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APPARATUS AND METHOD FOR CLEANING PASSAGEWAYS SUCH AS
ENDOSCOPE CHANNELS USING FLOW OF LIQUID AND GAS

This application is being filed on 29 September 2009, as a PCT
International Patent application in the name of Princeton Trade & Technology,
Inc., a U.S. national corporation, applicant for the designation of all countries
except the US, and Mohamed Emam Labib, a citizen of the U.S., Ching-Yue Lai,
a citizen of Taiwan, R.O.C., and Yacoob Tabani, Ziye S. Qian, Stanislav S.
Dukhin, and Joseph J. Murawski, all citizens of the U.S., applicants for the
designation of the US only, and claims priority to U.S. Utility patent application
Serial No. 12/286,747, filed September 30, 2008.

Cross-reference to related applications

[0001] This application is related to U.S. Patent Application Serial No. 12/286,749
-~that was filed with the United States Patent and Trademark Office on September
30, 2008, the entire disclosure of which is incorporated herein by reference.

Field of the Invention

[0002] Embodiments of the invention pertain to the cleaning of passageways

such as in medical instruments such as endoscopes.

Background of the Invention

[0003] Medical instruments such as endoscopes and other luminal devices,
having long narrow passageways, generally have to be cleaned between uses.
Current cleaning methods for cleaning the interiors of long narrow passageways
include single-phase liquid flow followed by single-phase gas flow, with the
single-phase gas flow mostly used for drying. Use of mixed-phase flow has been
disclosed in patent such as 6,027,572 and 6,857,436 and 6,454,871 all to Labib,
in a flow regime such that gas-driven droplets of liquid strike contaminants and
dislodge them. However, in some situations as in flexible endoscopes, there are
pressure limitations which make it impossible or unlikely for gas-driven droplets to
form or if formed, their concentration is very low and their velocity is too small to
attain sufficient momentum to dislodge contaminants by impact of droplets. A
different regime of cleaning has been disclosed in patent 4,781,764 to Leenaars,
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which has used surface tension forces at a moving interface between solid and
liquid and gas to remove contaminants from an externally-facing surface of a flat
plate. Leenaars’ contaminants were inorganic, not biologically adhered, and the
motion needed to effect cleaning was relatively slow. US patent 5,279,799 to
Moser discloses limited use of liquid and gas flow separately in cleaning
endoscopes. There is industrial literature of two-phase liquid and gas flow but
usually involving a wall which remains wet during the two-phase flow. In these
respects and also in other respects, there remains room for improvement in both
results and ease of performing cleaning.

Summary of the Invention

[0004] In an embodiment of the invention, there is provided an apparatus capable
of supplying to an internal passageway a flow of liquid and gas such that the
liquid flowrate and the gas flowrate have a desired relationship with each other.
The relationship may be appropriate to produce a desired flow regime such as
rivulet droplet flow on the internal surface in at least some of the passageway.
The relationship may be specific to a particular inside diameter and length of the
passageway. Embodiments of the invention may be capable of providing liquid
flow and gas flow at appropriate parameter values suitable to achieve
meandering rivulet flow or fragmenting rivulet flow or both in at least some
portions of a length of a passageway. In an embodiment of the invention, there
may be provided apparatus appropriate to deliver a perimeter-normalized liquid
flowrate of between 1 and 5 milliliters per minute per millimeter of perimeter of the
passageway.

[0005] In an embodiment of the invention, there may be provided a cleaning liquid
that creates high advancing contact angle of 50 degrees or higher and receding
contact angle of more than 0 degree to allow the formation of the rivulets and of
the rivulet droplet flow as described herein. In embodiments of the invention,
there may be provided surfactants and other ingredients in the cleaning liquid
such that three phase contact line can be formed during the liquid droplet flow to
create detachment forces for the purpose of cleaning the surface of the
passageway.
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[0006]

[0007]

[0008]

[0009]

[0010]

In an embodiment of the invention, there may be provided apparatus
capable of causing motion of three phase contact interfaces along internal
surfaces of a passageway suitably to clean the surfaces. In embodiments of the
invention, there may be provided apparatus such that individual patches of
surface of the internal surface of the passageway are sometimes wetted by
moving liquid entities and in between such wettings, those same surfaces de-wet
or become dry.

In an embodiment of the invention, there may be provided an apparatus
capable of supplying to an internal passageway a flow of liquid and gas such that
the liquid flowrate has a desired variation as a function of time. The variation as
a function of time may be appropriate to produce a desired cleaning action.

In an embodiment of the invention, the apparatus may be capable of
supplying liquid flow and gas flow to a passageway to be cleaned, such that the
liquid flowrate and the gas flowrate are both substantially constant, and the
apparatus may also be capable of supplying liquid flow and gas flow such that at
least one of the liquid flowrate and the gas flowrate has a desired variation as a
function of time.

Embodiments of the invention may be capable of providing liquid flowrates
and gas flowrates to specific passageways or channels such that the magnitudes
of the flowrates are unique to the specific passageway or channel or direction of
flow. Embodiments of the invention may be capable of providing liquid flowrates
and gas flowrates to specific passageways or channels such that the
chronologies of the flowrates are unique to the specific passageway or channel or
direction of flow.

Embodiments of the invention may be capable of providing a specific
operating condition conducive to cleaning a first specific potion of a length of a
passageway, and a second different operating condition conducive to cleaning a
second specific potion of the length of the passageway.
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[0011] Embodiments of the invention may be capable of providing liquid flow and
gas flow at appropriate parameter values for an appropriate duration of time so
as to achieve a desired Treatment Number.

[0012] Embodiments of the invention may be capable of providing time-varying
gas flow such that periods of reduced gas flow in one channel occur during
periods relatively large flow in another channel. In embodiments of the invention,
pulsations of gas flowrate in respective channels may be coordinated such that
periods of reduced gas flow in one channel occur during periods relatively large
flow in another channel.

[0013] In an embodiment of the invention, the apparatus may be capable of
performing rinsing using rivulet droplet flow.

[0014] In an embodiment of the invention, there may be provided an apparatus
which measured flowrate of gas delivered, and sets the liquid flowrate responsive

to the measured gas flowrate.

[0015] In embodiments of the invention, liquid and gas flow may be delivered to a
cylinder well such that the liquid and gas distribute themselves among more than
one channel or channel direction in proportions which closely resemble the
proportion delivered to the cylinder well. In embodiments of the invention, there
may be provided an introduction region in which gas flow and liquid flow have
already come together upstream of the actual endoscope channel being cleaned.

[0016] In embodiments of the invention, liquid and gas flow for cleaning can be
delivered to cylinder wells in the control handle of an endoscope. In
embodiments of the invention, liquid and gas flow can be delivered either to the
umbilical end of the endoscope or to cylinder wells in the control handle of the
endoscope, and flow in the control handle section of the endoscope can be in
either direction or any combination of directions for various channels.
Embodiments of the invention can include appropriate valving to accomplish such
flow directions. In an embodiment of the invention, there may be provided an
apparatus which for certain time periods allows the flow of liquid and gas in both
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channel directions from a supply connection, and at other time periods allows the
flow of liquid and gas only in one channel direction from a supply connection.

[0017] An embodiment of the invention may be capable of providing liquid and air
to clean a passageway, wherein the air has been dehumidified, or heated, or
both, with respect to ambient air that has been taken in.

[0018] Embodiments of the invention may include connectors for connecting to
cylinder wells, such that the connector contains an actuator to direct which of
various channels or channel directions receive flow. Embodiments of the
invention include connectors for connecting to cylinder wells, such that dedicated
flowpaths connect to specific channels or channel directions.

[0019] An embodiment of the invention comprises an external washing system
including an eductor having an air intake so as to direct a flow of bubble-

containing liquid at external surfaces of an endoscope.

[0020] Embodiments of the invention may use specific surfactants or types of
surfactants or combinations of surfactants during cleaning with simultaneous
liquid flow and gas flow such as rivulet droplet flow.

[0021] Embodiments of the invention comprise methods involving the use of any
of the described apparatus.

Brief Description of the lllustrations

[0022] Embodiments of the invention are further described in the following
illustrations.
[0023] Figure 1a is an illustration of velocity profiles in a viscous liquid flow that

fills an entire passageway. Figure 1b illustrates local velocities of such a viscous
flow in the vicinity of a contaminant particle attached to the wall. Figure 1c
illustrates, in connection with viscous forces from a sliding liquid entity, velocity
components associated with the sliding liquid entity. Figure 1d illustrates the
sliding liquid entity encountering a contaminant particle.
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[0024] Figure 2a is an illustration of a sliding liquid entity on a solid surface,
surrounded by gas and thereby creating three-phase contact interface. Figure 2b
is a cross-section of Figure 2a illustrating definitions of contact angles. Figure 2¢
illustrates, in connection with surface tension forces, a liquid entity approaching a
contaminant particle. Figure 2d illustrates, in connection with surface tension
related forces, a liquid entity beginning to encounter a contaminant particle.
Figures 2e and 2f illustrate force diagrams for surface tension related forces
exerted by a liquid entity upon a contaminant particle.

[0025] Figure 3a is an illustration of a meandering rivulet on a flat plate, including
an illustration of advancing and receding contact angles due to sideways motion
of the rivulet. Figure 3b is a reproduction of a photograph from a journal article
llustrating meandering rivulet flow of liquid on an inclined flat plate in stationary
gas.

[0026] Figure 4 is an illustration of possible rivulet behavior on an internal surface
of a cylindrical passageway.

[0027] Figure 5a is a schematic illustration of possible appearance of various
forms of sliding liquid entities in a passageway. Figure 5b schematically
illustrates liquid entities as a function of amount of liquid flowrate. Figure 5¢
schematically illustrates liquid entities as a function of position along a
passageway.

[0028] Figure 6a is a collection of actual photographs illustrating fluid conditions

at five positions along the length of a passageway. These are for a liquid flowrate
. which is considered to be less than optimum to achieve cleaning using moving

three-phase contact. Figure 6b is a similar collection of five photographs. These
are for a liquid flowrate which is considered to be appropriate for achieving
cleaning by the described mechanism. Figure 6¢ is a similar collection of five
photographs. These are for a liquid flowrate which is considered to be larger
than optimum for achieving cleaning by the described mechanism.

[0029] Figure 7a is a map of fluid flow conditions as a function of position along
the length of a passageway, and as a function of liquid flowrate. This is for a

6
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passageway having an inside diameter of 0.6 mm. Figure 7b is a similar map for
a passageway having an inside diameter of 1.8 mm. Figure 7c is a similar map
for a passageway having an inside diameter of 2.8 mm. Figure 7d is a similar
map for a passageway having an inside diameter of 4.5 mm. Figure 7e is a
similar map for a passageway having an inside diameter of 6.0 mm.

[0030] Figure 8 is a compilation of information from Figures 7a-e, further

illustrating optimum liquid flowrate for various passageway inside diameters.

[0031] Figures 9a and 9b are illustrations of where conditions suitable for
cleaning do or do not occur under various operating conditions.

[0032] Figure 10a illustrates on one of the flow maps where cleaning with steady-
state inputs is possible and where cleaning with unsteady inputs may be
desirable. Figures 10b through Figure 10e are schematic illustrations of various
possible conditions regarding whether an entire cross-section of a passageway is
or is not entirely wetted. Figure 10b shows a relatively small inside diameter
passageway which is naturally filled with a meniscus. Figure 10c shows a
somewhat larger inside diameter passageway which does not support a
meniscus across its cross-section. Figure 10d shows a relatively large inside
diameter passageway whose cross-section can be filled with liquid on a dynamic
basis. Figure 10e shows the same passageway further along during passage of
a plug, with the leading surface of the plug becoming irregular.

[0033] Figure 11 is a timeline illustrating sequences of events related to creating
passage of three-phase contact by a transient mechanism which is not exactly
meandering rivulets.

[0034] Figure 12 is a schematic illustration of overall features of a typical
endoscope.
[0035] Figure 13a is an overall schematic system diagram of an endoscope

reprocessing apparatus. Figure 13b shows detail around a manifold for
performing cleaning. Figure 13c shows detail related to a patency test. Figure
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13d shows detail related to the basin for cleaning or disinfecting external surfaces
of an endoscope.

[0036] Figure 14 is a time sequencing showing performance of various steps
during the cleaning of an endoscope passageway.

[0037] Figure 15 is a time sequencing showing performance of various steps
during the simultaneous processing of two endoscopes by a single endoscope
reprocessing apparatus.

[0038] Figure 16a illustrates one configuration of valving of the entrances and
exits of certain channels in an endoscope. Figure 16b illustrates another
configuration of valving of the entrances and exits of certain channels in an
endoscope.

[0039] Figure 17 is an illustration of a feedback control system for maintaining
desired flow conditions.

[0040] Figure 18a is a block diagram showing a system for supplying two
endoscope channels, with feedback, using two liquid metering pumps. Figure
18b is a block diagram showing a system for supplying two endoscope channels,
with feedback, using one liquid metering pump and a proportional valve.

[0041] Figure 19a is a cross-section of an endoscope showing detail about the
cylinder wells in the control handle. Figure 19b is a cross-sectional illustration of
a fixed-position connector to cylinder well in the control handle of an endoscope,
in which one incoming flowpath joins two directions of one channel in the cylinder
well. Figure 19c is a cross-sectional illustration of a fixed-position connector to a
cylinder well in the control handle of an endoscope, in which two incoming
flowpaths each join two directions of two channels in the cylinder well.

[0042] Figure 20a is a cross-sectional illustration of a fixed-position connector
joining a cylinder well such that the connector has two dedicated incoming
flowpaths each supplying a particular direction of a channel. Figure 20b is a
cross-sectional illustration of a fixed-position connector and cylinder well such

8
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that the connector has four dedicated incoming flowpaths, with the four incoming
flowpaths supplying two directions of two channels.

[0043] Figure 21a, 21b, 21c, 21d are cross-sectional illustrations of a connector
and cylinder well in which the connector is actuated so as to choose a particular
passageway to supply flow to. Figure 21a, 21b, 21c¢, 21d each illustrate different
positions of the actuator-driven component.

[0044] Figure 22a is a top view of a basin with eductors and a flow circuit for
directing flow at external surfaces of an endoscope. Figure 22b illustrates an
eductor which takes in air by virtue of being located near the liquid level of the
basin. Figure 22c illustrates an eductor having an air intake tube. Figures 22d,
22¢ are illustrations of designs of basins and eductors for cleaning the external
surfaces of endoscopes.

[0045] Figure 23 illustrates an experimental set-up for photography.
[0046] Figure 24 is another flow map taken at a different pressure.
[0047] Figures 25a and 25b illustrate data taken using radionuclides.
[0048] Figure 26a and 26b are flow maps with an extra notation.

Detailed Description of the Invention
Flow regimes of liquid and gas flow

[0049] Embodiments of the invention may be designed to create certain flow
regimes within an internal passageway of an endoscope or other medical luminal
instrument, for purposes of removing contaminants from the interior of the
passageway. One previously-used way of dislodging a contaminant is by impact
of a liquid droplet moving at a sufficiently large velocity in a stream of gas.
However, in some situations it is not possible to provide sufficient gas velocity to
create droplets or to create droplets having momentum sufficient to dislodge
contaminants. This limitation may occur, for example, in situations where the

)
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device including the passageway is subject to a pressure limitation which is
relatively low, and/or where the passageway is relatively long, such as in certain
channels of endoscopes. For example, depending on the design of a particular
endoscope and depending on the particular passageway within the endoscope,
the maximum pressure which can be inputted into the passageway may be
limited to 18 psig, or 24 psig, or 28 psig. (One particular channel of some
endoscopes may have pressure limit of 70 psig.) The flow length of the
passageway may be as long as several meters. These parameters in
combination may limit the achievable gas velocities within the passageway. The
presence of debris and contaminants can also reduce achievable gas velocity
within a passageway.

