
combines in the bottom chamber 136 and then flows out of the gas outlet 106. Between the
tubes 108a-e is a plurality of liquid regions 111a-f in which liquid circulates. The tubes
108a-e are porous so that the liquid circulating in the regions 111a-f transfers vapor to the gas
passing through the tubes 108a-¢ as indicated by the arrows 130. Thus, the gas 112 is
humidified as it travels along the humidification region 110 of the tubes 108a-e. The tubes
108a-e pass through plugs 116 and 118, and the outer surfaces of the tubes 108a-e are held by
the plugs 116 and 118. The tubes 108a-e may be held by an interference fit with the holes in
the plugs 116 and 118 through which the tubes 108a-e pass. In some implementations, the
tubes 108a-e are bonded to the plugs 116 and 118. The plugs 116 and 118 are substantially
disk-shaped and concentric to the longitudinal axis 132 of the housing 102. The plugs 116
and 118 are held in the housing 102 by walls 123 and 125. The plugs may be held by an
interference fit, bonded, or welded to the walls 123 and 125, or connected to the walls 123
and 125 using any other suitable attachment, or combination thereof. The plugs 116 and 118
support the tubes 108 while also enclosing the regions 111a-f in which the liquid circulates.
[0044] The vapor transfer unit 100 also includes a bypass passage 109 that provides a
passage from the gas inlet 104 to the gas outlet 106. The bypass passage includes a
constriction 122 which provides resistance to the flow of gas 114 through the bypass passage
109. The constriction 122 is defined by a ring-shaped protrusion 121 that narrows the
internal diameter of the bypass passage from an initial diameter 152 to a restricted diameter

150. The restricted diameter is generally sized so that the flow resistance caused by the
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constriction 122 increases about linearly with velocity squared. In preferred
implementations, the restricted diameter is about 0.75 mm - 1.5 mm. In example
embodiments, the restricted diameter is about 0.040 in (1.016 mm). The protrusion 121 is
located about midway between the gas inlet 104 and the gas outlet 106 and is oriented
perpendicular to the longitudinal axis 132 of the housing 102 and separates an upstream
portion 109a of the bypass passage 109 from a downstream portion 109b of the bypass
passage 109. The protrusion 121 may be located closer to the gas inlet 104 or closer to the
gas outlet 106. In certain implementations, the constriction 122 is oriented oblique to the
longitudinal axis 132 of the housing 102. The protrusion 121 can be formed by fabricating a
wall (not shown) to separate the upstream portion 109a of the bypass passage 109 from the
downstream portion 109b of the bypass passage 109 and then drilling a small hole in the wall.
The bypass passage 109 is separated from the regions 111 in which the liquid circulates by
non-porous wall 123. Since the wall 123 is non-porous, vapor is not transferred from the
circulating liquid into the gas 114 passing through the bypass passage 109.

[0045] The vapor transfer unit 100 is configured so that a first fraction 112 of the gas flow
through the gas inlet 104 passes through the tubes 108, and a second fraction 114 of the gas
flow passes though the bypass passage 109 and exits as bypassed gas 124. The fraction 112
passing through the tubes 108 is humidified in the humidification region 110, while the
fraction 114 passing through the bypass passage 109 is not humidified. The first fraction 112
exits the tubes 108a-e as humidified gas 119a-¢, respectively, and recombines in the bottom
chamber 136 to form the humidified gas 120. The humidified gas 120 and the bypassed gas
124 combine near the outlet 106 to form an output gas 126.

[0046] As the rate of gas flow into the inlet 104 increases, the resistance to gas flow
through the bypass passage 109 caused by the constriction 122 in the bypass passage 109
increases and in most cases more than the resistance to gas flow caused by the plurality of
tubes 108a-e. The resistance to flow through the tubes 108a-e is mostly due to frictional drag
against the walls of the tubes 108a-e, while the losses due to entrance and exit effects are
relatively minor. In contrast, the resistance to flow through the constriction 122 is generally
due to entrance and exit effects (e.g., losses associated with compression of the gas entering
the constriction 122 and expansion of the air exiting the constriction 122). Flow resistance
due to frictional drag varies linearly with velocity, while flow resistance due to entrance and
exit effect increases with velocity squared. As a result, when the flow rate through the gas
inlet 104 increases, the resistance of the constriction 122 increases more rapidly than the

resistance of the plurality of tubes 108a-e. Thus, a greater fraction of the gas flow entering
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the gas inlet 104 passes through the plurality of tubes 108a-e. Conversely, when the flow rate
through the gas inlet 104 decreases, the fraction 114 of gas passed through the bypass passage
109 increases relative to the fraction 112 of gas passed through the plurality of tubes 108a-e.
Thus, the fraction 114 of gas passed through the bypass passage 109 varies inversely with the
gas flow rate through the gas inlet 104.

[0047] The constriction 122 allows the flow rate through the gas inlet 104 to be altered
without significantly changing the relative humidity of the gas 126 exiting the gas outlet 106.
The gas flow 124 from the bypass passage 109 combines with the gas flow 126 before the
outlet 106 to lower the relative humidity of the output gas 126 exiting the gas outlet 106 to
below saturation (100% relative humidity). The combination of humidified gas 120 with
bypassed gas 124 can thus lower the relative humidity of the output gas 126 to reduce the risk
of unwanted condensation at low flow rates. As the flow rate through the gas inlet 104
decreases, the humidity of gas flow 120 increases, but the fraction of bypassed gas 124 also
increases. Therefore the increase in humidity at low flow rates is counteracted by an increase
in the fraction 114 of gas that bypasses humidification. Thus, the bypass passage 109 helps
impede or prevent condensation at low flow rates (e.g., flow rates through the gas inlet 104 of
<30 L/min, <20 L/min, <10L/min, < 8L/min, <5 L/min, or any similar flow rate).

[0048] In contrast, when gas flow rates through the gas inlet 104 are high, the gas passing
through the vapor transfer unit 100 spends less time in the humidification zone 110. Thus,
the gas flow 120 may not approach 100% relative humidity. As a result, there is less need to
mix bypassed gas 124 with the humidified gas 120 to prevent condensation at high flow rates.
Due to the constriction 122, the fraction of bypassed gas 124 decreases relative to the fraction
of humidified gas 120 at high flow rates. Therefore, more of the gas passing through the
vapor transfer unit 100 is humidified as the flow rate increases to counteract the decrease in
humidification that normally occurs at high flow rates. By varying the fraction of bypassed
gas 124 inversely with the changing flow rate, the constriction 122 reduces the risk of
condensation at low flow rates, while not excessively reducing the humidification at high
flow rates. Furthermore, the humidity control is achieved automatically and without the need
for electronic sensors, actuators, feedback control systems, or valves. Instead, the internal
dimensions of the bypass passage 109 and constriction 122 remain fixed during operation.
[0049] FIG. 2 shows a vapor transfer unit 300 for humidity control, according to certain
implementations. The vapor transfer unit 300 includes a housing 302 having a gas inlet 304,
a gas outlet 308, aliquid inlet 312, and a liquid outlet 316. The housing 302 encloses a
plurality of tubes 320a-h. The plurality of tubes 320a-h includes a first subset 322 of tubes
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320a-f and a second subset 324 of tubes 320g-h. The tubes 320a-f of the first subset 322 are
porous, while the tubes 320g-h of the second subset 324 are non-porous. The tubes 320a-h
are supported at their ends 337 and 338 by plugs 330 and 336, respectively. The plugs 330
and 336 are disk-shaped and are held in place by the walls 350 and 351 of the housing 302.
The plugs 330 and 336 also define the upper and lower boundaries of the liquid region 321 to
enclose the liquid region 321. Thus, the plugs 330 and 336 separate the liquid region 321
from the upper chamber 332 and lower chamber 344, through which gas passes. The liquid
region 321 is in fluid communication with the liquid inlet 314 and the liquid outlet 318.
[0050] In use, gas 306 passes through the gas inlet 304 into a top chamber 332. The gas
then passes into the plurality of tubes 320a-h, through tube inlets 326 and 328. The gas that
enters the tube inlets 326 passes through the first subset 322 of porous tubes 320a-f and is
humidified in the humidification region 334. The number of tubes in the first subset 322 is
sufficient to allow the gas passing therethrough to be humidified to nearly 100% relative
humidity. Increasing the number of porous tubes 320a-f causes the humidified gas fraction
340 to have a higher relative humidity (e.g., closer to 100%), while decreasing the number of
porous tubes 320a-f causes the humidified gas fraction 340 to have a lower relative humidity.
As the gas flows into the humidification region 334, heated liquid 314 enters the liquid inlet
314 and passes through the liquid region 321. In the liquid region 321, the liquid passes over
the outer surfaces of the tubes 320a-h. Vapor is transferred from the liquid in region 321 to
the gas passing through the porous tubes 320a-f in the humidification region 334 as indicated
by arrows 352. Although the arrows 352 only show the transfer of vapor at one location
along the length of tubes 320a-f, the vapor transfer occurs along the length of tubes 320a-f in
the humidification region 334. After passing through the liquid region 321, the liquid 318
exits the liquid outlet 316. The gas that enters the tube inlets 328 passes through the second
subset 324 of non-porous tubes 320g-h. Since the second subset 324 of tubes 320g-h are
nonporous, vapor cannot transfer from the liquid region 321 to the gas flowing through the
second subset 324 of tubes 320g-h. This prevents the gas flowing through the second subset
324 of tubes 320g-h from being humidified. The second subset 324 of non-porous tubes
320g-h may be extruded plastic tubes. In some implementations, the second subset 324 of
tubes 320g-h are porous, but liquid is not supplied to the outer surfaces of the tubes 320g-h to
prevent humidification of the gas flowing therethrough. Although no vapor is transferred
through the second subset 324 of tubes 320g-h, The bypassed gas fraction 342 is still heated
by the liquid circulating in the liquid region 321. The humidified gas fraction 340 and the
bypassed gas fraction 342 exit the bottom region 338 of the first subset 322 and the second
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subset 324, respectively, of tubes 320a-h and mix in the bottom chamber 344. This forms a
mixed output gas 310 having a relative humidity that does not change substantially with a
change in gas flow rate and that is approximately equal to the percentage of tubes that are
porous. For example, when about 80% of the tubes 320a-h are porous, the relative humidity
of the mixed output gas may be about 80%.