[0050] Therefore, an embodiment of the present invention may use other physical
mechanisms to accomplish cleaning. There are at least two possible physical
mechanisms that can be active in detaching contaminants by the moving three
phase contact line and menisci arising from the sliding motion of rivulets and
surface flow entities formed during the rivulet droplet flow. One mechanism
involves viscous shear, and the other mechanism involves surface tension The
three phase contact line may indicate the interface between solid (surface of
passageway), liquid and air, or in other cases contaminant particle surface, liquid
and air. The meniscus may be defined as a two-dimensional interface of a sliding
entity moving on the wall of the passageway. In addition to these two
mechanisms, it is further believed that still other physico-chemical effects may
also be active helping to accomplish cleaning as well, especially in the presence
of surfactants other components of the cleaning liquid. These mechanisms, for
example, can include dissolution of contaminants or portions of contaminant
particles, and desorption by action of the surfactant.

Viscous forces on contaminant particles

[0051] In regard to viscous shear for removing a contaminant particle, it is
instructive to compare viscous shear forces that might be generated by a
conventional bulk flow of liquid filling an entire passageway, as compared to
viscous shear that might be generated by a sliding liquid entity having three

phase contact line and satisfying the criteria for high advancing contact angle and
10
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non-zero receding contact angle when encountering a particle. The comparison
is illustrated in Figures 1a, 1b, 1c and 1d.

[0052] For a conventional bulk laminar flow of liquid flow through a passageway,
the velocity profile is parabolic as illustrated in Figure 1a. The velocity of the
liquid is zero at the capillary wall and is maximum near the center of the capillary.
The velocity as a function of radial position is given by the following equation.

V(2)=2 U1 Rr-2)"/ Ri] (1)

where V(2) is the velocity of the flow with a distance z from the capillary
wall. U,is one half of the maximum velocity at the center of the flow, and Rt is the
radius of the capillary. In this equation, a represents distance measured away
from the wall. In the immediate vicinity of the wall, where z/ Ri<<1, Equation 1

can further be simplified to give the velocity profile near the wall as
V(2)=(4z/Ry)U, (2)

[0053] For determining hydrodynamic force that can be experienced by a
contaminant particle attached to the wall, one may consider that a represents the
radius of the contaminant particle. The most representative quantity to consider
is the liquid velocity at the outermost point of the contaminant particle whose
dimension is 2a. Thus, the liquid velocity at the outer edge of the contaminant
particle is (8a/Ri)U,. Thus, for a particle which is small compared to the radius of
the capillary, the liquid velocity seen by the point on the particle farthest from the
wall is only a small fraction of the maximum central velocity of the flow. This is
illustrated in Figure 1b.

[0054] A different situation presents itself for flow of a sliding liquid entity attached
to the passageway wall and having a three phase contact line at its leading edge.
It may be considered that the liquid entity advances with a sliding velocity of Us.
It may further be considered that the leading edge of the sliding liquid entity
appears as a wedge, and the wedge moves with a velocity profile V(z) which is
zero at the capillary wall and approaching 1.5 Uy at the top of the wedge. This
situation is described by Pierre-Gilles de Gennes, Francoise Brochard-Wyart,
David Quere, “Capillarity and Wetting Phenomena”, Springer, 2003. Figure 1c

11
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(Figure.6.6 in the de Gennes reference) illustrates the velocity profile within a
sliding wedge. This situation occurs at any point on the sliding wedge, whether
the point is near the tip of the wedge where the wedge is quite thin or further back
from the tip of the wedge where the wedge is thicker. This is illustrated in Figure
1c.

[0055] For purposes of removal of a contaminant particle, the situation of interest
is when the contaminant particle attached to the wall is located within the
approaching wedge at the distance x from contact line when it touches the water
air interface. The smaller the particle is, the smaller the distance x. The mean
velocity of liquid stream affecting particle is about 0.75 Uy because the velocity
on the top of the wedge is 1.5 Ug, and the velocity at the capillary wall is zero.
Figure 1d demonstrates that the liquid velocity which affects attached particles is
at least 0.75 Ug, no matter how small a particle is because for any small particle
there is a distance x to contact line where it touches both surfaces.

[0056] For any given patrticle, it is possible to compare the cleaning effectiveness
of a sliding liquid entity against the cleaning effectiveness of bulk liquid flow, by
comparing the liquid velocity at the edge of the particle for a sliding liquid entity,
against the liquid velocity at the edge of the particle for conventional bulk flow.

This ratio is
V edge (sliding liquid entity) / V edge (bulk flow) = (1.5)(Us/Uo)(R¢/a) (3)

It can be seen that as the particle size represented by “a” becomes small,
the advantage of a sliding liquid entity increases compared to bulk liquid flow.
For example, when comparing with a bulk liquid flow with a maximum velocity of
200 cm/sec (U,=100 cm/sec) in a tube which has aradius of 0.05 cm (Ry), the
three phase contact line of a sliding liquid entity moving with Us=1 cm/sec can
produce a 2 fold increase in detachment force compared to the detachment force
of bulk liquid flow of 1 micron in radius, a 20 fold increase for the particles of 0.1
micron in radius, and a 200 fold increase for the particles of 0.01 micron in radius.

[0057] Thus, it is believed that for whatever are practical values of bulk flow
maximum velocity and practical values of liquid entity sliding velocity, a sliding

liquid entity can bring its velocity very close to the wall at the leading edge of an
12
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advancing wedge of the sliding liquid entity, whereas bulk flow cannot bring its
maximum velocity near the wall. Thus, a sliding liquid entity has an advantage
over bulk flow as far as exerting viscous force on small contaminant particles

attached to the wall. However, it is not wished to be limited to this explanation.

Surface tension forces on contaminant particles

[0058] The second possible mechanism to achieve cleaning uses a mechanism
that involves a moving three-phase interface on the interior surface of the
passageway, i.e., an interface between liquid and gas at a solid surface. This
cleaning mechanism may involve a portion of the surface being wetted by a liquid
entity, and an adjacent portion of the surface being dry or nearly dry. As such an
interface moves, it can generate forces that may act to dislodge contaminants.
Figure 2 schematically illustrates this situation.

[0059] It is believed that as a wet-dry interface moves along a solid surface, the
wet-dry interface can exert a force on elements of the surfaces such as
contaminants which may be adhered to the surface. This force may contribute to
breaking the adhesion such contaminants have with the underlying solid surface
such as by lifting such contaminants away from the underlying solid surface. This
may be termed “capillary flotation.” This can involve moving three-phase contact
interfaces and menisci. (The term “three phase contact interface” may also be
expressed in the literature as “three phase contact line.") However, it is not
wished to be limited to this explanation or to situations where this is the only
cleaning mechanism taking place. For purposes of this discussion, it is intended
that the terms “wet” and “dry” are such as to allow formation of a three-phase
contact interface at the interface between the “wet” region and the “dry” region.

In addition to including a situation of a classical perfectly dry surface, the situation
is also intended to include possible situations where there might be an extremely
thin or intermittent liquid film present, but where the overall behavior displays
characteristics similar to those of a liquid entity moving on a perfectly dry surface.
The dry and wet conditions according to this description may also be expressed
in terms of the advancing contact angle, receding contact angle and residual thin
liquid film remaining after passage df three phase contact line. The term dry or

13
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nearly dry indicates that the thickness of the residual thin liquid film may be
smaller than the dimension of the contaminant present on the surface.

[0060] Figure 2a illustrates a sliding liquid entity on a solid surface. Figure 2b
illustrates definition of advancing and receding contact angles associated with the
sliding liquid entity.

[0061] A mechanism of detachment can be caused by capillary tension forces at
the liquid/air interface when a meniscus forms around a particle (Figures 2c, 2d,
2e and 2f). Figure 2c depicts a contaminant particle attached to a walll being
approached by the contact line of a sliding droplet. Figure 2d shows the moment
when the liquid/air interface touches the particle. Figures 2e and 2f only
represent the vicinity of the particle during the process when capillary force is
induced for two cases, a hydrophilic (8,<90°) particle and hydrophobic particle
(6> 90°). According to this mechanism, touching the particle surface by a |
moving liquid initiates the onset of the capillary force, no matter whether a particle
is hydrophilic or hydrophobic. However, the contact angle of the cleaning liquid
with the particle plays a significant role in the detachment by this mechanism.
Selection of surfactant mixture of the cleaning composition may be tailored to
enhance detachment of contaminants by this mechanism.

[0062] Detachment of a hydrophilic particle: When the particle is hydrophilic, an
aqueous liquid wets the particle surface leading to expanding the contact area at
liquid/particle surface. This is characterized by expansion of the contact area
perimeter ¥ which represents the contact line on the particle surface. The
perimeter movement along the particle surface is accompanied by the
deformation of the liquid surface at particle vicinity which is manifested by
formation of a local meniscus (Fig.2e). In this case, it is sufficient to take into
account the surface tension of the liquid/air interface, i.e., the force which is
directed along the interface). This force exists at any point of the contact line and
has different directions. Assuming the particle wetting is axi-symmetrical and
takes a shape similar to the contact line, we may introduce the local cylindrical
system of coordinate with axial coordinate z and radial coordinate r. The radial
components of local capillary forces cancel each other because of axial
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symmetry. The axial components are the same for any point of the contact line
that yields the total axial capillary force. If the axial force is larger than the
adhesion force, the capillary force will detach the particle. In this case, the

contact angle for particle 6, is less, than 90°.

[0063] Interaction with a hydrophobic particle: When the particle is hydrophobic
(6,>90°) its wetting is suppressed and its penetration into the liquid is small due
to a large value of contact angle as shown in Figure 2f. As a result, the direction
of capillary force is opposite to the one shown in Figure 2e. In this case, the
horizontal component (parallel to wall) of the arising capillary force will cause the
particle to roll and consequently detach from the walll.

[0064] To describe nature of capillary force, the well-known equation for the
attachment of a spherical particle to a rising bubble in flotation can be used. The
capillary force equation for particle attachment to liquid/air interface is provided
by Cristina Gomez-Suarez, et al., Applied and Environmental Microbiology, 67,
2531-2537 (2001), as follows:

F.=2ma o sin¥sin (60—-¥) ()]

where q is the radius of the particle and o is the liquid surface tension. The
capillary force is proportional to the length of contact line 2nasin'¥’ and to the
surface tension. Sin(6—P) arises at the transition from vector F; to its projection
F,. as shown in Figures 2e and 2f. Angle ¥ varies during interaction and, in

particular, takes value corresponding to the maximum of capillary force:

Fe."™*=2nacsin’(0 /2) (m 12<6< ) (5)
Fo"™=2nacsin’[(n—6) /2] (0<0<m /2) (6)
[0065] Capillary detachment force compared with hydrodynamic detachment

force induced by a three phase contact line: The hydrodynamic detachment
force Fj, near sliding three-phase contact line is represented as:

Fy=4.5 nnaUg @)

where n is the liquid viscosity, a is the radius of the particle and Uy is the sliding
velocity of the droplet or surface flow entity. The ratio of hydrodynamic force to
the capillary force can be expressed as follows:
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Fu/ Fo™™ =(2.25 /sin” 6/2 ) Cay ®)

where Cag=nUy/c is the capillary number which is very small. For example,
assuming the sliding velocity Uy, is 5 cm/sec, the liquid viscosity n is 1x1 02
g/cm.sec and the surface tension of the liquid ¢ is 50 .g/s?*(dynes/cm), the
capillary number is about10 Considering the contact angle, the ratio between

hydrodynamic and capillary forces for different 6 and Ug. is included in the
following Table.

Fe."**/F}, in Equation (8)

Uy, cm/sec
0 0.5 5
T 4444 444
/2 2222 222
0 4444 444

Although in some cases capillary detachment force is clearly higher, there are
situations when the hydrodynamic detachment force becomes important. If the
particle contact with liquid/air interface cannot be provided, capillary detachment
force will not be realized. In the meantime, hydrodynamic detachment force will
still be present. Since the sliding velocities of surface flow entities span a wide
range of values, it is believed that both mechanisms may operate together
sometimes or one may dominate over the other depending on the channel
diameters and operating conditions.

[0066] Capillary detachment force compared with bulk liquid flow: The
hydrodynamic detachment force Fy; created by a bulk liquid flow is expressed by
the following equation:

Fi=24nmU(a’/Ry) ©)

where R is the radius of the capillary or small tubing and U, is one half of the
maximum velocity of the liquid flow which occurs at the center of the flow.
Comparison of the detachment forces caused by both bulk liquid flow and

capillary interaction on a particle can be simplified as follows:
Fit/ Fea~12 Ca, (a /Ry) (10)
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where

Ca=n(U,/ o) (11)

Applying the same parameters as used above, viscosity 1 is 1x10-2 cm/s, the
surface tension of water o is50 g/sec?(dynes/cm), and assuming the maximum
bulk liquid velocity is 200 cm/sec (U,=100cm/sec), Ca, is about 0.02. The

hydrodynamic detachment force of liquid flow is order of magnitude weaker than
the capillary detachment force.

[0067] Not wishing to be bound by this explanation, it is believed that both
detachment mechanisms may operate depending on the nature of contaminants
and the operating conditions, including the composition of the cleaning liquid
used according to this invention.

[0068] In this mechanism of detachment, the meniscus formed at the leading
edge of the fragment or drop makes contact with the contaminant and exerts a
capillary force on the contaminant directed at least to some extent away from the
surface of the channel (proportional to the normal component of surface tension
force acting on the effective contact area). This detachment force may be
expected to be a function of the surface tension of the liquid, the size of the
contaminant (contact perimeter) and its wettability (contact angle). This force
may be sufficient to detach the contaminant from the surface depending on the
strength of the adhesive force holding the contaminant to the channel surface. It
is believed that capillary flotation becomes increasingly effective when the
advancing contact angle approaches 90 degrees or greater and the contaminant
particles are below about 10 um, especially below 5 um. It is further possible that
a receding contact angle of a sliding liquid entity or fragments can also geherate
such detachment forces.

[0069] The solid-liquid-gas interface may occur at either an advancing edge of a
liquid entity, i.e., when a dry local region of the surface is becoming wet, or a
retreating edge of a liquid entity i.e., when a wet local region of the surface is
becoming dfy. It is further noted that advancing and receding may generally
coincide with the general direction of flow along a passageway or along the flow
of a rivulet, but also the advancing and receding could also be associated with a
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component of motion transverse to an overall direction of flow along the length of
a passageway. A representative form of transverse motion is meandering as
described elsewhere herein. The motion of the liquid which causes the
advancing or receding contact angle may be either along the general flow
direction of the passageway, or may be perpendicular to the general flow
direction of the passageway, or may be some combination of the two directions.
All of these are illustrated in Figure 2a — 2d and also in Figure 3a.

[0070] When the moving liquid entity provides, through either of these
mechanisms or any combination thereof or any other mechanism, a sufficient
force to detach a contaminant from the wall, the contaminant can then be swept
along by the sliding liquid entity or drop or rivulet. The detached contaminant
may be either moved along by the trailing edge of the liquid entity or may be
captured at the liquid/gas interface of the liquid entity and thereby moved along.
For either of these transport process it may be helpful that the receding contact
angle is non-zero, i.e., the trailing edge of the surface flow entity can not be
dragged out to form a trailing liquid film. The non-zero receding contact angle is
believed to be more important in preventing film formation on the trailing surface
than is the transport mechanism. The role of surfactants in the cleaning liquid is
essential to controlling the advancing and receding contact angles of surface flow
entities on the wall of the passageway. The surface hydrophobicity of the |
passageway also plays a role along with surfactant composition in determining
the contact angle and on deciding the wet-dry condition during rivulet droplet

flow.