[0051] The mixed output gas 310 exits the vapor transfer unit 300 through gas outlet 308.
By allowing the bypassed gas 342 to mix with the humidified gas 344, the humidity level of
the output gas 310 can be reduced to prevent humidity in the output gas 310 from condensing
in the downstream flow path (not shown) when the output gas 310 cools. However, unlike
the bypass passage 109 discussed in relation to FIGS. 1A and 1B, the fraction of bypassed
gas 342 remains about constant as the flow rate changes. This is because as the gas flow rate
through the gas inlet 306 increases, the flow resistance caused by the first subset 326 of
porous tubes 320a-f increases at the same rate as the flow resistance caused by the second
subset 324 of non-porous tubes 320g-h. Thus, the ratio of humidified gas 340 to bypassed
gas 342 remains about constant as gas flow rates through the gas inlet 304 vary.

[0052] At high flow rates through the gas inlet 304, the gas flowing through the first subset
322 of permeable tubes 320a-f passes more quickly through the humidification zone 334 and
has less time to receive vapor from liquid in the liquid region 321. Thus, at high flow rates,
the relative humidity of the output gas 310 may fall if a sufficient quantity of tubes is not
present. The increase in number of tubes increases the size and cost of the VTC. Therefore,
it may be preferable to have a valve for selectively obstructing the non-porous tubes 320a-f at
high flow rates to reduce the bypassed gas fraction 340 and prevent the output gas 310 from
being excessively dry.

[0053] FIGS. 3 and 4 show a vapor transfer unit 400 having such a valve 410 for selectively
obstructing tubes 404 and 406, according to certain implementations. The vapor transfer unit
400 1s similar to the vapor transfer unit 300 in FIG. 2 and includes a housing 402, a first
subset of tubes 404, and a second subset of tubes 406. The first subset of tubes 404 and the
second subset of tubes 406 are functionally similar to the first subset 322 of tubes 320a-f and
the second subset 324 of tubes 320g-h. The first subset of tubes 404 and the second subset of
tubes 406 are separated by a divider 408. Liquid flows into inlet 414 and along outer surfaces
of the tubes 404 and 406 before exiting from the liquid outlet 412. The housing 402 has an
upper end portion 402a and a lower end portion 402b. The valve 410 is positioned against
the lower end portion 402b of the housing 402. The valve 410 may be held against the lower

end portion 402b by a fastener (not shown). The valve 410 is allowed to slide along an axis
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450 perpendicular to the longitudinal axis 452 of the housing 402, while the valve 410
remains perpendicular to the longitudinal axis 452 of the housing 402. The valve 410
obstructs a cross section 424 of the lower end portion 402b housing 402 and leaves exposed a
cross section 426 of the lower end portion of the housing 402. The valve 410 includes
calibrated notches 410, 408, and 406, which allow a user to select a desired relative humidity
of the output gas by aligning one of the notches 410, 408, or 406 with a bottom rim 456 of the
housing 400. The valve 410 also includes a tab 454 which the user may push towards the
housing 402 or pull away from the housing to increase or decrease, respectively, the cross
section 424 that is obstructed. As a result, the valve 410 allows gas 416 to flow through the
tubes 406, but obstructs gas flow through the tubes 404. The tubes 406 are porous, so the
liquid 420 flowing through the housing 402 transfers vapor to the gas 416 through pores (not
shown) in the tubes 406 as the liquid 420 flows from the lower end portion 402b to the upper
end portion 402a of the housing 402. Thus, the liquid 420 humidifies the gas 416 that passes
through the tubes 406, and the gas 416 exits the tubes 406 as humidified gas 417. The
incoming gas 416 is supplied by a gas inlet, and the humidified gas 417 exits through a gas
outlet, but these gas ports are omitted from FIGS. 3 and 4 for the sake of clarity.

[0054] In FIG. 4, the valve 410 is set so that it allows the gas 416 to pass through the tubes
416 and to allow gas 418 to pass through the tubes 404. The valve 410 is set by manually
sliding the valve 410 along the axis 450 to set the cross section 428 of the lower end portion
402b of the housing 402 that is obstructed by the valve 410. Relative to the configuration
shown in FIG. 3, the valve 410 in FIG. 4 has been displaced towards the housing 402 along
the axis 450. This displacement can be achieved by a pressing the tab 454 towards the
housing 402. In a preferred implementation, the displacement is provided manually, but the
valve is 410 can also be displaced automatically by an electronic control system. As
discussed above, the gas 416 is humidified as it passes through tubes 406 and exits the upper
end portion 402a of the housing 402 as humidified gas 417. In contrast, the tubes 404 are
non-porous, so the gas 418 is not humidified as it flows through the tubes 404 and exits the
upper end portion 402a of the housing 402 as bypassed gas 419. In some implementations,
the tubes 404 are porous, but liquid is prevented from contacting the tubes 404 to prevent
humidification of the gas 418 as it passes through the tubes 404. For example, the tubes 404
can be covered with a potting compound to prevent liquid from contacting the tubes 404.
[0055] The humidified gas 417 and the bypassed gas 419 combine to form an output gas
(not shown), which is similar to output gas 310 in FIG. 2. The relative humidity of the output
gas is between the relative humidity of the humidified gas 417 and the relative humidity of
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the bypassed gas 419. The relative humidity of the output gas depends on the position of the
valve 410. If the valve 410 is set so that it obstructs flow through all of the tubes 404, no
bypassed gas 419 will mix with the humidified gas 417. As a result, the relative humidity of
the output gas would be about equal to the relative humidity of the humidified gas 417. In
some implementations the relative humidity of the humidified gas 417 is high (e.g., >70%,
>80%, >90%, >95%, >99%, or nearly 100%). If the valve 410 is set so that it allows flow
through more of the tubes 404, a greater fraction of bypassed gas 419 is included in the
output gas and the relative humidity level of the output gas drops. Therefore, the tubes 404
act as a bypass passage, similar to the bypass passage 109 of the vapor transfer unit 100. By
allowing the tubes 404 to be open at low flow rates and obstructed by the valve 410 at high
flow rates, condensation can be reduced at low flow rates, while maintaining high humidity
and preventing a significant drop in humidity at high flow rates. A significant drop in
humidity may be a reduction in the relative humidity of >40%, >30%, >20%, >15%, >10%,
>5%, or a similar reduction in relative humidity.

[0056] In certain implementations, the tubes 404 are porous like the tubes 406. In such
implementations, the gas 419 is humidified when passing through tubes 404 similar to how
gas 417 is humidified when passing through tubes 406. The humidity level of the output gas
is controlled by varying the total number of tubes 404 and 406 that are obstructed by the
valve 410. Increasing the total number of tubes 404 and 406 obstructed by the valve 410
decreases the total number of tubes 404 and 406 exposed to the flow of gas 416 and 418.
This decreases the surface area available for the transfer of vapor to the gas and thus
decreases the relative humidity of the output gas. In some of these implementations, both the
tubes 404 and 406 are exposed to gas flow when the gas flow rates are above a threshold, and
the tubes 404 are obstructed by the valve 410 at rates below the threshold. The threshold may
be about 8 L/min, 20 L/min, 30 L/min, 40 L/min or any other suitable flow rate. The change
in the number of tubes 404 and 406 exposed to gas flow can be done by sliding the valve 410
along the axis 450. The sliding of the valve 410 can be done manually by a user or
automatically by an electronic control system. In some implementations, when the valve 410
is set so that all the tubes 404 and 406 are exposed to the flow of gas 416 and 418, the
effective area for humidification is about 100 square centimeters, and when the valve 410 is
set so that tubes 404 are obstructed by valve 410, the effective area for humidification is
about 50 square centimeters. Since the humidity of the output gas tends to drop as the rate of
flow of gas 416 and 418 through the housing 402 increases, allowing more tubes to be

exposed to the flow of gas 416 and 418 at higher flow rates can counteract this drop in
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humidity. In contrast, the relative humidity of the output gas tends to rise as the rate of gas
flow through the housing 402 decreases. Therefore, reducing the number of tubes 404 and
406 exposed to the gas flow using the valve 410 can reduce the humidity of the output gas
which can prevent excess humidity from causing condensation. Thus a single vapor transfer
unit 400 can be used to provide adequate humidity at both low and high flow rates using the
valve 410.

[0057] Although the humidity of the output gas of the vapor transfer unit 400 is controlled
by controlling the flow of gas 416 and 418 through the tubes 404 and 406, in some
implementations, the humidity of the output gas is controlled by changing the number of
tubes 404 and 406 exposed to the flow of liquid 420. For example, in some implementations,
the number of tubes 404 and 406 that are exposed to the flow of the liquid 420 can be altered
using a valve (not shown). The valve allows the user to select whether the liquid 420
entering the liquid inlet 414 is admitted on both sides of the divider 408. The divider 408
allows the flow of the liquid 420 around the tubes 406 to be isolated from the flow of the
liquid 420 around the tubes 404. The number and type of exposed tubes can be varied by use
of the valve. In a first position, the valve can allow the liquid 420 to flow around the tubes
406. In a second position, the valve can allow liquid 420 to flow around the tubes 406 and
408. When only the tubes 406 are exposed to the flow of liquid 420 and both the tubes 404
and 406 are exposed to gas flow, only half of the output gas is humidified. When the tubes
404 and 406 are both exposed to the flow of liquid 420, all of the output gas is humidified.
Thus, by changing the number of tubes 404 and 406 exposed to the flow of the liquid 420, the
humidity of the output gas can be controlled.

[0058] FIG. 5 shows a perspective view of the valve 410 of the vapor transfer unit 400 of
FIGS. 3 and 4. The valve 410 includes a valve body 602 and a tab 604. The valve body
includes notches 606, 608, and 610 and corresponding labels 612, 614, and 616, respectively.
The labels 612, 614, and 616, indicate the relative humidity of the output gas of the vapor
transfer unit 400 that is achieved when the valve 410 is set such that the notches 606, 608, or
610 are aligned with the bottom rim 456 of the housing 402 of vapor transfer unit 400.
Aligning the notches 606, 608, and 610 with the bottom rim 456 of the housing 402 leaves
open a cross section of the lower end portion 402b of the housing 402, such as cross section
430 in FIG. 4.

[0059] In use, the tab 604 is manipulated by a user to adjust the area of the valve body 602
that is used to obstruct gas flow. A user may select a desired humidity level and move the

valve 410 to the position corresponding thereto using the labels 612, 614, and 616. For
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example, to select a desired relative humidity of 75%, the notch 606 would be aligned with
the bottom rim 456 of the vapor transfer unit 400 as shown in of FIG. 4, leaving exposed a
cross section 430 of the lower end portion 402b of the housing 402. The area 428 obstructed
by the valve 410 is increased (to decrease the humidity) by pressing the tab 604 until the
notch with the desired humidity level aligns with the bottom rime 456 of the housing 402.
The area 428 obstructed by the valve 410 can similarly be decreased (to increase the
humidity) by pulling the tab 604 to displace the valve 410 away from the housing 402. As
the area obstructing gas flow decreases, more bypassed gas is mixed into the gas output, and
the humidity level of the gas output drops. Thus, by positioning the notches 606, 608, and
610, the valve 410 allows precise manual control of the humidity levels of the output gas.
Although the notches 606, 608, and 610 indicate relative humidity levels of 75%, 50%, and
25%, the valve may be marked with any suitable number of notches to indicate any suitable
relative humidity level, including relative humidity levels over 75%. For example, the
relative humidity levels indicated on the valve 410 can include 80%, 90%, 95%, 99%, and
nearly 100%. In some implementations, the valve 410 may be automatically controlled. For
example, the valve 410 can be actuated by an electromechanical control system. The
electromechanical control system can use a humidity sensor to monitor the humidity of the
output gas and adjust the valve 410 accordingly.

[0060] While the valve 410 of vapor transfer unit 400 is a sliding valve, other valve
configurations can be used. FIG. 6 shows a vapor transfer unit 700 having a rotating valve
708 for selectively obstructing tubes 716 and 718, according to certain implementations. The
vapor transfer unit 700 includes the rotating valve 708 and a housing 702 having a
longitudinal axis 701, a first end portion 704, and a second end portion 706 opposite the first
end portion 704. Disposed within the housing 702 are a first group of porous tubes 716 and a
second group of non-porous tubes 718, each tube extending longitudinally within the housing
702 along the longitudinal axis 701. In some implementations, the tubes 718 are porous, but
liquid is prevented from contacting the tubes 718 to prevent humidification of gas passing
therethrough. The rotating valve 708 includes atab 712, arim 710, and a cover 714. The
cover 714 prevents gas flow 720 from passing through the subset of tubes behind the cover
714 (not shown). The rim 710 of the rotating valve 708 is coupled to the second end portion
706 of the housing 702. The coupling between the rotating valve 708 and the second end
portion 706 of the housing 702 allows the rotating valve 708 to rotate relative to the housing
702 about the longitudinal axis 722, as indicated by the arrow 713. The tab 712 is used to
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rotate the rotating valve 708 and thereby change the subset of tubes obstructed by the cover
714. The tab 712 can be rotated manually or automatically by an electronic control system.
[0061] In use, gas 720 flows through the vapor transfer unit 700 from the second end
portion 706 towards the first end portion 704 along the longitudinal axis 722. The gas 720
flows through the interior of the tubes 716 and 718 that are not obstructed by the cover 714.
The gas that flows through the porous tubes 716 exits the vapor transfer unit 700 as
humidified gas 721, while the gas that flows through the non-porous tubes exits the vapor
transfer unit as bypassed gas 722. Rotating the rotating valve 708 about the longitudinal axis
701 changes the subset of tubes that are obstructed (not shown) and can change the ratio of
unobstructed porous tubes 716 to unobstructed non-porous tubes 718. The ratio of
unobstructed porous tubes 716 to unobstructed non-porous tubes 718 determines the amount
of bypassed gas 722 that is mixed with humidified gas 721 to form the output gas (not
shown). Thus, by rotating the valve 708, the relative humidity of the output gas can be
controlled.

[0062] FIGS. 7-11 show bottom views of the vapor transfer unit 700 of FIG. 6 having the
rotating valve 708 positioned in various orientations. In FIG. 7, the rotating valve is
positioned so that the cover 714 completely obstructs flow through the non-porous tubes 718
(not shown). As a result, all the gas passing through the vapor transfer unit 700 would be
humidified. Thus the output gas can have a relative humidity of about 100%. In FIG. 8, the
valve 708 has been rotated by an angle 902 relative to the position in FIG. 7. As a result, gas
flow is allowed through some of the non-porous tubes 718. Thus, a fraction of the gas
passing through the vapor transfer unit 700 is not humidified and exits as bypassed gas. In
FIG. 8, the ratio of unobstructed porous tubes 716 to unobstructed non-porous tubes 718 is
about 19. In other words, about 95% of the gas passing through the vapor transfer unit 700 is
humidified while 5% is bypassed. The mixture of the small percentage of bypassed gas
slightly lowers the relative humidity of the gas output in FIG. 8 relative to FIG. 7. In FIG. 9,
the valve 708 has been rotated relative to FIG. 8 to expose more non-porous tubes 718. The
ratio of unobstructed porous tubes 716 to unobstructed non-porous tubes 718 is about 9.
Therefore, about 90% of the gas passing through the vapor transfer unit 700 is humidified
while 10% is passed as bypassed gas. The mixture of more bypassed gas in FIG. 9 relative to
FIG. 8 reduces the relative humidity of the output gas in FIG. 9 relative to FIG. 8. In FIG.
10, the valve has been rotated even further than in FIG. 9. As aresult, the ratio of
unobstructed porous tubes 716 to unobstructed non-porous tubes 718 is lower still, about 5.7.

The output gas in FIG. 10 is about 85% humidified gas and 15% bypassed gas. Finally, FIG.
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11 shows the valve 708 in the position in which the gas output has the lowest humidity
possible with the particular valve configuration depicted. In FIG. 11, the ratio of
unobstructed porous tubes 716 to unobstructed non-porous tubes 718 is 5 and the output gas
is about 80% humidified gas and 20% bypassed gas. Thus, FIGS. 7-11 show that, various
output relative humidity levels can be achieved by rotating the valve 708 relative to the vapor
transfer unit 700.

[0063] FIGS. 12-16 show bottom views of a vapor transfer unit 1300 having a rotating
valve 708, according to certain implementations. The vapor transfer unit 1300 includes
porous tubes 1316. Unlike the vapor transfer unit 700 depicted in FIGS. 6-11, the vapor
transfer unit 1300 does not include non-porous tubes. Instead, the vapor transfer unit 1300
includes a blocked section 1318 which does not admit the flow of gas. In FIG. 12, the valve
708 1s positioned to allow gas flow through all or nearly all of the tubes 1316. Therefore, the
position of the valve 708 in FIG. 12 corresponds to the maximum humidification possible
using the vapor transfer unit 1300 having the particular design depicted in FIGS. 12-16. In
some implementations, when the valve 708 is in the position depicted in FIG. 12, the
effective area available for vapor transfer is 100 square centimeters.