Flow regimes

[0071] One particular flow mode which can provide cleaning action is rivulet flow.
In rivulet flow, a significant portion of the liquid can exist attached to the internal
surface of the passageway and able to move in the general direction of the gas
flow. At least some of the liquid can exist in the form of rivulets extending
generally longitudinally along the direction of flow. Portions of the internal
surface of the passageway which are not in actual contact with the rivulet may be
substantially dry.
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[0072] Rivulet flow has been studied in the case of liquid flowing down a smooth
inclined plane under the action of gravity in an environment of stationary gas.
(See for example by P. Schmuki and M. Laso, On the stability of rivulet flow, J
Fluid. Mech. (1990) vol. 215, pp. 125-143). Rivulet pheonomena are also
described in “Meandering rivulets on a plane: a simple balance between inertia
and capillarity?” by Nolwenn Le GRrand-Pitiera, Adrian Daerr, Laurent LIMAT
February 2, 2008 arXiv:physics/0510089v2 [physics.flu-dyn] 7Nov2006; and in
Lawrence Berkeley National Laboratory Paper LBNL 54681, 2004, “Constraints
on flow regimes in wide-aperture fractures” by Teamrat A. Ghezzehei
(http://repositories.cdlib.org/lbnl/LBNL-54681); and in Stream meanders on a
smooth hydrophobic surface, by Takeo Nakagawa and John C. Scott, J. Fluid
Mech. (1984), vol. 149, pp. 89-99; and in Rivulet meanders on a smooth
hydrophobic surface, by T. Nakagawa, Int. J. Multiphase Flow, Vol. 18, No. 3, pp.
455-463 (1992). Most of these references have studied rivulet flow down a flat

inclined plane surrounded by stationary gas.

[0073] Several of these references categorize flow in these situations as having
any of several regimes. Three of the several variables involved are inclination
angle of the plate, and liquid flowrate, and contact angle of the liquid with the
surface. In general, these variables have somewhat related effects which might
be thought of as some indication of increasing energy or activity level. In the
least active situation, which can occur for some combination of low inclination
angle and low liquid flowrate, flow of liquid entities tends to be substantially

straight. This is a stable situation.

[0074] At a somewhat larger liquid flowrate or inclination angle, there begin to be
meandering shape of the liquid flow, which may change shape as a function of
time. A meandering rivulet is illustrated in Figure 3b, taken from the Schmuki

reference.

[0075] The path of such a rivulet is curved in a somewhat irregular shape.
Furthermore, it has been observed that a rivulet of liquid flowing down a smooth
inclined plane can spontaneously “meander” or move in a zig-zag fashion in a
direction perpendicular to the general direction of flow of the liquid, as a function

of time. In other words, the shape of the rivulet changes. The situation may be
19



WO 2010/039736 PCT/US2009/058861

such that the rivulet dynamically changes its position on the surface, possibly in a
somewhat random or unstable manner as shown in Figure 3a. In some situations
it is possible that rivulets meander because of an instability which could be
thought of as resembling the instability of a water-discharging hose whose end is
unsecured, causing the hose to whip around somewhat randomly. This can be
thought of as related to Rayleigh or other type of hydrodynamic instability. Such
a hydrodynamic instability may depend in a complex fashion on the liquid flow
rate, local contact angles (both advancing contact angle and receding contact
angle), liquid viscosity, and incline angle of the flat plate among other things. In
the paper by Grand-Pitiera, it is described that there is a “second critical flowrate
Qc2” above which the shape of the meander is unstable and therefore the shape
of the rivulet dynamically changes.

[0076] For purposes of cleaning interiors of passageways, it is believed that
meandering rivulet flow is useful. In particular, the meandering of rivulets in
which the position changes as a function of time is believed to be useful. Itis
particularly believed to be useful when the surface next to the rivulet is dry,
thereby providing a three-phase contact interface which moves as shown in
Figure 3a. In this case the advancing and receding contact angles play a definite
role regarding whether a rivulet is formed and the shape of the rivulet on the

surface of the passageway.

[0077] Yet another feature of this flow situation is noted in several of the above
references. As the energy or activity level increases still further beyond what has
already been described, there is a regime in which the flow restabilizes and again
basically moves in straight paths or approximately straight paths. Thus, in order
to achieve dynamically meandering rivulets, it is not just a matter that certain
parameters must be above a threshold, but rather the somewhat more
complicated criterion that certain parameters must be above one threshold while
also being below another threshold.

Differences between rivulets on a flat plate and rivulets inside a channel

[0078] The literature referred to is for the situation of liquid flowing down an
inclined flat plate surrounded by stationary gas. Relevant situations for cleaning
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endoscope channels or other luminal medical devices differ from this situation.
The situation of a rivulet flowing in an interior of a horizontal passageway differs
from the flat plate example in several ways. A rivulet on the interior surface of a
passageway is illustrated in Figure 4. One difference is that the passageway
being cleaned may overall be substantially horizontal, which is a typical
orientation of a passageway of an endoscope during cleaning. (This is not the
only possible orientation of a passageway of an endoscope during cleaning; other
possible orientations are discussed elsewhere herein.) Use of a horizontal
orientation would remove the incline which was present in the flat plate situation
as a driving force for forward motion of the liquid. As a substitute driving force for
forward motion of liquid, there may be provided a gas flow inside the passageway
along the length of the passageway. In such a situation, the gas may flow
through the passageway at a velocity that is higher than the velocity of the liquid
entities attached to the internal wall of the passageway, and may thereby exert a
drag force on the liquid entities urging them to flow along the passageway.
Rivulets may move generally along the direction of the gas flow, but due to
meandering, rivulets may also have some variation of their overall position. For
example, rivulets can meander so as to attain some motion along the internal
surface of the passageway in a direction transverse to the direction of the gas

flow.

[0079] Another difference is that, with the interior of the passageway being
curved, in order for a rivulet at the bottom of the passageway (i.e., at the lowest
elevation) to meander transversely to the longitudinal direction of the
passageway, the rivulet would have to gain elevation in order to move
transversely, i.e., it would have to climb the walls of the passageway by working
against the force of gravity. For liquid to gain elevation requires work. Thus, it
may be more difficult for a rivulet to move transversely inside a curved-cross-
section passageway than it would be for a rivulet to simply move transversely on
a flat plate without gaining elevation due to the transverse movement. Yet
another difference is that there may be issues related to whether the passageway
can provide sufficient cross-sectional area for gas flow, or whether a liquid entity
might tend to occupy the entire cross-sectional area of a particular small-diameter
passageway.
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[0080] It is further believed that, in a passageway that is at least somewhat
horizontal, a rivulet which tends to concentrate at the bottom of the passageway
provides sort of a reservoir or source of liquid for generating fragmentary rivulets

-that may climb up the walls of the passageway. It is also believed that when a
rivulet overtakes any other liquid entity so that the liquid entity merges with the
rivulet, the rivulet may provide bulk transport that brings detached contaminants
from the other liquid entity to the main rivulet at the bottom of the passageway.
The main rivulet may thus serve to rapidly transport detached contaminants

through the remaining portion of the passageway and out of the passageway.
Further liquid entities, and conditions

[0081] Various forms of liquid entities and flow regimes are further illustrated in
Figures 5a, 5b and 5c. These include rivulets as discussed but also other liquid
entities as well. Still other liquid entities besides those illustrated schematically in

Figure 5a are also possible.

[0082] A simple meandering rivulet is illustrated as entity 8 of Figure 5a and also
as entity B of Figure 5b. Although some rivulets may remain as a simple
meandering rivulet, there is also the possibility that rivulets, because they involve
instabilities, can fragment or break into sub-rivulets. This is illustrated as entity 6

of Figure 5a, and is illustrated in illustration C of Figure 5b.

[0083] Kinking of a rivulet or subdividing of a rivulet into additional rivulets is also
believed to be a useful cleaning mechanism. In general, multiple rivulets may
sweep more area than a single rivulet. The instability which causes rivulets to
meander may also be at least partly responsible for rivulets breaking into sub-

rivulets.

[0084] The breaking up of rivulets does not have to end with sub-rivulets but can
still further lead a rivulet or a sub-rivulet to break up into a rivulet fragment.
Rivulets or sub-rivulets can further break into isolated threads or “rivulet
fragments.” This is illustrated as entity 4 of Figure 5a, and can also be seen in
illustration D of Figure 5b. These rivulet fragments, although not contiguous with
the main bottom rivulet or meandering segments nevertheless may move along

the internal surface of the tube under the drag force of the flowing gas.
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[0085] It is still further possible that a rivulet, sub-rivulet or rivulet fragment can
further break up into a succession of drops, which may continue to slide along the
surface. This can be referred to as a linear droplet array. This is illustrated as
the group of three of entity 2 in Figure 5a, and can also be seen in illustration D of
Figure 5b. Such drops may exist on the internal surface of the passageway and
may be able to move along the internal surface of the passageway. However, it
is believed that in general rivulets may be able to move at a greater velocity than
isolated droplets and may be able to sweep at a greater velocity than isolated
droplets, and may therefore accomplish cleaning faster than droplets. For
example, rivulets may be more able to sweep the surface with a three-phase
interface in a direction transverse to the overall flow direction, and sub-rivulets or
rivulet fragments may also be able to sweep in the direction of longitudinal
motion. Droplets may move just in the general direction of flow and may sweep
in that direction, but perhaps at a smaller rate of motion and sweeping compared
to rivulets.

[0086] All of these liquid entities, and any others that might form, can continue to
move along the internal surface of the passageway along the longitudinal
direction or transversely or any combination thereof, and can sweep passageway
internal surface as they do so.

[0087] It is further possible that a meandering rivulet may overtake and swallow
up isolated droplets or arrays of droplets, may swallow up a rivulet fragment or
branched rivulet. These entities may then re-join a larger rivulet. Such a process
may be useful also for providing bulk transport of detached contaminants out of
the passageway being cleaned.

[0088] Any of these entities may be referred to as a sliding or moving liquid entity.

[0089] This process may in effect be repeated many times during the cleaning the
surface of the passageway. Another possible advantage of meandering rivulet
would be to remove liquid film from the surface and provides necessary
conditions for cleaning with the three phase contact interface by other moving
liquid entities.
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[0090] It is believed, although it is not wished to be restricted to this explanation,
that when a rivulet or other liquid entity changes position, and a previously dry
piece of surface becomes wet as a rivulet reaches it, or when a rivulet leaves a
surface which it has wetted, there may be generated a force to dislodge a
contaminant from the surface.

[0091] At a still greater level of detalil, it can be realized that the gas flowing
longitudinally in the passageway is compressible. For a constant cross-section
passageway and a generally constant temperature, gas at a more upstream
location generally has a larger density and smaller velocity and gas at a more
downstream location has a smaller density and a larger velocity. Thus, the
conditions which might drive motion of the rivulets (either longitudinally or
transversely) and which might influence the formation of liquid entities in general
are not identical everywhere along the length of a passageway. It has been
discovered during the present work that the flow parameters which produced
optimal rivulet flow and fragmentation for cleaning depended among other things,
upon the internal diameter and length of passageway being cleaned, position
along the length of the passageway, and the surfactant composition of the
cleaning liquid (Figure 5¢). This is further illustrated elsewhere herein.

[0092] Taking various considerations into account, there are described elsewhere
herein conditions that are favorable for the formation of rivulet droplet flow such
as meandering rivulets, fragmenting rivulets, drops and other forms of sliding
liquid entities that are favorable for cleaning. The apparatus may be such as to
deliver liquid flowrate and a gas flowrate appropriate to operate in the desired
regime at at least some places along a passageway.

[0093] It has been experimentally found (photographically) in the present work
that at 30 psig gas pressure, for a 1.8 mm inside diameter passageway 2 m long,
the longitudinal sliding velocity of a rivulet can be, from 1 cm/sec to 10 cm/sec
with a mean of perhaps 2 to 3 cm/sec. For a 2.8 mm inside diameter
passageway, the longitudinal sliding velocity of a rivulet can be, from 5 cm/sec to
20 cm/sec with a mean of perhaps 12.5 cm/sec. For a 3.8 mm inside diameter
passageway, the longitudinal sliding velocity of a rivulet can be, from 7 cm/sec to

35 cm/sec with a mean of perhaps 22 cm/sec. These velocities were measured
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[0094]

[0095]

for liquid entities having dimensions of the order of 100 microns. Larger entities
could have even faster velocities.

Corresponding to these, for a meandering rivulet, the transverse velocity
may be as large as 25% to 50% of the longitudinal velocity.

For still other modes of flow or cleaning, other than meandering rivulets, it
is possible to achieve still larger velocities of surface flow entities. Also, for a flow
mode such as plug flow, larger velocities of moving meniscus or surface flow
entities are also possible.

[0096] The overall effect of the sliding of these surface flow entities may be the

sweeping of the surface of the channel by multiple moving three-phase contact
interfaces and menisci. The internal surface of the passageway may be swept
with a variety of liquid surface flow entities including meandering rivulets, sub-
rivulets, rivulet fragments, linear droplets arrays and individual droplets of various
sizes all in contact with the surface of the channel. Each of these entities may
have an associated three-phase gas/liquid/solid contact interface and meniscus.
It is believed, although it is not desired to be limited to this explanation, that the
existence of a three-phase boundary and air/water interface (meniscus) create
localized forces that can act to detach a contaminant from a surface. This may
especially be true if the three-phase boundary is moving relative to the
contaminant. The three phases may be the solid contaminant, and an edge of a
liquid, and a gas. At least some of the surface may be dry or nearly dry some of
the time during the cleaning process. It can be helpful if the surface of the
channel is at least somewhat hydrophobic. The three phases can also be the
liquid surface, the gas, and the solid surface which may be dry where it is not
wetted by the liquid entity.

[0097] It is possible that different flow regimes may exist in different portions of a

given passageway, and flow may transition from one flow regime or mode to
another. At any given location, more than one flow regime may coexist, e.g.,
some drops and some rivulets. At different locations along a passageway,
different regimes or combinations of regimes may exist.
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[0098] It is the nature of multi-phase flow to be complex and somewhat statistical
in nature and somewhat unpredictable, and more specifically for the geometry
and behavior of liquid entities that are attached to the surface of the channel to
be somewhat statistical in nature and somewhat unpredictable. Some of the
behavior may be driven by fluid instabilities on the surface of the passageway
(rather than bulk effects in the core of the passageway) which are inherently
somewhat unpredictable. Empirical data is important in the science of multi-
phase flow.

[0099] As examples of what can be observed, Figure 5b shows both photographic
examples and line drawings of five different types of flow. These are
approximately in order of wetness. Figure 5b lllustration A shows isolated
droplets, which would be the case for a flow of liquid and gas which is somewhat
dry, with not enough liquid to sustain a stream. Figure 5b lllustration B shows a
meandering rivulet. Occasional isolated droplets are also shown. Figure 5b
lllustration C shows meandering rivulet which also is fragmenting into sub-
rivulets. Figure 5b lllustration D shows rivulets that co-exist with linear droplet
arrays. In this illustration, the rivulets have somewhat straightened out. Figure
5b lilustration E shows a flow with so much liquid that the tube wall which is
mostly wet and there are essentially no dry regions to help define rivulets,
droplets or any other liquid entities.

[00100] At relatively high liquid flow rates or gas flowrates is yet another possible
flow regime which is not illustrated, namely foam. In present situations, if foam
forms anywhere it tends to form near the exit of the passageway, and may extend
for some distance back toward the inlet. If foam forms, the passageway surface
where foam is present can become covered with liquid film with no chance to
form three-phase contact interface. For present purposes, it has been found that
generally foam suppress cleaning employing the present method. This is
probably because the presence of foam discourages the formation of discrete wet
and dry regions exhibiting a contact interface therebetween. Also, the presence
of foam can increase overall flow resistance for gas flow. The formation of foam
can be significantly influenced by the nature of the surfactant used, as discussed
elsewhere herein.
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[00101] Figure 5¢c shows the same illustrations arranged in lengthwise sequence.
Sometimes some of the same sequence is observed spatially as one progresses
downstream along a passageway. The liquid first flow as meandering rivulet,
then as rivulets that break up, and later as straight rivulets. This sequence of
events may be driven at least in part by the tendency for the gas velocity to
increase as one progresses downstream along a passageway. Eventually as
one progresses downstream the gas velocity increases beyond an upper
threshold for meandering and the rivulets or rivulet fragments become generally
straight. However, this is only representative, and events do not have to happen
exactly as described here.