[0064] In FIG. 13, the valve 708 has been rotated to expose some of the blocked section
1308 and to obstruct a portion of the porous tubes 1316. As a result, the total number of
tubes 1316 exposed to the flow of gas through the vapor transfer unit 1300 is reduced in FIG.
13 relative to FIG. 12. In FIG. 13, about 95% of the tubes 1316 disposed within the vapor
transfer unit 1300 are exposed to gas flow. In FIG. 14, the valve 708 is positioned so that
90% of the tubes 1316 are exposed to the flow of gas. In FIG. 15, the valve 708 is positioned
so that 85% of the tubes 1316 are exposed to the flow of gas. Finally, 80% of the tubes 1316
are exposed to the flow of gas in FIG. 16. Thus, by rotating the valve 708, varying amounts
of porous tubes 1316 can be exposed to the flow of gas. At low flow rates, gas passes more
slowly through the tubes 1316 and has more time for humidification to occur. If the flow
rates are below a certain rate (e.g., 30 L/min, 20 L/min, 8 L/min, or another similar flow rate),
the output gas may become excessively humid and cause condensation downstream in the
circuit when the output gas cools slightly. To counteract this effect, the valve 708 can be
rotated to reduce the number of tubes 1316 exposed to the flow of gas. As aresult, the output
gas can be prevented from reaching excessive levels of humidity.

[0065] At high flow rates, the gas passes through the porous tubes 1316 more rapidly,
allowing less time for humidification. As a result, the output gas may have lower humidity

levels at higher flow rates (e.g., >8 L/min, >20 L/min, >30 L/min, or another similar flow
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rate). Delivering breathing gas having inadequate humidity (e.g., humidity of <99%, <95%,
<90%, <80%, or at some similar humidity level) can cause patient discomfort at high flow
rates due to drying of a patient’s respiratory tract. To prevent the humidification at high flow
rates from being reduced, the valve 708 can be positioned to allow gas flow through a high
percentage of or all of the porous tubes 1316. Thus by adjusting the total number of tubes
1316 exposed to gas flow, the humidity of the output gas can be controlled to prevent
condensation at low flow rates and to prevent inadequate humidification at high flow rates.
[0066] FIG. 17 shows an exploded view of a vapor transfer unit 1900 having a rotatable
housing 1908, according to certain implementations. The vapor transfer unit 1900 is similar
to the vapor transfer unit 700 shown in FIG. 6. The vapor transfer unit 1900 includes a
housing 1908 having a longitudinal axis 1950, an upper end 1908a, a lower end 1908b, a low
flow label 1912, a high flow label 1914, and an end cap 1902. The end cap 1902 mates with
the lower end 1908b of the housing 1908 such that the housing 1908 can rotate relative to the
end cap 1902. Disposed within the housing 1908 are a plurality of tubes 1920 and 1930 that
extend longitudinally along the longitudinal axis 1950 of the housing 1908. The tubes 1920
are non-porous and the tubes 1930 are porous. The non-porous tubes 1920 are scattered
among the porous tubes 1930. In some implementations, the ratio of porous tubes to non-
porous tubes is 1:4.

[0067] The end cap 1902 includes a cover 1904, for obstructing the portion of the tubes
1920 and 1930 located behind the cover 1904 and an opening 1906 for admitting gas flow
1903 through the remainder of the tubes 1920 and 1930. The end cap 1902 functions
similarly to the valve 708 in FIG. 6, but the end cap 1902 remains stationary relative to the
humidification system (not shown) while the housing 1908 and tubes 1920 and 1930 rotate.
Since the non-porous tubes 1920 are scattered among the porous tubes 1930, rotating the
housing 1908 and the tubes 1920 and 1930 relative to the end cap 1902 does not significantly
change the ratio of porous tubes 1930 to non-porous tubes 1920 aligned with the opening
1906 of the end cap 1902.

[0068] In use, incoming gas 1901 flows through the tubes 1920 and 1930 that are aligned
with the opening 1906 in the end cap 1902. Meanwhile, liquid (not shown) is circulated
within the housing 1908 between the tubes 1920 and 1930. The liquid transfers vapor to the
gas 1901 as it flows through the porous tubes 1920 that are aligned with the opening 1906 in
the end cap 1902. Since the non-porous tubes 1920 are scattered among the porous tubes
1930, rotating the housing 1908 and the tubes 1920 and 1930 relative to the end cap 1902

does not significantly change the ratio of porous tubes 1930 to non-porous tubes 1920
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exposed to the flow of incoming gas 1903. Thus, the amount of vapor transferred to the gas
1901 and the relative humidity of the output gas 1903 is not significantly affected by rotating
the housing 1908 and tubes 1920 and 1930 relative to the end cap 1902.

[0069] When the housing 1908 is rotated relative to the end cap 1902, the labels 1912 and
1914 are also rotated. An optical sensor 1962 detects the label that is in its line of sight 1960.
Thus, rotating the housing 1908 changes which label is exposed to the optical sensor 1962.
The optical sensor configures the flow settings for the overall humidification system (not
shown) based on the label that is detected. The optical sensor can be a camera, a bar code
scanner, an infrared sensor, or any other suitable sensor. As shown in FIG. 17, the high flow
label 1912 is aligned with the line of sight of 1960 of the optical sensor 1962. As a result, the
optical sensor 1962 detects the presence of a high flow vapor transfer unit and configures the
humidification system for operation at high flow rates. When a high flow vapor transfer unit
is detected, the humidification system may be permitted to operate at higher flow rates than
when a low flow vapor transfer unit is detected. When the labels 1912 and 1914 are rotated
to align the low flow label 1914 with the line of sight 1960 of the optical sensor 1962, the
optical sensor 1962 detects the presence of a low flow vapor transfer unit and configures the
humidification system for operation at low flow rates. By controlling which label is exposed
to the optical sensor 1962, the high flow therapy system can be enabled to use a single vapor
transfer unit 1900 at either the high flow or low flow settings. This enables the vapor transfer
unit 1900 to be retrofitted for use with existing high flow therapy systems that are configured
to operate with separate vapor transfer units for high and low flow.

[0070] FIG. 18 shows an exploded view of a vapor transfer unit 2000 with a rotatable
housing 2008, according to certain implementations. The vapor transfer unit 2000 is similar
to the vapor transfer unit 1900 shown in FIG. 17 and the vapor transfer unit 700 shown in
FIG. 6. The vapor transfer unit 2000 includes a housing 2008 having a longitudinal axis
2050, an upper end 2008a, a lower end 2008b, a low flow label 2012, a high flow label 2014,
and an end cap 2002. The end cap 2002 mates with the lower end 2008b of the housing 2008
such that the housing 2008 can rotate relative to the end cap 2002. Disposed within the
housing 2008 are a plurality of tubes 2020 and 2030 that extend longitudinally along the
longitudinal axis 2050 of the housing 1908. The tubes 2030 are porous and the tubes 2020
are blocked to prevent gas flow. Unlike the scattered non-porous tubes 1920 in vapor transfer
unit 1900, the blocked tubes 2020 are grouped together. In some implementations, the ratio

of porous tubes to blocked tubes is 1:3.
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[0071] The end cap 1902 includes a cover 1904, for obstructing the portion of the tubes
2030 located behind the cover 1904 and an opening 1906 for admitting gas flow 2003
through the remainder of the tubes 2030. (The tubes 2020 are blocked by design, so they do
not require the end cap to block flow through them.) The end cap 1902 functions similarly to
the end cap of FIG. 17. The end cap 1902 remains stationary relative to the humidification
system (not shown) while the housing 2008 and tubes 2020 and 2030 rotate. The blocked
tubes 2020 are grouped in the low flow side 2011 of the housing 2008 labeled with the high
flow label 2012.

[0072] In use, incoming gas 2001 flows through the tubes 2030 that are aligned with the
opening 1906 in the end cap 1902. Meanwhile, liquid (not shown) is circulated within the
housing 1908 between the tubes 2020 and 2030. The liquid transfers vapor to the gas 2001 as
it flows through the porous tubes 2020 that are aligned with the opening 1906 in the end cap
1902. Since the blocked tubes 2020 are grouped on the low flow side 2011 of the housing
2008, when the low flow side 2011 of the housing 2008 is aligned with the opening 1906 in
the end cap 1902, fewer porous tubes 1920 are exposed to the gas flow 2001. In some
implementations, the number of porous tubes 2030 exposed to the flow 2001 at high flow
rates is twice the number of porous tubes exposed to the flow 2001 at low flow rates. The
surface area available for vapor transfer may be 100 square centimeters at high flow rates and
50 square centimeters at low flow rates. While the tubes 2020 are blocked in vapor transfer
unit 2000, in some implementations, the tubes 2020 are non-porous and admit air flow. Thus,
the amount of vapor transferred to the gas 2001 and the relative humidity of the output gas
2003 is significantly lower when the low flow side 2011 of the housing is aligned with the
opening 1906 in the end cap 1902.