[00102] Rivulet droplef flow (RDF) may be considered to comprise either rivulets or
droplets or both in any combination. Rivulet droplet flow may include any one or
more of meandering rivulets, sub-rivulets, fragments of rivulets, and arrays of
drops, and individual drops. Rivulet droplet flow may be formed, as described
elsewhere herein, by supplying liquid and gas to a passageway wherein both the
liquid and the gas are supplied at substantially constant flowrates. Alternatively,
as also described elsewhere herein, rivulet droplet flow may be formed by
supplying liquid and gas to a passageway such that the flowrate of at least one of
the supplied liquid and the supplied gas is time-varying. This can include plug
rivulet droplet flow.

[00103] When it is discussed herein that it is desirable for a surface to de-wet, this
can be accomplished through either or both of the following mechanisms. If by its
nature a surface is sufficiently hydrophobic with respect to the liquid passing over
it, the surface may become substantially dry as soon as a liquid entity finishes
passing over it. On the other hand, it is possible that a surface may still be
somewhat wet after a liquid entity has finished passing over it, but due to
evaporation the surface still becomes substantially dry with the passage of time
after a liquid entity has finished passing over the surface. When the term dry is
used herein, it is intended to include any of these meanings.
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Photographs and Flow maps

[00104] The regimes of gas and liquid flow have been studied empirically by
carrying out systematic microscopic observations through straight transparent
Teflon® tubes of various diameters under various liquid and gas flow rates at
different distances from the inlet of the tube. This has included still photography
and high-speed motion photography as well as stroboscopic illumination with
multiple-exposure photography. Photographs were taken looking vertically
downward through the wall of a clear horizontally oriented tube. By varying the
focal plane of the optics, the flow along either the top or bottom hemicylindrical
surfaces of the tube could be observed. All photographs presented here were
taken of the top surface. Sequential images as a function of time could be
analyzed so that the flow and flow entities could be analyzed over time and their

movements tracked.

[00105] Experimental observations are further illustrated in Figures 6a, 6b and 6c,
which is only a small subset of a large amount of photographic data. For the
illustrated photographs, the gas flow was air. The flow exited the downstream
end of the passageway at atmospheric pressure. The gas flow was supplied to
the inlet of the passageway at a pressure of 30 psig. For the photographs and
the flow regime maps, both liquid and gas were supplied to the passageway at
room temperature (approximately 20°C). The length of the passageway was 2 m.
All of these photographs are taken for a particular diameter of passageway,
which was 4.5 mm. As discussed elsewhere herein the fluid mechanics can be
influenced by details of the surfactant which is added to the water.

[00106] For generating the photographs in Figure 6, the test solution was water
containing the following additives:
Sodium Triphosphate, (Fisher Scientific) 30g/L,;
Sodium Silicate, (Fisher Scientific) 1.3g/L;
Tomah AQO-455 made by Air Products - 0.24g/L;
Surfynol 485W made by Tomah-Air Products - 0.36g/L.
The surface tension of this composition at room temperature was approximately
38 to 44 dyne/cm. It is believed that this composition gives good fragmentation

and not so many surviving sub-rivulets, but rather rivulet fragments.
28



WO 2010/039736 PCT/US2009/058861

[00107] Figure 6 shows photographs of flow conditions in a passageway having an
internal diameter of 4.5 mm. Conditions are shown at five different locations

along a total flow length of 2 m.

[00108] Figure 6a shows hydrodynamic conditions for a liquid flowrate of 20
milliliters/minute, which is considered to be undesirably small and therefore less
effective for cleaning (treatment number is small). In such a situation, there is a
fairly large proportion of isolated droplets rather than rivulets, and the isolated
droplets slide along the surface at a relatively smaller velocity than the rivulets,
producing a slower rate of cleaning which may lengthen process time. Cleaning
may occur at places where the three phase contact interface passes by due to
the sliding of these liquid entities, but the fact that there are not so many of these
liquid entities, and the fact that the entities are mostly drops, which move
somewhat slowly, may limit the achievement of cleaning in a reasonable time ( 2

- 10 minutes).

[00109] Figure 6b shows hydrodynamic conditions for a liquid flowrate of 45

ml/minute, which was considered to produce good cleaning.

[00110] Figure 6¢ shows hydrodynamic conditions for a liquid flowrate of 70
ml/minute, which is considered to be undesirably large and therefore less
effective for cleaning. In such a situation, the internal surface of the passageway
may be wet a large fraction of the time so that there is not a sufficiently frequent
occurrence of a dry or substantially dry surface so as to achieve a moving three-
phase contact interface. This is believed to limit the achievement of cleaning if
the surface is as wet as is shown in Figure 6¢. It is not wished to be limited to

these explanations, however.

[00111] Conditions which are conducive to achieving cleaning by moving solid-
liquid-gas interfaces flow can be further described by parameter diagrams which
describe a flow regime for particular input flow and dimensional conditions. The
photographic information such as illustrated in Figure 6a, 6b, 6¢ were all taken for
a particular passageway inside diameter (4.5 mm) but even that information
provides only a few of the many data points needed to construct such a diagram.
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[00112] For reference, the conditions illustrated in Figure 6a (a low flowrate of 20
milliliters/minute) are characterized as being more in the nature of isolated
droplets (sparse) rather than rivulets. The isolated droplets have slower sliding
velocity than rivulets and there are fewer of them, and for these reasons there is
somewhat limited opportunity to accomplish cleaning by moving three-phase
contact interfaces. The conditions illustrated in Figure 6b (a medium flowrate of
45 milliliters/minute) are characterized as being rivulet droplet flow with some
rivulet fragments and some drops, which provides good cleaning. The rivulets
sweep area with three-phase contact interfaces at a desirable rate and therefore
accomplish cleaning. The conditions illustrated in Figure 6¢ (a high flowrate of 70
milliliters/minute) are characterized as being overly wet flow, such that there are
not so many places on the passageway internal surface that are actually dry at
any given time, and for that reason there is somewhat limited opportunity to
accomplish cleaning by moving three-phase contact interfaces.

[00113] As can be understood, a multitude of such observations are used to
construct a flow diagram such as is given in Figure 7. Such a diagram may be
unique to a particular passageway inside diameter or range of inside diameters.
Flow regime maps for five different passageway inside diameters are given in
Figures 7a through 7e.

[00114] As mentioned, the photographs were taken for an inlet air pressure of 30
psi, which for many channels of many endoscopes is approximately a maximum
allowable input pressure. In order to have flow conductive to cleaning, it may be
aimed that conditions be chosen which provide rivulets and rivulet fragments in
much of the passageway and droplets in places where rivulet flow is not
achieved. This may be termed rivulet droplet flow. As can be seen from the
maps, choosing a particular liquid flowrate does not guarantee the same flow
regime will exist all the way from the beginning (inlet) to the end (exit) of the
passageway. Also, the five maps are presented for five different passageway
inside diameters, and it can be seen that the maps differ from each other both
qualitatively and quantitatively as a function of the inside diameter of the
passageway.
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[00115] In order to help summarize and collect the information presented in
Figures 7a through 7e, some representative useful ranges of liquid flowrates from
Figures 7a through 7e are selected and are plotted in Figure 8. These are
flowrates which provide rivulet droplet flow for a significant portion of the length of
the particular passageway, although not necessarily the entire length of the
passageway. These flowrates are somewhat optimum for achieving rivulet
droplet flow for the respective passageway inside diameter, although it is not to
be implied that these are the only liquid flowrates that could be useful for
cleaning. It also may be kept in mind that these data may be somewhat specific
to still other operating parameters including but not limited to surfactant

composition, flowpath length, inlet gas pressure, and other parameters.

[00116] Although Figure 8 presents specific numerical values of liquid flowrate
associated with specific numerical values of passageway inside diameter, it is
also possible to describe desirable liquid flowrates in terms of volumetric liquid
flowrate per unit of perimeter of the passageway. This is in recognition of the fact
that the liquid flow primarily attaches to the perimeter of the passageway.

[00117] For example, for a relatively large passageway of inside diameter 6 mm, a
representative useful range of liquid flowrate is 30 to 65 ml/minute. For such a
passageway, the inside perimeter is 18.84 mm. The corresponding liquid
flowrate per unit of internal perimeter is from 30/18084 or 1.59, to 65/18.84 or

3.45 ml/minute per mm of perimeter.

[00118] For a passageway of inside diameter 4.5 mm, as depicted in Figure 6, a
representative useful range of liquid flowrate is 15 to 40 mi/minute. For such a
passageway, the inside perimeter is 14.13 mm. The corresponding liquid
flowrate per unit of internal perimeter is from 15/14.13 or 1.06, to 40/14.13 or 2.83
ml/minute per mm of perimeter.

[00119] Similarly, for a 2.8 mm inside diameter passageway, a representative
useful range of liquid flowrate is 15 to 25 ml/minute. This passageway has an
inside perimeter of 8.79 mm. The liquid flowrate per unit of internal perimeter is
15/8.79 or 1.71, to 25/8.79 or 2.84 ml/minute per mm of perimeter.
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[00120] Similarly, for a 1.8 mm inside diameter passageway, a representative
useful range of liquid flowrate is 6 to 10 ml/minute. This passageway has an
inside perimeter of 5.65 mm. The liquid flowrate per unit of internal perimeter is
from 6/5.65 or 1.06, to 10/5.65 or 1.77 mi/minute per mm of perimeter.

[00121] Similarly, for a 0.6 mm inside diameter passageway, a representative
useful range of liquid flowrate is 5 to 10 ml/minute. This passageway has an
inside perimeter of 1.88 mm. The liquid flowrate per unit of internal perimeter is
from 5/1.88 or 2.66, to 10/1.88 or 5.32 mi/minute per mm of perimeter.

[00122] Combining these observations, it can be seen that this perimeter-
normalized liquid flowrate clusters in a range of from about 1.5 to 4
milliliters/minute per mm of perimeter, or, defined slightly more broadly, in the
range of from approximately 1 to approximately 5 milliliters/minute per mm of
perimeter.

[00123] It can also be noted that for achieving meandering rivulets, a desirable gas
velocity may be in the range of approximately 5 m/s to approximately 15 m/s at
least somewhere along the length of the passageway. Meandering rivulets are
useful but are not absolutely required for achieving good cleaning in a reasonable
time. Another gas velocity range that may be useful for cleaning is a broader
range that is appropriate for achieving fragmentation and sliding liquid entities or
surface flow entities on the wall of the passageway may be from approximately 2
m/s to 80 m/s depending on the diameter of the passageway.

[00124] It can be noted that the flow regime can depend on at least the liquid
flowrate, the gas flowrate, the position along the length of the passageway, and
the inside diameter of the passageway. The flow regime can depend on the
overall length of the passageway at least because the overall length can affect
the gas flowrate given a typical maximum supply pressure of the gas. Surfactant
composition and concentration can also affect the flow regime. The data
presented in Figures 6, 7 and 8 were obtained for input liquid flow and gas flow
which were both steady with respect to time.
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[00125] Still further data about flow regimes is presented in Figure 9. It may be
recalled that Figures 6, 7 and 8 all are for data taken at an inlet air pressure of 30
psig. That was a maximum allowable air pressure for typical channels of typical
endoscopes. However, it is also possible to operate at inlet air supply pressures
less than the maximum allowable pressure. This may be considered in view of
the suggestion from the literature that meandering may occur within a specific
operating range, rather than there being a simple threshold above which
meandering always occurs. This is discussed elsewhere herein. For the data
presented in Figure 9, both inlet air pressure and liquid flowrate were varied.
Again, several different passageway diameters were used as indicated. The
passageway length was 2 meters. The composition of the liquid was the same
as was used for Figures 6, 7 and 8.

[00126] It can be appreciated from Figures 9a and 9b that it may not be possible to
achieve meandering rivulet flow everywhere along the length of the passageway,
especially with a single liquid flowrate. Also, meandering occurs for some gas
supply pressures such as moderate pressures but not for other pressures such
as more extremely high or low gas supply pressures. Meandering rivulet flow is
useful for cleaning, but is not the only useful flow regime. Rivulet droplet flow is
also useful. Straight rivulet flow is believed to be not so useful for cleaning,
because not much sweeping occurs nor does fragmentation of rivulets occur.
Foam/film also is not believed to be useful for cleaning because it basically
impedes flow and perhaps also keeps the surface wet. However, it is not wished
to be limited to this explanation. In Figure 9, the following notation is used. Y
means achieving meandering rivulet flow suitable for cleaning. R means RDF
(rivulet droplet flow) which is believed to be useful for cleaning; S means a
straight rivulet with no meandering, which is believed to be not so useful for

cleaning; F means film/foam, which is believed to be not so useful for cleaning.

[00127] It can be appreciated that Figure 9a and 9b illustrate an observation that is
consistent with the observations of the fluid mechanics literature for inclined flat
plates in stationary gas. Achieving meandering rivulets is not just a matter of
operating above a certain lower threshold so as to enter a region of instability. In
addition to the existence of a lower threshold, there can also be an upper
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threshold, such that it is also necessary to remain below the upper threshold in
order to have meandering rivulets.

[00128] One parameter that the upper threshold can pertain to is gas velocity. It
has been discussed elsewhere herein that as compressible gas flows along a
long passageway, the gas velocity increases. Thus, it is possible that even if
meandering rivulets exist in a middle portion along a length of a passageway, as
one approaches the exit of a long passageway, the gas velocity may become so
large that it re-stabilizes the rivulets. It is furthermore possible that even if
meandering rivulets exist in a middle portion along a length of a passageway, the
gas velocity very near the inlet may be too small to create meandering rivulets.
This helps explain why in some regions along the length of passageways in
Figures 9a and 9b, meandering rivulet flow exists only at certain places along the
passageway. |

[00129] Gas velocity is somewhat related to supplied inlet gas pressure.
Therefore, it is possible that a supplied inlet gas pressure could be too small to
create meandering rivulets anywhere in the passageway, or could be too large to
create meandering rivulets anywhere in the passageway. Similarly, it is possible
that a supplied liquid flowrate could be too small to create meandering rivulets
anywhere in the passageway, or could be too large to create meandering rivulets
anywhere in the passageway. These conditions also are a function at least of the
inside diameter of the passageway being cleaned. These criteria also are a
function of the surfactant and composition of the cleaning liquid used.

[00130] For typical operating conditions, a range of gas velocity that is conducive
to meandering rivulets is from approximately 5 m/sec to approximately 15 m/s. In
an embodiment of the invention, the operating conditions may be such as to
operate in this range for at least a portion of the length of the passageway.

[00131] It can also be observed from Figure 9 that there are optimum values of
liquid flowrate. If the liquid flowrate is too small or too large, meandering rivulets
may not be achieved or may only be achieved for a limited portion of the length of
the passageway.
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[00132] It is believed, although it is not wished to be limited to this observation, that
for larger inside diameters in the range of interest, the range of liquid flowrates
acceptable for achieving cleaning is relatively wide, and for smaller inside
diameters in the range of interest, the range of liquid flowrate acceptable for
achieving cleaning is relatively narrow.

[00133] In view of the observations such as presented in Figures 6, 7, 8 and 9, in
embodiments of the invention, the apparatus may be configured so as to provide
a gas flowrate and a liquid flowrate that are in a proper relationship to each other
so as to provide a desired rivulet-droplet flow regime of liquid and gas. In view of
the observations such as presented in Figures 9, in embodiments of the
invention, the apparatus may be configured so as to provide a gas flowrate and a
liquid flowrate that are in a proper relationship to each other so as to provide a
meandering rivulet flow regime of liquid and gas, at least in some portions of the
length of the passageway. However, meandering is not essential to achieving

good cleaning.

[00134] The flow regime may be such as to provide rivulets which slide along the
internal surfaces of the passageway being cleaned, or at least on a portion of the
internal surfaces of the passageway being cleaned. It is further possible that
rivulets may subdivide into sub-rivulets. Such division into sub-rivulets may occur
at kinks or points of curvature of a rivulet. It is possible that sub-rivulets may
further break into rivulet fragments, being still smaller than sub-rivulets. Itis
possible that rivulet fragments may in turn break into an array of drops. All of
these entities may be able to move along the internal surface of the passageway
being cleaned. The flow regime may be such as to provide meandering rivulets
which are unsteady in time on the internal surfaces of the passageway being
cleaned, or at least on a portion of the internal surfaces of the passageway being
cleaned, although meandering is not essential.