[0073] When the housing 2008 and tubes 2020 and 2030 are rotated relative to the end cap
1902, the labels 2012 and 2014 are also rotated. An optical sensor 1962 detects the label that
is in its line of sight 1960 and configures the flow settings for the overall humidification
system (not shown) based on the label that is detected. The optical sensor can be a camera, a
bar code scanner, an infrared sensor, or any other suitable sensor. As shown in FIG. 17, the
high flow label 2012 is aligned with the line of sight of 1960 of the optical sensor 1962. As
aresult, the optical sensor 1962 detects the presence of a high flow vapor transfer unit and
configures the humidification system for operation at high flow rates. Additionally, when the
housing 2008 is so positioned, the tubes on the high flow side 2007 of the housing are
exposed to the flow of gas 2001. When the high flow vapor transfer unit is detected, the
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humidification may be permitted to operate at higher flow rates than when a low flow vapor
transfer unit is detected.

[0074] When the blocked tubes 2020 are aligned with the opening 1906 of the end cap
1902, the low flow label 2008 is positioned in the line of sight 1960 of the optical sensor.
When this occurs, the optical sensor detects the presence of a low flow vapor transfer unit
and configures the humidification system for operation at low flow rates. The configuration
of the humidification system may include a setting for a maximum flow rate for flowing the
gas 2001 through the vapor transfer unit 2020 to prevent inadequate humidification of the
output gas 2003. The labels 2012 and 2014 allow the humidification system to adjust its
settings based on whether the positioning of tubes 2020 and 2030 correspond to the high flow
or low flow configurations. This enables the vapor transfer unit 2000 to be operated at both
high and low flow rates. In some implementations, the optical sensor can detect intermediate
positions between high and low flow rate configurations and can adjust the settings of the
humidification system accordingly.

[0075] FIG. 19 shows illustrative bypass units 2100, 2120, 2140, and 2160 having different
output humidity levels. Bypass unit 2100 includes a first vapor transfer unit 2102 and a
second vapor transfer unit 2104. The first vapor transfer unit includes a gas inlet 2106, a gas
outlet 2108, aliquid inlet 2114, and a liquid outlet 2116. The second vapor transfer unit
includes a gas inlet 2110, a gas outlet 2112, a liquid inlet 2118, and a liquid outlet 2119. The
gas inlet 2110 of the second vapor transfer unit is connected to an upstream end 2101 of the
first vapor transfer unit 2102, and the gas outlet 2112 of the second vapor transfer unit 2104
is connected to a downstream end 2103 of the first vapor transfer unit 2102.

[0076] In use, the gas inlet 2106 of the first vapor transfer unit 2102 is coupled to a gas
source and output gas exits the gas outlet 2108. Gas flowing into the gas inlet 2106 flows
through both vapor transfer units 2102 and 2104 in parallel. At the same time, liquid is
passed into the liquid inlet 2114 and out of the liquid outlet 2116 of the vapor transfer unit
2102, but no liquid is passed through the liquid inlet 2118 of the second vapor transfer unit
2104. As aresult, the gas flowing through the first vapor transfer device 2102 is humidified
while the gas passing through the second vapor transfer device 2104 is not humidified. The
humidified gas from the first vapor transfer unit 2102 and the bypassed gas from the second
vapor transfer unit 2104 mix in the downstream end 2103 of the first vapor transfer unit 2102
to form the output gas. The ratio of gas passed through the first vapor transfer unit 2102 to
the gas passed through the second vapor transfer unit 2104 determines the relative humidity

of the output gas. The vapor transfer unit 2102 has the same number of tubes (not shown)
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disposed within its housing and the same internal flow resistance as does the vapor transfer
unit 2104. Therefore, the amount of gas flow through the first vapor transfer unit 2102 is
about equal to the amount of gas flow through the second vapor transfer unit 2104. As a
result, 50% of the gas flow passing through the bypass unit 2100 is humidified, while 50% of
the gas flow is not humidified. Thus, if the gas passed through the first vapor transfer unit
2012 has a relative humidity of about 100% and the gas passed through the second vapor
transfer unit has a relative humidity of about 0%, then the relative humidity of the output gas
is about 50%.

[0077] The bypass units 2120 and 2140 have configurations similar to the bypass unit 2100,
but each bypass unit 2120 and 2140 includes a different combination of vapor transfer units.
Bypass unit 2120 includes a high flow vapor transfer unit 2122 and a low flow vapor transfer
unit 2124. The low flow vapor transfer unit 2124 has half the number of tubes (not shown)
disposed within its housing as does the high flow vapor transfer unit 2122. Therefore, the
low flow vapor transfer unit 2124 has about twice the flow resistance of the high flow vapor
transfer unit 2122. Thus, the bypass unit 2120 causes two thirds (about 67%) of its gas input
to be humidified and one third (about 33%) of its gas input to bypass humidification. As a
result, the relative humidity of the output gas produced by bypass unit 2140 can be about
67%. Bypass unit 2140 includes a high flow vapor transfer unit 2142 and a low flow vapor
transfer unit 2144. The low flow vapor transfer unit 2144 has a quarter the number of tubes
(not shown) disposed within its housing as does the high flow vapor transfer unit 2142. As a
result, the low flow vapor transfer unit 2144 has about four times the flow resistance of the
high flow vapor transfer unit 2142. As a result, 80% of the gas flow into bypass unit 2140 is
humidified, while 20% of the gas flow bypasses humidification. Thus, by connecting pairs of
individual vapor transfer units, bypass units 2100, 2120, and 2140 can achieve various
relative humidity output levels below 100%.

[0078] FIG. 19 also shows a bypass unit 2160, including a single vapor transfer unit 2162
and a bypass tube 2164. The vapor transfer unit 2162 includes a gas inlet 2166, a gas outlet
2168, aliquid inlet 2174, and a liquid outlet 2176. A first fraction (not shown) of the gas
entering the gas inlet 2166 is passed through the vapor transfer unit 2162 and is humidified
by liquid that enters the liquid inlet 2174. A second fraction (not shown) of the gas entering
the gas inlet 2166 is passed through the bypass tube 2164 and bypasses humidification. The
humidified gas mixes with the bypassed gas in the downstream end 2163 of the vapor transfer
unit 2160 and exits the gas outlet 2168 as output gas. The bypass tube 2164 includes a small

orifice (not shown) having a diameter of 0.040 in (about 1 mm). The orifice causes the
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fraction of the gas flow passed through the bypass tube 2164 to decrease as the flow rate
increases. As aresult, a greater fraction of gas is passed through the bypass tube 2164 at low
flow rates and a smaller fraction of gas is passed through the bypass tube 2164 at low flow
rates. This change in the fraction of bypassed gas in response to flow rate helps to prevent
excessive humidification at low flow rates to prevent or reduce condensation, while not
significantly decreasing humidity at high flow rates.

[0079] The bypass units 2100, 2120, 2140, and 2160 were constructed and tested by
Applicant. A prior art vapor transfer unit (a High Flow Vapor Transfer Cartridge supplied by
Vapotherm, Inc., Exeter, NH), was also tested for comparison. The results of the tests are
shown in FIG. 20. To construct the bypass units 2100, 2120, and 2140, pairs of vapor
transfer units were connected to allow flow communication between the two gas inlet ports
and between the two gas outlet ports of the connected vapor transfer units. Only one of the
two vapor transfer units was supplied with a flow of water while the other vapor transfer unit
had its liquid inlet and liquid outlet sealed.

[0080] Table 1 indicates the configurations of bypass units 2100, 2120, and 2140. The first
column indicates the bypass unit by reference numeral. The second column indicates the
percentage of gas that is humidified and the percentage of gas that bypasses humidification.
The humidification vapor transfer unit column identifies the vapor transfer unit that was
connected to a water source for humidification. The bypassing vapor transfer unit column
indicates the type of vapor transfer unit that was used to bypass the humidification vapor
transfer unit. The high flow vapor transfer units had twice the number of tubes as the low
flow vapor transfer units. Additionally, the low flow vapor transfer unit 2144 used to
fabricate the bypass unit 2140 had 50% of its tubes blocked. Therefore, the low flow vapor
transfer unit 2144 used in the bypass unit 2140 had a quarter the number of available tubes
that the high flow vapor transfer units 2102, 2122, and 2142 had. By connecting the different
pairs of individual vapor transfer units to fabricate the bypass units 2100, 2120, and 2140,

different ratios of percent humidified gas to percent bypassed gas were achieved.
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Table 1: Percent of Humidified Gas for Bypass Units

Bypass Humidified % / Bypass % Humidification Bypassing Vapor Transfer
Unit Vapor Transfer Unit Unit
2100 50% / 50% High Flow High Flow
2120 67% / 33% High Flow Low Flow
2140 80% / 20% High Flow Low Flow with 50% blocked

[0081] The bypass unit 2160 was fabricated using a high flow rate vapor transfer unit 2162
and a bypass tube 2164 having a 0.25 in (6.35 mm) outer diameter. The tube was bonded to
the outside of the vapor transfer unit 2162. The orifice (not shown) was formed by drilling a
0.040 in (1.02 mm) diameter hole into the vapor transfer unit 2162 at the point where the
vapor transfer unit 2162 connects to the bypass tube 2160.