[00135] As still further guidance for achieving appropriate flow regimes, it is
possible that flow of liquid cleaning medium suspended as droplets in the gas
prior to entering the passageway may be less than 10% of the total flow of liquid
cleaning medium, and may be less than 1% of the flow of liquid cleaning medium.
That is to say the volume of liquid flowing through the internal channel may be
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predominantly in the form of rivulets and surface flow entities fragmented from
these rivulets.

[00136] It is possible that at the exit of the passageway, flow of liquid cleaning
medium suspended as droplets in the gas may be less than 50% of the total flow
of liquid cleaning medium, or less than 10% of the flow of liquid cleaning medium,
or less than 5% or less than 1%.

[00137] It is possible that at the exit of the passageway, the amount of liquid which
is in the form of foam may be less than 10% of the total flow of liquid, or less than
1% of the total flow of liquid.

Multi-stage cleaning

[00138] As described, an aim can be to achieve a desired flow regime such as
rivulet flow and moving liquid flow entities with three-phase contact interface
essentially everywhere along the length of the passageway. If a desired flow
regime is achieved at only a portion of the length of the passageway, that can still
be useful, but achieving the desired flow regime everywhere along the length of
the passageway would be more convenient. This can be adjusted, among other
ways, by adjusting the liquid flow rate.

[00139] However, it may not be possible to provide desired cleaning conditions for
the entire length of the passageway using a single set of operating conditions. If
this is the case, then another possible strategy may be to perform cleaning of a
first portion of a length of a passageway using a first set of parameters that are
appropriate for cleaning a first portion of the length of the passageway, followed
by performing cleaning of a second portion of the length of the passageway using
a second set of parameters that are appropriate for cleaning the second length of
the same passageway. Cleaning conditions for different passageways could
differ in inlet air pressure, or in liquid flowrate, or both, or in other parameters.

[00140] If such a multi-stage cleaning process is used, it is possible that the
portion of the passageway which is cleaned first may be upstream of the portion
of the passageway which is cleaned later. That way, contaminants and debris

which are dislodged from the later-cleaned portion of the passageway may be
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expected to wash downstream and out of the passageway without possibly

contaminating the earlier-cleaned portion of the passageway.

[00141] It can be appreciated that all of the data presented in Figures 6, 7, 8 and 9
are for constant operating conditions, i.e., constant inputted flowrate of liquid and
constant inputted flowrate of gas.

Additional strategies for specific portions of internal surface, and unsteady
flow inputs

[00142] It may be appreciated from the preceding discussion that for a horizontally
oriented passageway (which is a possible orientation of a channel of an
endoscope being cleaned), it may be more difficult for rivulets to reach the upper
surface (ceiling) of a substantially horizontal passageway than it is to reach
lower-elevation portions. This may be especially true for a relatively large-
diameter passageway. Thus, it is possible that the ceiling could be undesirably
dry. In addition, there is another basic possible problem, which is that it is likely
that the lowest-elevation portion of the passageway (floor) is wet an undesirably
large percentage of the time during a cleaning process, and therefore the floor
may be less likely to receive sweeping by three-phase contact interfaces
involving alternation of wetness and dryness.

[00143] Still another consideration, apart from comparison between floor and
ceiling, is that a passageway may experience an inlet or developing-flow region
where desired flow regimes might not be immediately established at the inlet of
the passageway, at least for certain operating conditions. This phenomenon is
illustrated in Figures 9a and 9b, and it can also be somewhat seen in Figure 6
that flow regimes can change as a function of position along the length of the
passageway.

[00144] Accordingly, another basic strategy is that the apparatus may be such as
to provide time-varying wetness and dryness conditions for certain portions of the
passageway internal surface by providing time-varying input flow conditions. In
general it is desired that the apparatus provide liquid entities that have three
phase contact interface that will sweep the entire internal surface of the
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[00145]

[00146]

[00147]

[00148]

passageway at least once at some time or another during a reasonable cleaning
time. It is also possible to design that the internal surface be swept multiple times
during a treatment. Without such manipulation some sections of the passageway
may not receive sufficient treatment number as others.

Figure 10a illustrates, with respect to one of the flow maps of Figure 7, that
desirable rivulet droplet flow may be achieved for more downstream regions
along the length of the passageway, but are not achieved for some of the more
upstream regions of the length of the passageway. This may provide impetus for
use of a cleaning mechanism involving non-steady-state input of either liquid flow
or gas flow or both. |

Some fluid mechanic considerations relating to surface tension are
illustrated in Figure 10b, 10c, 10d, 10e. The passageways shown in Figure 10b,
10c, 10d, 10e are substantially horizontal, although the same discussion is also
at least somewhat applicable to passageways of other orientation.

For passageways of a small inside diameter that contain both liquid and
gas under static conditions, a possible situation is the situation in which a
meniscus bridges across the entire cross-section of the passageway. This is
illustrated in Figure 10b. Figure 10b shows a dynamic situation in which the
liquid is moving in the direction indicated, displaying advancing and receding
contact angles. (If the situation were static, the menisci on each sides would be

essentially symmetric with each other.)

There is also a larger range of internal dimension of passageway which do
not support the type of meniscus illustrated in Figure 10b. For such larger
passageways that contain both liquid and gas under static conditions, the
passageway cannot support a meniscus across the entire passageway, but
rather there will naturally be a configuration in which liquid collects at the bottom
of the passageway and the rest of the passageway cross-section is substantially
occupied by gas. This is illustrated in Figure 10c. The distinction between the
situation of Figure 10b and the situation of Figure 10c can be understood with
reference to a critical inside diameter, which is the borderline between the two
situations. The critical inside diameter is a function of the surface tension and
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other properties of the liquid. For pure water, the critical inside diameter is
approximately 1.8 mm.

[00149] For passageways having an inside diameter greater than this critical inside

[00150]

[00151]

diameter, it may be still possible to attain a cross-section fully or mostly filled with
liquid, in a dynamic situation, by causing liquid to flow for a period of time, such
that for at least a portion of the liquid flow there is liquid substantially completely
filling the cross-section of the passageway. This may produce essentially a
moving plug of liquid, whose meniscus sweeps internal surfaces of the
passageway. The periods of liquid flow may be separated by a periods of gas
flow that are of long enough duration to effectively separate the liquid entities
from each other, and possibly also to create dryout of passageway internal
surfaces between passage of successive liquid plugs. This is illustrated in Figure
10d. This pattern may be repeated as many times as desired. This fluid flow
regime is termed discontinuous plug flow (DPF). The velocity of the moving
meniscus in this case may be several meters per second depending on the gas
pressure, tube diameter and the length of the liquid plug among other factors.
The high sliding velocities generated in this case were found to produce effective
cleaning of passageways according to the mechanisms described herein.

Referring now to Figure 10e, it is illustrated that as a plug progresses to a
further downstream portion of a passageway, the leading face of the plug may
become irregular even if the plug started out fairly regularly shaped as shown in
Figure 10d. This increasing irregularity of the leading face of the plug can be due
to surface instabilities due to gravity, Rayleigh instabilities etc. In Figure 10e it is
also shown that the plug may spread preferentially toward the bottom of the
passageway due to gravity. It is believed that irregularity at the leading edge of
the plug can be helpful for creating liquid entities that are useful for cleaning the
internal surfaces of the passageway. If at least some portion of the plug breaks
up into smaller liquid entities, that is believed to be useful for cleaning the internal
surfaces of the passageway. This regime may be termed discontinuous plug
droplet flow (DPDF).

It is still further possible that still other flow regimes can be used which
accomplish a moving three-phase interface using alternating periods of liquid flow
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and gas flow of liquid and gas, or other flow variants, as described elsewhere
herein. It is still further possible that combinations or sequences of these
described fluid flow regimes may be used, possibly also involving periods or
sequences of rivulet droplet flow, in any desired sequence or combination.

[00152] Time-varying input flow characteristics are illustrated in Figure 11.

[00153] First, in figure 11 there is illustrated, for reference, steady-state flow inputs
such as were used for generating Figure 6 through Figure 9.

[00154] Next, there are illustrated various forms of non-steady-state supply of
either liquid or gas of both, which may produce useful forms of rivulet droplet flow
under conditions other than steady-state or quasi-steady-state conditions.

[00155] One of the timelines in Figure 11 illustrates alternating switching on and off
of gas flow and liquid flow. For example, there may be provided a liquid pulse
having a duration of approximately 1 second to 3 seconds. Following a liquid
pulse, in order to achieve dryout of passageway internal surfaces prior to re-
exposure to liquid, there may be provided a duration of dry or warm or
dehumidified air having a duration of approximately 5 seconds to 15 seconds,
appropriate to achieve dryout or de-wetting of the passageway internal surface.
In this timeline, at any given instant, either liquid is supplied or gas is supplied but
never both. This can be described as plug flow or plug rivulet droplet flow.

[00156] It is also illustrated that it is possible to pulse either one of the supplies
while the other supply remains on. For example, liquid supply could be pulsed
while gas is remains on, or gas could be pulsed while liquid remains on.

[00157] It is possible to perform pulsed liquid flow followed by continuous liquid
flow, or in general to perform any sequence of unsteady liquid flow and steady
liquid in any sequence.

[00158] Of course, even though these illustrations show one flowrate going exactly
to zero during certain time periods, for phenomena that do not involve dryout, it is
possible for variations to be more general and not necessarily involve decreasing

exactly to zero.
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[00159] As yet another possibility, it is possible to use a first gas supply pressure

at a time to promote formation of liquid entities, and then to change to another

gas supply pressure for a period of time to cause the motion of these entities

along the passageway. The second pressure could be smaller than the first,
although the opposite is also possible. It is further possible that during whatever
time a lower gas supply pressure is used in cleaning one channel, there could be

performed in another channel a flow that requires a relatively high gas source

pressure. This could be performed in such a way that the total demand for gas at

any instant throughout the entire reprocessing cycle is less than it would be if

peak demands for gas flow occurred simultaneously with each other.

[00160] Various possible sequences are also described in the following Table 1A.

Table 1A

Pulsing Mode 1:

Cycle 1 Cycle 2 Cycle 3
Air OFF/Liquid ON 10 sec 8 sec 6 sec
Air ON/Liquid OFF 10 sec 12 sec 3 sec
Pulsing Mode 2:

Cycle 1 Cycle 2 Cycle 3
Air OFF/Liquid ON 10 sec 8 sec 6 sec
Air ON/Liquid ON 10 sec 12 sec 3 sec
Pulsing Mode 3:

Cycle 1
Air ON/Liquid ON 0.3 -3 sec
Air ON/Liquid OFF 0.3 -3 sec

[00161] The waveforms or sequences of liquid flowrate which are repeated do not

have to be as simple as a substantially constant “on” value of flowrate followed by

a zero flowrate for the “off” situation. More generally, the waveform of liquid

flowrate could be triangular waveforms, trapezoidal waveforms, sinusoidal

waveforms, or other waveforms. The waveforms describing the liquid flow could
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have a monotonically increasing portion, optionally followed by a constant
portion, and followed by a monotonically decreasing portion. There could be a
dry interval between waveforms of liquid flow, but more generally there does not
have to be such a dry interval. Waveforms of liquid flowrate could be repeated
identically, or alternatively they do not have to be identical. The gas flowrate has
been illustrated as being steady (constant flowrate), but it does not have to be. In
this illustration, the “on” liquid flowrate is considered to be appropriate to achieve
meandering rivulet flow in at least a portion of the length of the passageway
being cleaned. These alteration in admitting the gas and liquid in the
passageway may be considered to permit more meandering and more
fragmentation during the cleaning or rinsing cycles.

[00162] Endoscopes are frequently cleaned such that the endoscope or at least a
large portion of the endoscope is in the horizontal orientation. For any
passageway but especially for a horizontal passageway, such random positioning
of the meandering rivulet may be advantageous for achieving cleaning of the
entire internal surface of the passageway. However, it is also possible that,
especially in some of the larger diameter passageways, due to gravity there may
be a tendency for rivulets to spend more time than average at or near the bottom
of the cross-section of the passageway. This may deprive upwardly-located
surfaces of cleaning because rivulets might not reach those surfaces sufficiently
often, and those surfaces might not experience alternations of wetness and
dryness sufficiently often because of being dry a high percentage of the time.
Furthermore, the presence of a bottom rivulet may deprive bottom-located
surfaces of cleaning because those surfaces may be wet a rather large portion of
the time and those surfaces might not experience alternations of wetness and
dryness sufficiently often because of being wet a high percentage of the time.

[00163] Accordingly, it is also possible to operate endoscope reprocessing
apparatus such that passageway internal surfaces experience alternations of
exposure to moving three phase contact line conditions by pushing alternate
periods of liquid flow and gas flow through the passageway. The period of gas
flow may be sufficiently long, and the gas as introduced may be sufficiently dry so
that the internal surfaces of the channel substantially dry out (remaining liquid film
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thickness is more or less lower than the contaminant particle dimension) before
the next introduction of liquid.

[00164] It is also possible that the period of liquid flow in this described strategy
helps to flush out debris that has already been detached but has not yet been
moved to the exit of the passageway.

[00165] Still a further possibility is that for a certain period there could be rivulet
droplet flow using supplied flowrates of liquid and gas that are substantially
steady-state, and for another period there could be a flow regime that includes
any of the described regimes that involve non-steady-state fluid supply such as
pulsed fluid supply (either gas or liquid). These periods of time could be
combined in any sequence or combination.

Enhancement of hydrodynamic detachment by decrease of liquid plug length in DPF

‘mode

When the liquid plug is shorter than passageway length, after it is separated from

the liquid pump, it is driven by air pressure P,. The resistance to flow will consist of two
‘terms: i) resistance along the liquid plug and ii) resistance along the air portion in the
passageway. Since the viscosity and density of air are significantly smaller than those of
liquid, it may be possible to disregard the small pressure drop along air portion of tube.
This simplification becomes crude when the length of water plug, Ly, is extremely
smaller than compared to the length of the passageway. This simplification can be
illustrated by introduction the nominations for pressures on plug front P, plug rear P, and
passageway inlet P,, while the pressure at tube outlet is zero. Hence,

P,=P¢ + (P1e-Ps) + Py-Pre ' (16)

Ps~0 and P,-P,. are pressure drops within air and they may be disregarded as being
proportional to small air viscosity (or inertia). Hence, we have onr.h.s. Pr-Py, i.e. the

pressure drop over plug

Pr-0<<P,; Py-Pre<<P, 17)
Hence
P.-P=P, (18)
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There is a balance between pressure drop applied to the liquid plug and shear stress, 7,
between plug and adjacent channel wall, area 2nR L, where Ly is the plug length. The

total shear stress applied to the plug is 27RLp Ty is overcome due to applied pressure Pre-

Ps=P,, i.e.

27RL,1tyi=P, (TR{) (19a)

or

=P, (Ry2) (/L) (19b)

This equation is valid, in particular, when the plug fills the entire tube, i.e. when Ly=L;
1=Pa (R/2) (1/Ly) (20a)

However, at this initial moment the plug is yet not disconnected from the liquid pump, i.e.

in this moment the plug is driven by pump pressure Py,

1=Ppy (Ry/2)(1/Ly) (20b)
For the sake of simplicity we assume that
P =Ppu @2n

which reduces two equations (19a) and (19b) to one. The joint consideration of Eqs(18)
and (19a) shows that they have identical multiplier in the bracket. The ratio of Lh.s. of

these equations equals to ratio of r.h.s., while the mentioned muitiplier cancels

T ot /Tt = Lt /Lyt (22a)
or
T pi= T (1e/Ly1) (22b)

Since the cleaning is caused by shear stress, the specification t for either laminar or for
turbulent regime is excessive. The Eq(22b) is valid for both regimes as well as for the
laminar-turbulent transition mode. The equation shows that as the plug length decrease
approximately 50 times, ) increases 50 times. The further decrease Ly will lead to
slower increase in 1, because the requirements expressed by Eq(17) fail. However, this
requirement may be omitted and more general equation can be derived. It is noteworthy
to note that 1, in Eq(22b) is shear stress of liquid flow for the condition of plug flow.