[0082] The humidity data plotted in FIG. 20 was gathered using capacitive humidity sensors
(Sensirion). For each bypass unit and for the prior art vapor transfer unit, humidity was
measured at a distal end of a delivery tube that was connected to the available gas outlet. The
gas flow rate was initially set to 40 L/min, and the vapor transfer units were allowed to reach
steady state. After a steady state was achieved, data logging was initiated, and the flow rate
was reduced by 1 L/min increments every 30 seconds.

[0083] FIG. 20 shows a plot of relative humidity as a function of gas flow rate for the
bypass units 2100, 2120, 2140, and 2160 of FIG. 19 and for a prior art vapor transfer unit.
The x-axis 2202 of the plot represents the total gas flow rate measured in L/min. The y-axis
2204 represents the percent relative humidity of the output gas. The humidity curves 2206,
2208, 2210, 2212, and 2214 correspond to a prior art vapor transfer unit, bypass unit 2160,
bypass unit 2140, bypass unit 2120, and bypass unit 2100, respectively. The humidity curve
2206 of the prior art vapor transfer unit shows that the relative humidity is significantly above
90% for flow rates below 30 L/min, and drops relatively steeply for flow rates in the range of
30-40 L/min. The high relative humidity of the prior art vapor transfer unit at the low flow
rates causes condensation to occur when the output gas cools slightly. The humidity curves
2210, 2212, and 2214 demonstrate more consistent humidity levels than the prior art system.
At low flow rates, the humidity curves 2210, 2212, and 2214 each exhibit a relative humidity
about equal to the percent of the gas that passes through the humidification vapor transfer
unit of the corresponding bypass unit. For example, the humidity curve 2214 initially shows
a relative humidity of about 50%, and the bypass unit 2100, to which the curve corresponds,

passes 50% of its gas flow through the humidification vapor transfer unit (vapor transfer unit
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2102 in FIG. 19). Similarly, the humidity curve 2212 shows a relative humidity of about
70% at low flow rates, and the bypass unit 2120, to which the curve corresponds, passes
about 67% of its gas flow through the humidification vapor transfer unit.

[0084] The relative humidity curves 2206, 2208, 2210, 2212, and 2214 are all downward
sloping because as flow rates increase, the gas passes more quickly through the
humidification vapor transfer unit and has less time to receive humidity. However, the slopes
of the humidity curves 2208, 2210, 2212, and 2214 are shallower than the slope of the
humidity curve 2206. Thus, the bypass units 2100, 2120, 2140, and 2160 achieved more
consistent humidification than the prior art system. The humidity curve 2208, which
corresponds to the bypass unit 2160 having the orifice design, shows the shallowest slope
and, therefore, the most consistent humidity level. The curve 2208 shows a relative humidity
of about 85% relative humidity or lower at low flow rates (e.g., < 15 L/min) and a relative
humidity of between 75% and 80% at flow rates above 35 L/min. At the highest flow rates
measured, about 40 L/min, the humidity curve 2208 shows a relative humidity within about
5% of the relative humidity of the humidity curve 2206 of the prior art system. Thus, the
bypass unit 2160 having the orifice design exhibits a relative humidity at low flow rates low
enough to prevent excessive humidification and condensation, while exhibiting humidity
levels comparable to the prior art system at high flow rates. Thus, the bypass unit 2160
demonstrates that having a bypass passage with an orifice design can achieve acceptable
performance at both high and low flow rates

[0085] The systems, methods, and devices disclosed herein can be incorporated into a
humidification system for a high flow therapy system such as humidification system 2300,
which is schematically represented in FIG. 21. Humidification system 2300 delivers heated
and humidified breathing gas 80 to a patient and includes a base unit 10 and a fluid pathway
module 20. The illustrated base unit 10 includes controls for operating the humidification
system 2300 and is configured to receive breathing gas 50a and 50b, such as medical air and
oxygen, respectively. Alternatively, the controls may be remote from the base unit 10. In
addition, other gases, such as, for example, helium, nitric oxide (INO), or any other suitable
gas or combination of gasses, may be used. When different types of gas are received through
the base unit 10, gases 50a and 50b may be blended by a gas blending device 84, to form
blended gas 60, which is delivered to the fluid pathway module 20. While two different
gases may be used with system 2300, those skilled in the art will recognize that the system
2300 may be used with only one gas, such as, for example air or pure oxygen, in which case

the gas blending device 84 may be omitted.
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[0086] The fluid pathway module 20 is releasably mounted to the base unit 10 and is
configured to receive gas 60 from the base unit 10 and liquid 70 from an external water
source. In an exemplary implementation, liquid 70 received by the fluid pathway module 20
is contained in a reservoir 32 to minimize potential contamination of the base unit 10 and to
prime a pump used to circulate liquid 70. Liquid 70 contained in the reservoir 32 may be
heated by a heat conduction 62 from the base unit 10. A vapor transfer unit 99 is releasably
mounted to the fluid pathway module 20 and combines liquid 70 from reservoir 32 with
blended gas 60 to supply heated and humidified breathing gas 80 to a patient. The vapor
transfer unit 99 includes an apparatus for humidity control, and may be similar to the vapor
transfer units 100, 300, 400, 700, or 1300 or bypass units 2100, 2120, 2140, or 2160
described above. In implementations in which the humidity level is controlled by making
adjustments to the vapor transfer unit 99 (e.g., vapor transfer unit 700), access to the vapor
transfer unit 99 is permitted without requiring removal of the vapor transfer unit 99 from the
base unit 10. The vapor transfer unit 99 allows the humidity level of the humidified
breathing gas 80 to be kept in an acceptable range throughout a wide range of gas flow rates
(e.g., 5 L/min to 40 L/min). At low flow rates, the humidity level of the humidified breathing
gas 80 is kept below levels that would cause condensation. Additionally, the humidity level
of the humidified breathing gas 80 remains high enough at high flow rates to provide
adequate levels of humidity for patient comfort. Thus, by incorporating the vapor transfer
unit 99 for controlling humidity into the system 2300, the humidity of the humidified
breathing gas 80 can be controlled.

[0087] FIG. 22 shows a front perspective view of the humidification system 2300, and FIG.
23 shows a side perspective view of the humidification system 2300, according to certain
implementations. The humidification system 2300 includes the base unit 10, which contains
the controls that operate humidification system 2300 and is configured to operate without
liquid flowing internally through the base unit 10 or being exchanged with the fluid pathway
module 20. In some implementations, the base unit 10 is completely dry so that potential
damage to electronics that control humidification system 2300 and bacterial contamination of
the base unit 10 is minimized.

[0088] The base unit 10 is mountable to a stand 90, such as an IV pole, via mounting
mechanism 95, shown in FIG. 3. In an exemplary implementation, a rear panel 2 of the base
unit 10 includes a bracket 95b and a knob 95a that manipulates the bracket 95b to releasably
secure the base unit 10 to the stand 90. When the knob 95a is rotated, for example, the
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bracket 95b may be tightened or loosened on the stand 90, thereby securing or loosening the
humidification system 2300 with respect to the stand 90.

[0089] The rear of the base unit 10 further includes gas inlet ports with filters, such as port
1a, that are configured to connect to gas supply lines (not shown). The gas supply lines
supply gas (such as medical air and oxygen) from a portable tank, compressor, or wall outlet
into the base unit 10. In an exemplary implementation, gas supplied to the base unit 10 may
be filtered and blended to provide a contaminant-free gas mixture. A gas blending device
(not shown in FIGS. 22 and 23), for example, may be installed within the base unit 10 to
blend gas being supplied into the base unit 10.

[0090] The side of the base unit 10 includes a door 3 that may be slid open or closed to
expose or cover a component receiving portion 19 of the base unit 10. As shown in FIG. 22,
the door 3 may be slid completely closed to cover the component receiving portion 19 from
view. As illustrated in FIG. 23, door 3 is slid open to expose component receiving portion 19
of the base unit 10. When the door 3 is open, the fluid pathway module 20 can be releasably
mounted or removed from the component receiving portion 19, e.g., using a handle 21. A
guide 44 extends from the side of component receiving portion 19 to align and secure fluid
pathway module 20 to base unit 10. FIG. 23 shows the fluid pathway module 20 partially
installed on base unit 10.

[0091] When fluid pathway module 20 is mounted to the base unit 10, the fluid pathway
module 20 is positioned to receive gas from the base unit 10. A gas outlet (not shown) of
base unit 10 engages a gas inlet (not shown) of fluid pathway module 20 to form an airtight
channel through which gas, received through the inlet port 1a, may be transferred to fluid
pathway module 20. The fluid pathway module 20 is also configured to receive liquid from a
liquid supply line 75 via liquid inlet 24. Liquid may be supplied to the fluid pathway module
20, for example, via a sterile water bag (not shown) that is suspended above the
humidification system 2300. The sterile water bag may be punctured by a tube spike (not
shown), with water being gravity fed from the water bag into the fluid pathway module 20
via a liquid supply line 75. An exemplary tube spike is disclosed in U.S. Patent No. 7,654,507
owned by the Assignee of the present application, which is incorporated herein in its entirety
by reference. Liquid is stored within the reservoir 32 (shown schematically in FIG. 21) in
fluid pathway module 20 that is provided to receive liquid from the water bag as well as
recirculated liquid. The liquid in fluid pathway module 20 does not flow through base unit
10. Liquid contained in the fluid pathway module 20 is vaporized in the vapor transfer unit

99 and combined with gas from the base unit 10 to generate the humidified breathing gas. As
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shown in FIG. 23, a delivery tube 85 is releasably coupled to a breathing gas outlet 25 of the
fluid pathway module 20 to deliver humidified breathing gas to the patient.