In order to clarify the effect of plug length influence on cleaning by
hydrodynamic detachment near the three phase contact line, we need to consider the
dependence of front meniscus velocity on plug length for turbulent or transition flow,
especially for the case of suction channel because at 30 psi Reynolds number Re is rather
high even for continuous liquid flow. For Pentax endoscope Model FG-36UX suction

channel, using liquid velocity U,=146 cnv/sec yields Re,=(0.38x146) / 0.01 =5548, at 35
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psi,. For the water channel Re,=(0.18 x 108) / 0.01=1950. With decreasing plug length,
its velocity increases that causes Re increase and transition to turbulent flow even for
water channel. Accordingly, we need to apply the main equation for turbulent flow in
tubes, namely the equation for resistance coefficient for tube (L.D.Landau, E.M. Lifshits,
“Mechanics of Continuous Media-Hydrodynamics”, Adison-Wesley Publishing
Company, 1958):

A=P, (2RYLy) / (1/2)pUp? (23)

Where p is the density of liquid. The pressure, velocity and length are specified for the
case of a short plug. A is a sophisticated function of Re. As we are interested in plug

velocity dependence on its length, the Eq(23) is rewritten

Up=(4PaR: / prg)”® (1) (24)

This equation is valid for extreme case when the plug length equals to tube length
Us=(4P.R;/ pA)™ 1/(1/L)*° (25)

The ratio of r.h.s. equals to the ratio of L.h.s. that yields

Upi / Uo = (Le /L) > yApD) ™ *~(Lo/ L) (262)

Fig.22 in (1.L.D.Landau, EMM. Lifshits, “Mechanics of Continuous Media-
Hydrodynamics”, Adison-Wesley Publishing Company, 1958) shows that the friction
coefficient A(Re) decreases less than twice in the Reynolds range 5000 to 30000. The
Eq(11b) shows that the plug velocity increases as its length decrease

Upr=Uq(Lt /L) (26b)

Table 1B shows the relationship between liquid plug length in the suction tube of a
typical endoscope and plug sliding velocity that can be achieved during the DPF mode at
two air pressures, 15 and 25 psig. The results of this analysis supports the inherent
advantages of using the discontinuous modes to enhance the cleaning according to the

instant invention. This is further supported by the results on Example 19.
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Table 1B: Plug velocity as a function of plug length/total channel length at two

pressures
Plug Velocity (Up), m/s
(Lyi /Lt x 100) @15 psig @25 psig
1% : 11.0 17.0
5% 4.9 7.6
10% 3.5 5.4
20% 2.5 3.8
30% 2.0 3.1
40% 1.7 2.7
50% 1.6 2.4
100% 1.1 (Uo) 1.7 (Uo)

Achieving dryout and dewetting

[00166] It is discussed herein that it is useful for surface adjacent to the rivulets or
liquid entities to be substantially dry, and if alternating flow of liquid and gas is
used, it is useful for the gas flow to be sufficiently long so that the internal surface
substantially dries out before liquid flow is introduced again. Drying or de-wetting
can occur by either or both of two mechanisms. One mechanism is that if the
internal surface of the passageway is sufficiently hydrophobic, when the rivulet or
liquid entity moves away from a particular portion of the surface, the surface will
naturally de-wet due to the absence of the rivulet or liquid entity. Another
mechanism is that if any of the surface remains wet or covered by a film of liquid,
the liquid can evaporate. For this purpose it may be useful for the air to be
supplied to the passageway in a condition which is dehumidified or warmer than
room temperature or both. In such a situation, approximate times for the duration
of the period of gas flow are as given here. These are for a passageway that is
approximately 2 meters long, with air being supplied at an inlet pressure of
approximately 28 psig at a temperature of about 40 C. For a passageway having
an inside diameter of approximately 2.8 mm to 4 mm, a time period of 5 seconds
to 7 seconds should be sufficient. For a passageway having an inside diameter
of approximately 1 mm to 1.8 mm, a time period of approximately15 seconds
should be sufficient. Shorter time periods are possible if it is not necessary that
the surface be absolutely dry, or if the surface is extremely hydrophobic such as
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Teflon® (polytetrafluoroethylene). It is also possible that de-wetting can be aided
by the flowing gas simply pushing rivulets or liquid entities to the downstream end
of the passageway, without replenishing them. The purpose of dewetting and
drying is to prepare the surface such that optimal detachment force may be
achieved by the mechanisms described in this invention. Itis believed that the
thickness of the residual liquid film remaining after passage of three phase
contact line may be made less than the dimension of the contaminant particles.
The dryout and dewetting may be represented by a statistical distribution and it
may not be possible to achieve during every time after passage of three phase
contact line. However, it is required to achieve high level cleaning according to
this invention.

[00167] It is further possible that the endoscope could be cleaned while the
endoscope is in a position other than horizontal. For example, the position could
be vertical, such as vertical with flow in the downward direction. Still other

orientations are also possible.
Composition of cleaning liquid including surfactant

[00168] So far we have discussed the physical parameters (gas and liquid flow
rates, gas pressure, hydrophobicity of channel surface, etc.) that affect the
performance of the present cleaning method and how these can be optimized for
any channel width and length. However, the actual composition of the liquid
cleaning medium also has an important role on the effectiveness of the instant

cleaning process.
[00169] Surfactants

[00170] It may be desirable to include one or more surfactants in the cleaning
medium. Surfactant mixtures have been found particularly useful. However, only
limited classes of surfactants are useful. Based on numerous experimentation
surfactants could be divided into three classes when tested in endoscope
channels by the flow mapping as in Figures 7ato 7e.

[00171] Class | surfactants were observed to produce a wetting liquid film without
foaming which prevented the rivulet droplet flow (RDF), discontinuous plug flow
47



WO 2010/039736 PCT/US2009/058861

(DPF) or discontinuous plud droplet flow (DPDF) flow regime from fully
developing even at a surfactant concentration of 0.05% by weight. These
surfactants generally have both a low HLB (hydrophilic-lipophilic balance) and are
water insoluble. Some nonionic alkyl ethoxylates where the alkyl group is linear
or branched, some members of the PLURONIC®, REVERSE PLURONIC®,
TETRONIC® and the REVERSE TETRONIC® series belong to this class.
However, surprisingly the HLB quoted by the manufacturer alone was not
sufficient to predict the formation of a wetting film on the hydrophobic channel,
e.g., TEFLON®. However, when water solubility was also very low, a wetting film
usually developed. Both HLB and water solubility appear to determine a
surfactant potential to form wetting films in two-phase flow. HLB <9.2 and water
insolubility normally lead to formation of a wetting film that covers the entire
surface of the hydrophobic channel of endoscope at a surfactant concentration
greater than about 0.05 % by weight of liquid composition at 30 psi air pressure
and low liquid flow rates. These surfactants are not desirable by themselves for
cleaning by the instant invention since they do not produce surface flow entities
having three phase contact line on the channel walll during flow.

[00172] Class |l surfactants produce foam throughout the channel which also
inhibits RDF (and DPDF) even at a low surfactant concentration of 0.05% by
weight. These surfactants have a foaming potential as measured by an initial
Ross-Miles foam height of greater than 50 mm at 0.1% concentration and were
found to produce foam that fills the entire tube (cross-section and length). The
Ross Miles foam test is a well known measure of the foaming potential of
surfactants and is described in J. Ross and G.D. Miles, Am Soc for Testing
Materials, Method D1173-53, Philadelphia PA 1953. Most anionic surfactants
tend to fall in this class, except for hydrotropes which do not normally foam but
also do not lower surface tension much below 50 to 55 dynes/cm. Most cationic
and quaternary ammonium surfactants were also found to be fall into class Il
when introduced into narrow channels in the presence of gas flow. Alkyl (alcohol)
ethoxylates, castor-oil ethoxylates, sodium dodecyl sulfate (SDS/SLS), alkyl
phenyl sulfonates, octyl and nonyl phenol ethoxylates that have high Ross-Miles
foam index, HLB >9 and lower surface tension to 25 to 35 dynes/cm are
examples of this class.
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[00173] Class |ll surfactants are those that when used individually produce the
RDF and DPDF flow regimes and are desirable surfactants for cleaning and
detachment by the instant method. These surfactants normally give liquid
fragments at concentrations at or above 0.05% by weight. Class lll surfactants
normally have very low Ross-Miles Index foam height of less than 50 mm,
preferably less 20mm and more preferable below 5mm or close to zero. Many
surfactants even optimal ones tend to lose their ability to produce RDF flow
above 0.1% concentration either because of the formation of some foam or

wetting films.

[00174] Several general conclusions can be drawn from our experimental
" observations with respect to surfactants and RDF/DPDF flow regimes.

[00175] Suitable surfactants for DRF/DPF tend to be mostly nonionic and various
alkoxylated surfactants although some low foaming anionic surfactants are also
suitable.

[00176] Surfactants that produce a surface tension greater than 50 dynes/cm
tends to produce poor liquid fragmentation on channel wall. Although the level of
fragmentation is better than that with water, such surfactants only achieve low
treatment number. They normally lack detergency to solubilize and desorb the
organic soils encountered in dirty endoscopes. These types of weakly surface
active surfactants include hydrotropes such as xylene sulfonate, hexyl sulfate,
octyl sulfate and ethyl hexyl sulfates, or short alkyl ethoxylates and other similar
nonionic or cationic agents. The liquid fragments are usually oval-shaped and do
not produce linear droplet array at their trailing ends. The advancing and
receding contact angles are high (e.g., 90 degrees or greater).

[00177] Surfactants that have surface tension less than 30 dyne/cm, especially
surfactants that have low HLB and are water insoluble tend to produce a wetting
film covering the entire surface of hydrophobic channels, as measured by a
receding contact angle of zero degrees at a surfactant concentration in the range
from about 0.05% to about 0.1% concentration at 30 psig and typical liquid flow
rate required for RDF/DPDF flow (see examples). Forced wetting prevails and

the flow map generated can be described as entirely in the “film mode” at most
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liquid flow rates. The wetting film normally covers the entire surface of channel.
These may or not be associated with foam depending on other properties of the
surfactant.

[00178] Surfactants that have a low Ross-Miles foam height less than about 50
mm, preferable 0 to about 5 mm and have equilibrium surface tension between
33 to 50 dynes/cm can achieve RDF flow modes as shown in the flow regime
maps of Examples 2-7. However, some surfactants in this class tend to produce
some foam in the channels, especially when used at high concentration and
when used at high gas or liquid flow rates. Surfactants with surface tension of 33
to 47 dynes/cm, especially 35 to 45 dynes/cm give suitable RDF regimes and
provide better cleaning performance. Mono-disperse surfactants with HLB 10-17
tend to encompass this group of surfactants. Foam can form near the outlet of
the channel when surface tension is about 30-34 dynes/cm.

[00179] Based on the above discussion of our experimental result, the liquid
cleaning medium providing optimal flow regimes for the cleaning method of the
invention preferably should includes one or more surfactants at a concentration
that provides an equilibrium surface tension between about 33 and 50 dynes/cm,
preferably about 35 to about 45 dynes/cm. The surfactant(s) should have a low
potential to generate foam as measured by having a Ross Miles foam height
measured at a surfactant concentration of 0.1% that is less than 50 mm,
preferably less than 20mm, more preferable below Smm, and most preferable
close to zero, e.g., less than 1mm. The cleaning medium should not form a
wetting film on the channel surface (the interior wall of the channel) as measured
by a receding contact angle greater than zero degrees. Preferably the
surfactants are water soluble and have an HLB greater than about 9.2, preferably
about 10 to about 14.

[00180] Suitable surfactants for use in the cleaning mediums according to the
invention include polyethylene oxide-polypropylene oxide copolymers such as
PLURONIC® L43 and PLURONIC® L62LF, and reverse PLURONIC® 17R2,
17R4, 25R2, 25R4, 31R1 sold by BASF; glycidyl ether-capped acetylenic diol
ethoxylates (designated “acetylinic surfactants” such as SURFYNOL® 465 and
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485 as described in US Patent 6,717,019 sold by Air Products; alcohol
ethoxylates such as TERGITOL® MINFOAM 1X® AND MINFOAM 2X® sold by
Dow Chemical Company and tallow alcohol ethoxylates such as Surfonic T-15;
alkoxylated ether alkoxylated ether amine oxides such as AO-455 and AO-405
described in US Patent 5,972,875 available from Air Products and
alkyldiphenyloxide disulfonates such as DOWFAX® 8390 from Dow Chemicals.
Still other potentially suitable nonionic surfactants include ethoxylated amides,
and ethoxylated carboxylic acids, alkyl or fatty alcohol PEO-PPO surfactants and
the like provided they meet the surface tension, low foaming and non-wetting
requirements.

[00181] Surfactant mixtures are also suitable in the cleaning medium and have
been found in some cases to perform better than individual surfactants in
providing RDF and DPDF regimes. Although surfactants belonging to Class lll
are preferred, Class | and Il surfactants may be suitable as one of the
components in a surfactant mixture especially when used in minor proportions.
For example, the mixture may be chosen so that the mixture is soluble and has
an average HLB in the preferred range. However, the mixture must satisfy the
non-wetting film criteria properties, non-foaming criteria and provide a surface
tension in the required range.

[00182] A particularly suitable surfactant mixture is a mixture of the acetylinic
surfactant SURFYNOL® 485 and the alkoxylated ether amine oxide AO-455 at
about 0.06% total surfactant concentration. The mixture unexpectedly provides
highly effective RDF regimes in endoscope channels compared with the
individual members of the mixture when used at the same concentration.

[00183] It is important to note that the concentration of the surfactants and other
optional ingredients will generally affect the surface activity, wetting and foaming
properties of the liquid cleaning medium. Thus, for example, a surfactant which
is suitable at one concentration may not be suitable at either a lower
concentration where its surface tension lowering is insufficient or at a higher
concentration where foaming or wetting (annular film formation) properties may
be unsuitable. The optimization of the surfactant concentration to achieve
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optimal flow regime for cleaning is considered well within the scope of a person of
ordinary skill in the art with the understanding of the basic principles disclosed

herein.

Optional Cleaning Ingredients

[00184] Various optional ingredients can be incorporated in the liquid cleaning
medium of the invention. Preferred optional ingredients include:

[00185] pH adjusting agents: The pH of the cleaning medium should generally be

above 8.0, preferably between about 9.5 and 11.5 and more preferable 10.0 to
11.0. Suitable pH adjusting agents include alkali hydroxides such as NaOH,
KOH and sodium metasilicate, sodium carbonate and the like.

[00186] Builders or sequestering agents: These materials complex Calcium and

other di- and polyvalent metal ions in the water or soil. Examples of suitable
builders/sequestering agents include complex phosphates such as sodium
tripolyphosphosphate (STP) or tetrasodium pyrophosphate (TTPP) or their
mixtures; EDTA or other organic chelating agents; polycarboxylates including
citrates, and low molecular weight polyacrylates and acrylate-maleate
copolymers. It has been found that some organic chelating agents may interfere
with achieving the RDF mode and each candidate should therefore be evaluated

by the methods disclosed in Example 1.

[00187] Cloud point antifoams: The cleaning solution may include additional

surfactants that can reduce the foaming of the primary surfactants used in the
composition. For example low cloud point surfactants such as PLURONIC® L61
or L81 can be added in small concentration (e.g., 0.01 to 0.025%) to decrease
foaming. The concentration of the latter should be selected such that the RFD
mode is maintained and that no liquid film formation occurs in the spaces

between the surface flow entities.

[00188] Dispersants: These materials promote electrostatic repulsion and prevent
deposition or re-attachment of detached contaminants or bacteria to channel

surface. Suitable dispersants include polycarboxylic acid such as for example
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ACCUSOL® 455N, 460N and 505N from Rohm and Haas Company, SOKALAN
CP5 or CP7 from BASF and related copolymers of methacrylic acid or maleic
anhydride/acid and polysulfates or sulfonates.

[00189] Solvents and hydrotropes: These materials can be used to compatibilized

the surfactant system or help soften or solubilze soil components as long as they
do not interfere with the efficient production of optimal flow regimes for the instant
cleaning method as evaluated by the method of Example 1. Suitable hydrotropes
include for example xylene sulfonates and lower alkyl sulfate. Suitable solvents
include for example glycol ethers.

[00190] Oxidizing agents: As discussed above oxidizing agent suitable oxidizing

agents include peroxy acids such as peracetic acid, sodium hypochlorite or
sources of the same, and hydrogen peroxide or sources thereof such as
percarbonate or perborate.

[00191] It has been found that the addition of about 300 to 1000 ppm sodium
hypochlorite to the cleaning liquid is effective in the removal of fibrinogen form
hydrophobic endoscope channels, e.g., TEFLON®. Sodium hypochlorite may be
optionally added in the cleaning composition to avoid complications arising from
blood contamination of endoscopes.

[00192] Preservatives: Preservatives known in the art can be employed to prevent
growth of organisms during storage of the cleaning composition.

[00193] In practical applications of the method, it is convenient to formulate the
liquid cleaning medium as a concentrate (2X to 20X) which is diluted with water
before use. In order to compatibilize the various ingredients in the concentrate, a
solvent or hydrotrope may be required.

Treatment Number

[00194] It is useful to create some description of how much “sweeping” occurs of
the internal surface of the passageway by three phase contact interface with
sliding liquid entities or rivulets. There is limited theoretical information about, for
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example, the transverse velocity of a meandering rivulet. In the absence of

theoretical information on this subject, high-speed photography has been utilized.

[00195] For example, from multiple photographic images taken closely together in
time, it may be possible to identify the same sliding flow entity such as a rivulet in
more than one photograph, and to correlate its position in successive
photographic frames separated in time by a known time interval. This information
in combination can provide information about the velocity of meandering, such as
a transverse velocity, of a rivulet, or similar information for other types of sliding
flow entities. This knowledge can in turn be used to calculate a rate at which
surface area is swept by the wet-dry interface at a three-phase contact. For
sliding liquid entities other than meandering rivulets, such as for fragmenting
rivulets and liquid droplet arrays, it is also possible to calculate similar
information.

[00196] The net effect is the sweeping of the internal surface of the channel by a
variety of sliding liquid entities including meandering rivulets, sub-rivulets, rivulet
fragments, linear droplets arrays and individual droplets of various sizes all in
contact with the surface of the channel. Each of these entities has an associated
three-phase gas/liquid/solid contact interface and meniscus. The overall effect of
the sliding of these surface flow entities is the sweeping of the surface of the

channel by multiple moving three-phase contact interfaces and menisci.

[00197] A criterion of some significance would be the situation in which the amount
of area swept by the motion of sliding liquid entities is equal to the internal
surface of the passageway. In this situation, if there were no duplication of
sweeping any particular points, each point on the internal surface of the
passageway would be swept once and therefore would experience at least one
cleaning action. Of course, given the random and statistical nature of the
processes described herein, it is possible that some points could be swept more
than once by the motion of a sliding liquid entity while some other points might
not be not swept at all. Therefore, it may be desirable for cleaning to be
performed such that the Treatment Number is greater than 1. First of all, having
a Treatment Number somewhat larger than 1 would make it likely that every
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individual point is swept at least once, even if some points are swept more than
once. Furthermore, having a Treatment Number sufficiently larger than 1 could
make it likely that most points or all points are swept several times. This would
further improve the quality of the cleaning. Of course, it is possible that there
might be contaminants for which one sweep by a sliding liquid entity is not
sufficient to remove the contaminant, but several such sweeps might accomplish
the removal.

[00198] Therefore, for example, cleaning might be performed such that cleaning
accomplishes a Treatment Number of at least 5, or at least 10, or at least 25.

[00199] It is possible that cleaning by the described methods can be performed for
a sufficient length of time so as to achieve a log-reduction of about 5 to 6 in the
number of organisms and organic soils, including proteins, from long and narrow
internal passageways.

[00200] The treatment number may be different at different places along the length
of the endoscope channel. The treatment number also may be different locally at
a given cross-section of an endoscope channel, such as at different places
around the perimeter of a particular cross-section of the endoscope channel. For
example, cleaning conditions may be chosen such that a minimum value of
treatment number is achieved at all locations, and larger values are achieved at

some locations.

[00201] A quantitative measure of the extent to which the surface of the channel is
swept by surface flow entities is provided by a parameter designated as a
Treatment Number, NT, defined as the total area that is swept by all the surface
flow entities divided by the total internal surface area of the channel. Treatment
number equals one means that the entire channel is swept one time by surface
flow entity. The Treatment Number can be computed from high speed
photography of sample areas of specific dimensions (e.g., 400 um by 300 um)
taken at various positions on the internal surface of the channel at different
locations along its length by the following procedure. The determination of
Treatment Number can be combined with the hydrodynamic flow mapping

outlined above and described in detail below.
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[00202] The total area swept in a fixed time ty (e.g., 300 sec) by a particular
surface flow entity (SFE), e.g., a drop or cylindrical body, of diameter dseg; is:

Asrei = dsre;i Usre; ta (12)

where Usre; is the sliding velocity of the i SFE, i.e., the rate at which the
three-phase contact line at the leading edge of the rivulet fragment moves over

the surface.

[00203] The total area swept during t for all the types of SFE that appear within a
sample volume element (e.g., the field of view), including those SFE that enter

and leave during the total observation time is:

Total Area Swept by Rivulet Fragments = %; dsre,i Usrg;i ta (13)
where the sum is taken over all rivulet fragments.

[00204] Eq. 2 can be generalized for all types of surface flow entities (meandering

rivulets, cylindrical bodies, linear droplet arrays, large drops, small drops, etc.) as

Total Area Swept by All Surface Flow Entities = A tot = ta Zx Zi di, i Uk (14)

where dy i is the diameter of the i SFE of the “kn " type, e.g., discrete

droplet, having an average sliding velocity Uy ;.

[00205] The average sliding velocity of each surface flow entity can be measured
by observing the movement of the flow entity in the axial direction or for
meandering rivulets both axial and radial direction over time. Because of their
rapid movement under the influence of gas flow, we have utilized multi-exposure
time-lapse photography in which the camera shutter is allowed to remain open
and exposure is controlled by a strobe light. By measuring the change in position
of the moving three-phase contact line over time, the velocity of each SFE, can
be determined and a distribution function of sliding velocity computed for each

type of flow entity.

[00206] The Treatment number, Nir, is defined as the total area swept by all SFE
divided by the total area of the channel, A¢ at the particular position being
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viewed, i.e., the “ji“ section or volume element of the channel along its length.
For channels that are circular cylinders, Alg is equal to 7Dl where D is the
channel perimeter, and | is the length of the visual area being viewed in axial
direction. The treatment number at the “ji" section (volume lement) is then given

by:
Nir = Ay 1ol Alg = (to IrDH)Zi i di,i Uk (15)
where the superscript “J” refers to the “jy,“ viewing area.
[00207] The terms in Eq. 4 can be separated into different flow entities and further

subdivided into discrete size ranges. The average sliding velocity of each type of
flow entity falling into each size range can then be computed from the measured
average velocities or a velocity distribution function.

[00208] The inspection of a large number images revealed that the distribution of
SFE (Surface Flow Entities) within any image is non uniform and only a relatively
small strip of available area is cleaned at any instant of time. However, the time
of residence of a particular SFE within the visual area is much less than a second
and the number and type of SFE observed within the viewing area will change
more than 300 times, if the cleaning time is for example 300 sec. Since the
location of specific entities are different for different moments of time, a rather
uniform treatment is achieved provided a sufficient time is allowed for cleaning
and the treatment number is sufficiently large. On the other hand, the shorter the
cleaning time, the larger will be the manifestation of large non-uniformities in the
momentary distribution of SFE.

[00209] When the Treatment Number is ~1, the treatment uniformity is low.
Although the area of the channel swept by SFE is equal to the geometric area of
the channel, large regions of the channel remain untreated. However, when Nt
exceeds 30, and preferably exceeds 50, the treatment of the particular section
being viewed is sufficiently uniform such that all areas of the section are cleaned.
When the treatment number reaches about 100 or more, a very high degree of
uniformity in terms of fraction of total area swept by three-phase contact lines is
observed.
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[00210] Based on the above analysis, the Treatment number N at substantially all
positions along the length of the tube (from inlet to outlet) should be greater than
10, preferably at least about 30, more preferably between and most preferably
greater than about 50. Be the term substantially all positions along the length of
the tube is meant at least about 75% of length of the tube, preferably greater than
80% of the tube length and most preferably greater than 95% of the tube length.

[00211] The instant method is in fact capable of routinely achieving very high
treatment numbers of 100 or more and under some conditions 300 to 1000.
These high treatment numbers achieve very high log reduction, e.g. pLog 6 in
contaminant microorganisms.

[00212] Inspection of Eq. 4, indicates that treatment number depends upon the
total number of surface flow entities formed over the course of the cleaning
operation and their sliding velocities. Operationally, these variables are
controlled by the liquid and gas flow rates and by interfacial properties and other

properties such as viscosity of the liquid cleaning medium.

[00213] As the liquid flow rate increases the amount and type of SFE increases.
This leads to an increase in Treatment Number with increasing liquid flow rate
which is well documented experimentally by the analysis of photomicrographic
images taken under various conditions.

[00214] Similarly, an increase in gas flow rate increases the number of surface
flow entities and their sliding velocity since it is the drag force provided by the
flowing gas which induces fragmentation and rapid sliding in the first place.

[00215] In a further embodiment of the instant cleaning method utilizing the RDF
flow regime either or both the rivulet flows of liquid cleaning medium or the flow of
gas are pulsed during the cleaning cycle which has been found to aid detachment
of contaminants in some cases.

Endoscope structure

[00216] There are a variety of endoscope designs for particular surgical or
diagnostic procedures, and even endoscopes for the same surgical procedure

can have design differences among different models produced by different
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manufacturers. Typical features of an endoscope are illustrated in Figure 12. As
a general feature, an endoscope may have a distal end 100 which goes inside
the patient. Some distance back from the distal end 100 there may be a control
handle 90 at which certain controls can be operated and access may be obtained
to the channels inside the endoscope. Between the distal end 100 and the
control handle 90, the endoscope is flexible. Continuing further back from the
control handle 90, there may be another flexible length, umbilical cable 80, which
ends at an umbilical end 70.

[00217] For any of the channels, the lengths of the various channels may typically
be the same for all of the channels, because the lengths of all of the channels are
related to the length of the endoscope itself. The portion of the endoscope from
the control handle to the distal end 100 may have a maximum length of
approximately 2 to 2.6 m. The umbilical portion of the endoscope (between the
control handle 90 and the umbilical end 70) may have a length of approximately
1.4 m.

[00218] An endoscope may comprise an air channel 132 and a water channel 131.
These channels 131, 132 may be similar to each other or even identical to each
other. These may be some of the smaller-diameter channels within the
endoscope. For example, the inside diameter of the air channel 132 and the
water channel 131 may be relatively small, approximately 1 mm. Air channel 132
and water channel 131 may extend the entire length of the endoscope, from the
umbilical end 70 to the distal end 100, with access points at the control handle
90. Air channel 132 and water channel 131 may come together at the distal end
100 of the endoscope and may discharge at the distal end 100 through a
common orifice (or air-water nozzle) 133. The common orifice 133 may have an
inside diameter that is smaller than the inside diameter of the air channel 132 or
the water channel 131.

[00219] An endoscope may comprise a suction channel 109A which may also
serve as a biopsy channel. The internal diameter of such channel 109A can vary
over a significant range, such as from 1.2 mm to 6.0 mm depending on the
purpose and design of that channel and that endoscope.
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[00220] Some endoscopes may further comprise a forward water jet or irrigation
channel. This channel may have an inside diameter which is also in the range of
1 mm. It is possible that the forward water jet or irrigation channel may extend
from the control handle 90 to the distal end 100 without having another channel
segment between the control handle 90 and the umbilical end 70. Alternatively, it
is possible that the water jet or irrigation channel may extend from the umbilical
end 70 all the way to the distal end 100 without having an access point at the
control handle 90.

[00221] For any of the channels that extend from the control handle 90 to the distal
end 100 and also from the control handie 90 to the umbilical end 70, it is possible
that the inside diameter of the segment from the control handle 90 to the distal
end 100 may be different from the inside diameter of the segment from the
control handle 90 to the umbilical end 70. Typically, if there is a difference, the
inside diameter of the segment from the control handle 90 to the distal end 100
may be smaller than the inside diameter of the segment from the control handle
90 to the umbilical end 70.

[00222] Figure 12 shows details at the control handle of a typical endoscope. In
Figure 12 there is shown a suction cylinder well 103 having connections to the
suction channel. At this cylinder well 103 there is one connection 105 heading
toward the distal end 100, and the other connection 104 heading toward the
umbilical end 70.

[00223] In Figure 12 there are shown an air/water cylinder well 126 that contains
connections to the air channel and connections to the water channel, both
meeting at a common air/water cylinder well 126. Thus, this cylinder well 126
has four ports. Port 128 is for the water channel heading toward the distal end
100 of the endoscope, and port 127 is for the water channel heading toward the
umbilical end 70 of the endoscope. Port 130 is for the air channel heading
toward the distal end 100 of the endoscope, and port 129 is for the air channel
heading toward the umbilical end 70 of the endoscope.

[00224] A suction/biopsy channel 102, may extend from the suction nipple 101

located at the umbilical end 70, to the suction control cylinder well 103 located at
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the control handle 90, and may further extend through channel 107 from the
suction control cylinder well 103, to meet with channel 109 which is connected
with the biopsy insert port 108. The suction/biopsy channel is then continued
with a plastic tubing 109A to meet with the discharge port 108, located at the
distal end. A suction/biopsy control cylinder well 103, is a metal housing used to
accommodate a suction control valve during application where an inlet port 104,

and an outlet port 105, are included to connect with the plastic tubing 107 and the
plastic tubing 102.

[00225] The air channel 124 may extend from the air/water port 121, located at the
umbilical plug 70, to the air/water cylinder well 126, located at the control handle
90, and may further comprise channel 132 extending from the air/water cylinder
well 126, to the air/water nozzle 133, located at the distal end of the endoscope.
The water channel 123 may extend from the air/water port 121, located at the
umbilical end 70, to the air/water cylinder well 126, located at the control handle
90, and may further comprise channel 131 extending from the air/water cylinder
well 126 to the air/water nozzle 133, located at the distal end 100 of the
endoscope. The various channels may be tubing made of polymer such as
polytetrafluoroethylene.

[00226] In many types of endoscopes, the air/water nozzle 133, located at the
distal end 100 is the point where the air channel 124 and water channel 123
meet. The inside diameter of nozzle 133 may be smaller than the inside diameter
of the air channel 124 or the water channel 123 itself.

[00227] An endoscope may comprise a forward water jet (or irrigation) channel
142. This channel 142 may extend from the forward water jet port 141 located at
the control handle 90 or at the umbilical plug 70, to the discharge port 143
located at the distal end 100.

[00228] Some endoscopes may contain an elevator channel 111, which is a tube
having a wire inside it which is used to steer the tip of the endoscope. The
elevator channel 111 may extend from the elevator wire channel cleaning port
110 located at the control handle 90, to the distal end 100. Thus, the elevator

wire channel may be shorter than some other channels that may extend the
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entire length of the endoscope. A wire 112 may be installed inside the elevator
wire channel 111. One end of the wire 112 is attached to an elevator raiser 113
which is hinged near the suction discharge port 108 at the distal end. The other
end of the wire 112 may be attached to a control knob mechanism at the control
handle 90 which starts from the elevator wire channel cleaning port 110. The
dimensional space between the elevator wire and the tubing which surrounds the
elevator wire may be approximately 0.18 mm. Typically the elevator channel is
pressure-tested to a higher pressure than any other passageway of the

endoscope.