[0092] As further illustrated in FIG. 22, the humidification system 2300 has a front panel 4
that includes a display panel 5, such as a liquid crystal display (LCD) or a light emitting
diode (LED) display that provides visual indication of user settings and status conditions of
the humidification system 2300. The user settings may include user adjustable settings such
as temperature 6a, flow rate 6b, and oxygen saturation level 6¢ of the breathing gas to be
delivered to the patient. User settings may be adjusted, for example, via a user interface 7.
The user interface 7 includes buttons 8a, 8b, LEDs 9a, 9b, and a knob 11 to adjust and
monitor operating conditions of humidification system 2300. In some implementations, the
user interface may be used to configure the vapor transfer unit 99 for a flow rate without
removing the vapor transfer unit 99 from the base unit. For example, if the vapor transfer
unit 99 includes a valve for obstructing a subset of tubes within the vapor transfer unit 99, the
user interface may allow the user to control the valve and thus change the subset of tubes
obstructed by the vapor transfer unit 99. By configuring the vapor transfer unit 99 for
operation at high and low flow rates while the vapor transfer unit 99 remains inside the
humidification system 2300, a single vapor transfer unit can be used for operation over a
wide range of flow rates. The use of a single vapor transfer unit can prevent the interruption
of therapy associated with switching vapor transfer units in prior art systems when flow rates
are alternated between high and low flow rates.

[0093] FIG. 24 shows an illustrative process 2600 for controlling the humidity of a
breathing gas by obstructing a subset of tubes, according to certain implementations. The
process 2600 may be performed using the vapor transfer unit 400, the vapor transfer unit 700,
the vapor transfer unit 1300, or any other suitable vapor transfer unit. In step 2602, gas is
delivered to a plurality of tubes disposed within a housing. The gas may be delivered at a
high flow rate (e.g., >5 L/min, >8 L/min, >10 L/min, >15 L/min, >20 L/min, >30 L/min, 40
L/min, or any other suitable flow rate). In some implementations, a first group of the tubes
are porous and a second group of the tubes are non-porous. Liquid is directed toward outer
surface of the plurality of tubes in step 2604. In step 2606, the gas flow through a subset of
the plurality of tubes is obstructed. The humidity level of gas output from the vapor transfer
unit is adjusted by adjusting the subset of obstructed tubes in step 2608. In some
implementations, adjusting the subset of obstructed tubes is performed by changing a ratio of
the number of unobstructed porous tubes to the number of unobstructed non-porous tubes

from a first ratio to a second ratio. In certain implementations, the first ratio is greater than

31-



10

15

20

25

30

WO 2016/109294 PCT/US2015/067146

50 and the second ratio is less than 25. In some implementations, adjusting the subset of
obstructed tubes is performed by changing a total number of obstructed tubes. By adjusting
the subset of obstructed tubes, the humidity level of gas output may be controlled.

[0094] FIG. 25 shows an illustrative process 2700 for automatically controlling the
humidity of a breathing gas, according to certain implementations. The process 2700 may be
performed by the vapor transfer unit 100, bypass unit 2160, or any other suitable vapor
transfer unit. In step 2702, gas is delivered to a vapor transfer unit having a vapor transfer
device and a bypass gas passage. Liquid may also be delivered to the vapor transfer device to
humidify the breathing gas. In certain implementations, the vapor transfer device includes a
plurality of hollow fiber membranes for humidifying the breathing gas. A fraction of the
incoming gas is passed through the bypass gas passage in step 2704. The fraction of gas
passed through the bypass gas passage bypasses the vapor transfer device. In step 2706, the
fraction of the gas passed through the bypass gas passage is automatically altered inversely
with a change in the gas flow rate. Thus, when the gas flow rate increases, the fraction of
bypassed gas decreases. Conversely, when the gas flow rate decreases, the fraction of
bypassed gas increases. The internal dimensions of the vapor transfer unit remain fixed as
the flow rate changes. Thus, the change in the fraction of bypassed gas is not achieved by
manipulating a valve, but is a function of the fixed dimensions of the bypass passage.

[0095] In some implementations, passing the fraction of the gas through the bypass gas
passage includes passing gas through a constriction sized so that the fraction of gas received
by the bypass gas passage decreases as the gas flow rate increases. In certain
implementations, the constriction has a diameter of 0.040 in (1 mm). By automatically
altering the fraction of gas that is bypassed, the humidity level of an output gas can be kept
within an acceptable range without the need for human intervention.

[0096] FIG. 26 shows an illustrative process 2800 for controlling the humidity of a
breathing gas, according to certain implementations. The process 2800 may be performed
using the vapor transfer units 100, 300, 400, 700, or 1300 or bypass units 2100, 2120, 2140,
or 2160. In step 2802, a first vapor transfer unit having a gas passage and a liquid passage is
provided. A liquid is delivered to the liquid passage in step 2804. In step 2806, a gas is
delivered to the gas passage. The gas is humidified by delivering vapor from the liquid in the
liquid passage to the gas in the gas passage in step 2808. In step 2810, the humidified gas is
exited from the vapor transfer unit at a gas flow rate greater than 35 liters per minute at a first
relative humidity. In some implementations, the gas is humidified to a high relative humidity

(e.g.. 70%, >70%, >75%, >80%, >85%, >90%, or any other suitable relative humidity). In
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step 2812, the gas flow rate through the first vapor transfer unit is reduced to less than 20
liters per minute, while the relative humidity of the output gas is prevented from exceeding
the first relative humidity by more than a margin, such as 10% relative humidity. The margin
may be any other suitable small value (e.g. 20%, 15%, 12%, 8%, 7%, 6%, or 5% relative
humidity). Preventing the relative humidity of the output gas from exceeding 99.5% may
prevent condensation. By reducing the flow rate while preventing a large change in the
relative humidity of the output, a single vapor transfer unit can be used for therapy at high
and low flow rates to deliver gas at a consistent relative humidity below saturation. The use
of a single vapor transfer unit can thus eliminate or reduce the interruption in therapy caused
by changing vapor transfer units.

[0097] The foregoing is merely illustrative of the principles of the disclosure, and the
systems, devices, and methods can be practiced by other than the described embodiments,
which are presented for purposes of illustration and not of limitation. It is to be understood
that the systems, devices, and methods disclosed herein, while shown for use in high flow
therapy systems, may be applied to systems, devices, and methods to be used in other
ventilation circuits.

[0098] Variations and modifications will occur to those of skill in the art after reviewing
this disclosure. For example, it can be beneficial to heat the gas that bypasses humidification.
Since the humidified gas is heated, mixture with unheated bypass gas could cause a reduction
in the temperature of the output gas depending on the fraction of the gas that is bypassed.
Heating the bypass gas could result in an output gas temperature that does not depend on the
fraction of flow that is bypassed. The disclosed features may be implemented, in any
combination and subcombination (including multiple dependent combinations and
subcombinations), with one or more other features described herein. The various features
described or illustrated above, including any components thereof, may be combined or
integrated in other systems. Moreover, certain features may be omitted or not implemented.
[0099] Examples of changes, substitutions, and alterations are ascertainable by one skilled
in the art and could be made without departing from the scope of the information disclosed
herein.  All references cited herein are incorporated by reference in their entirety and made

part of this application.
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We Claim:
1. A vapor transfer unit for humidifying breathing gas, the vapor transfer unit comprising:

a housing having a gas inlet and a gas outlet;

a plurality of tubes disposed within the housing and each defining a passage for a flow
of gas from an upstream end of the passage to a downstream end of the passage;

a valve positionable between a first position and a second position;

wherein the valve obstructs the flow of gas through a first subset of the plurality of
tubes when in the first position; and

wherein the valve obstructs the flow of gas through a second subset of the plurality of

tubes, different from the first set, when in the second position.

2. The vapor transfer unit of claim 1, wherein the plurality of tubes comprises a first group
and a second group, wherein tubes of the first group are porous and tubes of the second group

are non-porous.

3. The vapor transfer unit of claim 1 or 2, wherein the first position corresponds to a first ratio
of unobstructed porous tubes to unobstructed non-porous tubes, and wherein the second
position corresponds to a second ratio of unobstructed porous tubes to unobstructed non-

porous tubes.

4. The vapor transfer unit of claim 3, wherein the first ratio is greater than the second ratio.

5. The vapor transfer unit of claim 4, wherein the first ratio is greater than about 50 and the

second ratio 1s less than about 25.

6. The vapor transfer unit of any one of claims 1-5, wherein a first number of tubes included

in the first subset is greater than a second number of tubes included in the second subset.

7. The vapor transfer unit of any one of claims 1-6, wherein the valve is positionable to a
plurality of intermediate positions, wherein the plurality of intermediate positions is between

the first and second positions.

8. The vapor transfer unit of any one of claims 1-7, wherein the gas inlet is positioned to

direct gas to the upstream end of each of the passages of the tubes.
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9. The vapor transfer unit of any one of claims 1-8, wherein the gas outlet is positioned to

direct gas from the downstream end of each of the passages of the tubes.

10. The vapor transfer unit of any one of claims 1-9, wherein the housing further comprises:
a liquid inlet positioned to direct liquid toward outer surfaces of the tubes; and

a liquid outlet positioned to direct liquid from the housing.

11. The vapor transfer unit of any one of claims 1 and 3-10, wherein the plurality of tubes
comprises a first group and a second group, wherein tubes of the first and second groups are

porous.

12. The vapor transfer unit of any one of claims 2-11, wherein the second group of tubes is

configured to prevent liquid from contacting outer surfaces of tubes of the second group.

13. A method for humidifying a breathing gas using a vapor transfer unit, the method
comprising:

delivering breathing gas to a plurality of tubes disposed within a housing;

directing liquid toward outer surfaces of the plurality of tubes;

obstructing gas flow through a subset of the plurality of tubes; and

adjusting a humidity level of gas output from the vapor transfer unit by adjusting the

subset of obstructed tubes.

14. The method of claim 13, wherein a first group of the tubes are porous and a second group

of the tubes are non-porous.

15. The method of claim 13 or 14, wherein the plurality of tubes comprises a number of
unobstructed porous tubes and a number of unobstructed non-porous tubes; and

wherein adjusting the subset of obstructed tubes comprises changing a ratio of the number of
unobstructed porous tubes to the number of unobstructed non-porous tubes from a first ratio

to a second ratio.

16. The method of claim 15, wherein the first ratio is greater than 50 and the second ratio is

less than 25.
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17. The method of any one of claims 13-16, wherein adjusting the subset of obstructed tubes

comprises changing a total number of obstructed tubes.

18. The method of any one of claims 13-17, wherein the gas is delivered at a flow rate of

greater than 8 liters per minute.

19. The method of any one of claims 13-18, wherein liquid is directed to outer surfaces of a
first group of the plurality of tubes and is not directed to outer surfaces of a second group of

the plurality of tubes.

20. A system for humidifying breathing gas, the system comprising:
a housing having a liquid inlet, a liquid outlet, a gas inlet, and a gas outlet;
a vapor transfer compartment disposed within the housing and having:
a first gas passage coupling the gas inlet to the gas outlet;
a liquid passage coupling the liquid inlet to the liquid outlet; and
a porous membrane separating the first gas passage and the liquid passage; and
a bypass gas passage disposed within the housing and coupling the gas inlet to the gas
outlet, the bypass gas passage comprising a constriction and being configured to receive a
fraction of the gas received by the gas inlet;
wherein the constriction is sized so that the fraction of gas received by the bypass

passage decreases as a rate of gas flow into the gas inlet increases.

21. The system of claim 20, wherein a cross-sectional area of the constriction is fixed.

22. The system of claim 21, wherein the porous membrane comprises a plurality of hollow

fiber membranes.

23. The system of claim 22, wherein the first gas passage is defined by internal walls of the

plurality of hollow fiber membranes.

24. The system of claim 23, wherein the liquid inlet is formed in the housing and is
positioned to direct liquid toward outer surfaces of the hollow fiber membranes and the liquid

outlet is positioned to direct liquid from the housing.
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25. A method for humidifying a breathing gas using a vapor transfer unit, the method
comprising:

delivering gas to a vapor transfer unit having a vapor transfer device and a bypass gas
passage, wherein the gas is delivered at a gas flow rate;

passing a fraction of the gas through the bypass gas passage; and

automatically altering the fraction of the gas passed through the bypass gas passage

inversely with a change in the gas flow rate.

26. The method of claim 25, further comprising maintaining fixed internal dimensions of the

vapor transfer unit.

27. The method of claim 25 or 26, wherein passing the fraction of the gas through the bypass
gas passage comprises passing gas through a constriction, wherein the constriction is sized so
that the fraction of gas received by the bypass gas passage decreases as the gas flow rate

mcreases.

28. The method of any one of claims 25-27, further comprising delivering liquid to the vapor

transfer device.
29. The method of claim 28, wherein the vapor transfer device includes a first gas passage
and a liquid passage, and wherein the gas is delivered to the first gas passage and the liquid is

delivered to the liquid passage.

30. The method of claim 29, wherein the vapor transfer device comprises a plurality of

hollow fiber membranes.

31. The method of claim 30 wherein delivering the liquid comprises directing liquid toward

outer surfaces of the plurality of hollow fiber membranes.

32. The method of any one of claims 25-31, wherein the gas is delivered at a flow rate of

greater than or equal to about 8 liters per minute.
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33. The method of any one of claims 25-32, wherein the gas is delivered at a flow rate of

greater than or equal to about 30 liters per minute.

34. The method of any one of claims 25-33, further comprising:

exiting output gas from the vapor transfer unit at an initial relative humidity and at an
initial flow rate;

increasing the gas flow rate from the initial flow rate to a second flow rate;

automatically decreasing the fraction of the gas passed through the bypass passage at
the second flow rate;

exiting the output gas at the second flow rate and at a second relative humidity.

35. The method of any one of claims 25-35, further comprising:

exiting output gas from the vapor transfer unit at an initial relative humidity and at an
initial flow rate;

decreasing the gas flow rate from the initial flow rate to a second flow rate;

automatically increasing the fraction of the gas passed through the bypass passage at
the second flow rate;

exiting the output gas at the second flow rate and at a second relative humidity.

36. The method of claim 34 or 35, wherein the second relative humidity is within 10%

relative humidity of the first relative humidity.

37. The method of any one of claims 34-36, wherein the initial flow rate differs from the

second flow rate by about 10 L/min or more.

38. A method for humidifying a breathing gas using a vapor transfer unit, the method
comprising:

providing a first vapor transfer unit having a gas passage and a liquid passage;

delivering a liquid to the liquid passage;

delivering a gas to the gas passage;

humidifying the gas by delivering vapor from the liquid in the liquid passage to the
gas in the gas passage;

exiting the humidified gas outside the vapor transfer unit at a first relative humidity

and at a gas flow rate greater than about 35 liters per minute; and
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reducing the gas flow rate through the first vapor transfer unit to less than about 20
liters per minute, while preventing the relative humidity of the humidified gas exiting the
vapor transfer unit from exceeding the first relative humidity by more than a margin;

wherein the margin is about 10% relative humidity or less.

39. The method of claim 38, further comprising passing a fraction of the gas through a bypass

passage parallel to the gas passage.

40. The method of claim 38 or 39, further comprising automatically altering the fraction of

the gas passed through the bypass passage inversely with a change in the gas flow rate.

41. The method of any one of claims 38-40, further comprising:
obstructing gas flow through a portion of the gas passage; and
adjusting the relative humidity by changing the portion of the gas passage that is

obstructed.

42. The method of any one of claims 38-41, wherein delivering the gas to the gas passage
further comprises delivering gas to a plurality of hollow fiber membranes disposed within the

gas passage.
43. The method of any one of claims 38-42, wherein delivering the liquid to the liquid
passage further comprises directing liquid toward outer surfaces of the plurality of hollow

fiber membranes.

44. The method of any one of claims 38-43, wherein the margin is about 8% relative

humidity.

45. The method of any one of claims 38-44, wherein the margin is about 6% relative

humidity.

46. The method of any one of claims 38-45, wherein the margin is about 4% relative

humidity.
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47. The method of any one of claims 38-46, wherein the first relative humidity is less than

about 95% relative humidity.

48. The method of any one of claims 38-47, wherein the first relative humidity is less than

about 85% relative humidity.

49. The method of any one of claims 38-48, further comprising automatically increasing the
fraction of the gas passed through the bypass passage in response to the reduction in the gas

flow rate.

50. A system for humidifying breathing gas, the system comprising:

a housing having a gas inlet and a gas outlet;

a plurality of tubes disposed within the housing and each defining a passage for a flow
of gas from an upstream end of the passage to a downstream end of the passage; and

aliquid inlet positioned to direct liquid toward outer surfaces of the tubes;

wherein the plurality of tubes comprises a first group of tubes and a second group of
tubes;

and wherein tubes of the first group are porous.

51. The system of claim 50, wherein tubes of the second group are non-porous.

52. The system of claim 50, wherein tubes of the second group are porous.

53. The system of any one of claims 50-52, wherein tubes of the first group are configured to

contact the liquid, and wherein tubes of the second group are configured to be separate from

the liquid.

54. The system of any one of claims 50-53, wherein a number of tubes included in the first

group is greater than a number of tubes included in the second group.

55. The system of any one of claims 50-54, wherein a number of tubes included in the first

group is greater than or about equal to three times a number of tubes included in the second

group.
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