[00229] Among various endoscopes, typical lengths and inside diameters of
certain channels can be tabulated, or at least ranges of these dimensions can be

tabulated. These are summarized in Table 2.

Table 2
Channels — Umbilical to Control Handle:
Air & Water Channels Suction Channel Water Channel**
Internal Length Internal Length Internal Diameter  Length
Diameter Diameter
1.4 to 1.6 mm 14 m 1.2t0 5.0 mm 14 m 12t01.4 mm 14m
Channels — Control Handle to Distal End:
Air & Water Channels Suction Channel Forward Water Jet/
Elevator Wire / Irrigation
Channels
Internal Length Internal Length Internal Diameter  Length
Diameter Diameter
1.0 mm 20to 1.2t05.0 mm 20to >1.0 mm (FWJ) 25m
(smallest) 26m 26m < 0.8 mm (EW)
=1.0 mm
(Irrigation)
[00230] Endoscopes may further comprise still other components such as fiber

optics and electronics, which are omitted here for clarity of illustration.

Endoscope Cleaning Apparatus Circuits

[00231] An endoscope cleaning apparatus 50 may comprise a variety of fluid flow
circuits and other apparatus. These are illustrated in Figures 13a — 13d. Figure
13a is an overall system schematic. Figures 13b, 13c and 13d illustrate portions
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of Figure 13a in more detail. For example, Figures 13b, 13c and 13d include
valves that are omitted from Figure 13a for sake of clarity.

[00232] i) Air Circuit: The air-flow circuit design 1 may include an air inlet 1G
from an outside source or compressor, air distribution branches 1E and 1F to
perform pressure leak test of Scopes A and B, to inject air into distribution
manifold A (8), distribution manifold B (9) and elevator manifold (10) via lines1A,
1D and 1C for rivulet-droplet flow cleaning and rinsing and also for drying the
internal channels. The air may be dehumidified or less-than-fully-humid. As
illustrated, the air passes through a dehumidifier 11 before entering the rest of the
apparatus 50. It is also possible, that air may pass through a heater 1J before
being used for various purposes. Heating of air can be expected to further
reduce its humidity. Air from this air circuit may also be used for purging water
lines 1H and disinfectant lines 1B of the apparatus 50.

[00233] ii) Water Circuit: The water circuit design 2 may include a heated water
inlet 21 from outside, supplies water to rinse all the endoscope internal channels
through the distribution manifold A (8), distribution manifold B (9) and elevator
manifold (10) via lines 2A, 2C and 2D, as well as to rinse the external surfaces of
endoscopes through the basin via line 1E. This circuit also provides water to
perform channel patency measurements for Scopes A and B via lines 6 and 12,
to rinse the disinfectant circuit via line 2B, and the cleaner circuit via line 2G and

to mix it with the concentrated cleaning solution for final dilution via line 2H.

[00234] iii) Cleaner Circuit: This circuit design 3 may include a concentrated
cleaning solution inlet 3F from the bottle, a water source for mixing with
concentrated cleaning solution (2H) and a water source for rinsing the cleaner
circuit (2G). The cleaner circuit provides cleaning solution to the distribution
manifold A (8), distribution manifold B (9) and elevator manifold (10) via lines 3A,
3B and 3D to perform rivulet-droplet flow cleaning of the internal channels and
provides cleaning solution to the basin via line 3C to perform external cleaning of
endoscope surfaces. This circuit is also used to supply peracetic acid (PAA) to
the basin via line 3E during the self-disinfection cycle.
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[00235] iv) Disinfectant Circuit: The high-level disinfection circuit design 7
includes: a storage tank and a recirculation loop (7A and 4E) with an in-line
heater 4F to maintain the disinfectant at 35°C. This circuit supplies disinfectant to
the basin to achieve complete immersion for 5 minutes at 35°C. The internal
channels are flooded with the disinfectant during the disinfection cycle from the
basin through distribution manifold A (8), distribution manifold B (9) and elevator
manifold (10) via lines 4A, 4B and 4D. During disinfection, the spray arm and
eductors direct the disinfectant to endoscope surfaces and cover the surfaces of
the basin, including the lid of the apparatus. The disinfectant circuit design
simultaneously supplies disinfectant to the basin and then recirculates it through
the distribution manifolds and the eductors for high-level disinfection of internal
channels and external surfaces, respectively. This circuit also maintains the

temperature of disinfectant in the reservoir by recirculating it through a heater 4F.

[00236] v) Alcohol Circuit: The alcohol circuit 5 supplies alcohol to distribution
manifold A (8), distribution manifold B (9) and elevator manifold (10) via lines 5A,
5B and 5C before the final drying step with air to facilitate drying.

[00237] vi) Distribution Manifold Circuits: Distribution manifold A (8) and
distribution manifold B (9) are used to generate rivulet-droplet flow and to supply
different fluids to the internal channels of two endoscopes, A & B. Each
distribution manifold has five inlet ports (air (1A, 1D), water (2A, 2C), cleaning
solution (3A, 3B), alcohol (5A, 5B) and basin (4A, 4B) ) and five outlet ports (air
(8A, 9A), water (8B, 9B), suction (8C, 9C), biopsy (8D, 9D) and irrigation (8E, 9E)
channels). Elevator manifold 10 is also used to generate rivulet-droplet flow and
has the same five inlet ports (1C, 2D, 3D, 5C and 4D) but only two outlet ports,
one for the elevator wire channel of Scope A (10A) and the other for the elevator
wire channels of Scope B (10B). Figure 13b shows a schematic of Manifold A (8)
in detail. The air (1A), water (2A), cleaner (3A), basin (4A) and alcohol (5A) inlets
to manifold A (8) are controlled by valves 8F, 8G, 8H, 81 and 8J, respectively.
The outlet from the manifold to air port (8A), water port (8B), suction port (8C),
biopsy port (8D) and water irrigation port (8E) are controlled by valves 8K, 8L,
8M, 8N and 80, respectively.
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[00238] vii) Basin Circuit: This circuit design shown in Figure 13d provides
cleaning solution 3C, water 2E and disinfectant 7A through eductors 4G using
circulation pump 4H and valve 4| and spray arm 4J using circulation pump 4H
and valve 4K to clean, rinse and disinfect the external surfaces of two
endoscopes. For simplicity, in Figure 13d only one eductor (4G) is illustrated.
The basin 4 circuit circulates disinfectant through the endoscope internal
channels using distribution manifold A (8), distribution manifold B (9) and elevator
manifold (10) via lines 4A, 4B and 4D, and discharges the contents of the basin
to an outside drain 4C. The temperature of disinfectant 7 in the basin 4 is
maintained by circulating it through the disinfectant bottle via a heater 4F and
lines 4E and 7A. The vent 4L is also provided in the basin 4 to prevent any
pressure build up inside the basin 4. This circuit also supplies sterilant such as
peracetic acid (PAA) (11) sterilant from the PAA bottle through the cleaner lines
3E and 3C to the basin 4 to execute the self-disinfection cycle.

[00239] Patency testing. Figure 13c shows a schematic of the patency testing
circuit for Scope A in detail. Water (6) from the water circuit (2) is passed at a
fixed pressure (pressure monitored by pressure sensor 6G) through a water
regulator 6F and one of the following five channels: air (6A), water (6B), suction
(6C), water irrigation (6D), and biopsy (6E), by their respective valves. Likewise,
for Scope B, water (12) from the water circuit (2) is passed through one of the
following five channels: air (12A), water (12B), suction (12C), water irrigation
(12D) and biopsy (12E), by their respective valves. The water flowrate through a
channel is measured by water flowmeter (6H). The water injection to the air (6A),
water (6B), suction (6C), water irrigation (6D) and biopsy (6E) channels is
controlled by valves 61, 64, 6K, 6L and 6M, respectively.

Reprocessing Cycle for a single channel

[00240] During reprocessing, the apparatus 50 (Figure 13a) may supply all or any
subset of the following fluids to an endoscope at appropriate times, or may
perform all or any subset of the following actions. The reprocessing cycle for any
given channel may include the following steps: i) pre-cleaning, ii) leak and
patency testing, iii) rivulet-droplet flow cleaning, iv) rinsing, v) disinfection, vi)
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rinsing, vii) alcohol flushing, and viii) air drying. This sequence of events is
further illustrated in Figure 14.

[00241] In preparation for reprocessing of an endoscope, it is possible that upon
completion of an endoscopic procedure, channels of the endoscope can be filled
with liquid or wetted in some manner so that debris that may have been
deposited during the endoscopic procedure remains wet during the time between
the endoscopic procedure and the reprocessing. This can help to maintain the
debris in a condition such that it can be removed more easily.

i) Pre-cleaning

[00242] The pre-cleaning step may include a pulsed rivulet-droplet flow with the
cleaning solution through the endoscope channel to remove gross patient
material from the channel. A mixture of water from water circuit 2 and cleaning
solution from cleaner circuit 3 may be passed through the channel for a period of
time, followed by an air pulse from air circuit 1 for a period of time, and this
process may be repeated several times throughout this step. It is also possible
that toward the end of this pre-cleaning step, there can be a flushing of the

channel with a flow entirely of liquid such as water using water circuit 2.

ii) Leak and Patency Testing

[00243] In a leak test, air from air circuit 1 at a modest pressure such as
approximately 3 psig may be applied to the endoscope sheath, and the decay of
pressure as a function of time may be monitored by a pressure sensor. If the
pressure decay is outside the acceptable range, then the endoscope fails the
leak test. In a patency/obstruction testing of an endoscope internal channel, a
flow of water from water circuit 2 at known constant temperature and pressure
may be applied to the channel and then the flow rate in the channel may be
monitored with a precision flow meter/sensor. This patency-testing system may
determine the channel obstruction or blockage in either or both of two ways: (1)
by comparing the flow rates obtained against baseline values of that particular
channel of that particular endoscope (new condition) which may be stored in the
database of the apparatus, and (2) by comparing the measured flow rate
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measured against a default value for a channel having the same diameter and
length whose values are also stored in the database of the apparatus.

iii) Rivulet-droplet Flow Cleaning

[00244] In this step, a channel may be cleaned for a period of time using, at least
some of the time, the rivulet-droplet flow regime. In the rivulet-droplet flow
cleaning, warm air from air circuit 1 at known pressure and warm cleaning
solution from cleaner circuit 3 at known flow rate may be caused to flow through
the channel. The flowrates may be chosen based on the internal diameter and
length of the channel so as to form rivulet droplet flow so as to detach
contaminants from the surface of the channel. At the end of this rivulet-droplet
flow cleaning, the channel may be purged with air from air circuit 1 for a short
period of time to remove cleaning solution from the channel.

iv) Rinsing

[00245] A special rinsing step may be performed to remove detached
contaminants from the endoscope internal channel or to remove cleaning solution
from the channel. This rinsing step may be performed using substantially pure
water. This rinsing step may include two sub-steps: pulsed rivulet-droplet flow
rinsing and continuous water rinsing. In the pulsed rivulet-droplet flow rinsing,
water from water circuit 2 may be passed through the channel for a period of time
followed by an air pulse from air circuit 1 for a period of time, and this process
may be repeated several times. In the continuous water rinsing, water from water
circuit 2 may be passed through the channel. At the end of rinsing, the channel
may be purged with air from air circuit 1 for a short period of time to remove water
from the channel.

v) Disinfection

[00246] High-level disinfection may be performed using an FDA approved
disinfectant (for example, glutaraldehyde at 35°C for 5 minutes or peracetic acid
(PAA)). In this step, the disinfectant from disinfectant circuit 7 may be circulated
from the basin 4 through the internal channel while the endoscope is completely

immersed in the disinfectant inside the basin 4. At the end of disinfection step,
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the channel may be purged with air from air circuit 1 for a short period of time to
remove disinfectant from the channel.

\vi) Rinsing

[00247] In this step, water from water circuit 2 may be passed through the channel
to remove traces of disinfectant. At the end of rinsing, the channel may be

purged with air from air circuit 1 for a short period of time to remove water from
the channel.

vii) Alcohol Flushing

[00248] In this step, alcohol from alcohol circuit 5 may be passed through the
channel for a period of time. The alcohol may be or may comprise ethanol. This
may serve the purpose of facilitating drying because the alcohol may evaporate
more easily than water.

viii) Air Dying

[00249] In this step, the channel may be purged with warm air from air circuit 1 to
dry the endoscope internal channels.

[00250] Separate from the described cycle for cleaning internal channels of an
endoscope, the apparatus may also provide a special cycle for performing self-
disinfection where a disinfectant is used to disinfect the fluid lines within the
endoscope reprocessing apparatus itself, such as to remove possible biofilm.
Self-disinfection may, for example, be performed on a periodic basis such as
weekly. The substance used for self-disinfection may, for example, be peracetic
acid.

[00251] The apparatus 50 (Figure 13a) may also provide a special cycle for water
sampling where the basin is filled with water and a water sample is taken through
a special port.
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Cleaning two endoscopes at the same time non-identically

[00252] For sake of efficiency or convenience, it may be desirable for a single
apparatus to be able to clean two endoscopes at the same time or approximately
at the same time. A sequence of events for accomplishing this is illustrated in
Figure 15.

[00253] The two endoscopes may be either identical to each other or different from
each other. Even if the endoscopes are identical to each other, at any given
instant of time, the cleaning operation being performed on one endoscope (or a
particular passageway of that endoscope) may or may not be identical to the
cleaning operation being performed on the other endoscope (or a particular
passageway of that endoscope).

[00254] Certain passageways may have greater needs than other passageways.
This need may be expressed in terms of consumption of electrical power, or in
terms of consumption of compressed air, or consumption of still other utilities.
Any utility such as electricity or compressed air or other utility may be in limited
supply, or may be such that it is desirable to keep its maximum demand below a
certain limit, or to minimize such magnitude of maximum demand. For example,
it is the maximum instantaneous demand that determines electrical supply
requirements. Similarly, in regard to compressed air consumption, although
storage of compressed air is possible to some degree, still in general the
maximum instantaneous consumption of compressed air is likely to significantly
influence the necessary capacity of the air compressor (and therefore to some
extent the electrical power consumption of the apparatus).

[00255] Figure 15a illustrates a possible sequence of events for cleaning two
endoscopes at least approximately simultaneously but not with the identical
sequence of events. For sake of illustration, Figure 15a uses the example of a
Scope A and a Scope B. As illustrated in Figure 15, it is possible to schedule
operations during simultaneous processing of two endoscopes, such that
cleaning of a relatively low-air-flowrate-consumption passageway is performed in
one endoscope at the same time that cleaning of a relatively larger-air-flowrate-

consumption passageway is performed on the other endoscope. At a later time,
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the operations can be reversed. In this way, it is possible to clean two
endoscopes simultaneously, and yet the peak demand for consumption of
compressed air can be kept at less than twice the air consumption of the largest-
air-consumption passageway.

[00256] It may be desirable to minimize the peak rate of consumption of
compressed air not only for reasons of minimizing the peak rate of consumption
of electrical energy, but also for other reasons such as capital cost of an air
compressor, peak noise generation, overall size or weight of the equipment, and
other reasons.

[00257] Of course as described elsewhere herein, the conditions for achieving
good cleaning of one geometric passageway may be different from the conditions
for achieving good cleaning of one geometric passageway. These conditions
may differ in liquid/gas ratio, or may differ in timing and scheduling, or both.
Equipment which cleans two endoscopes simultaneously, or even which cleans
different passageways within a single endoscope simultaneously, may be
operated so as to supply to individual passageways the conditions which are
appropriate to that particular passageway.

[00258] If the apparatus is capable of cleaning more than one different design or
model or brand of endoscope, it may be capable of cleaning more than one
different design or model or brand of endoscope simultaneously. In that case,
the apparatus may be capable of being programmed to identify which type of
endoscope is being cleaned at a particular station within the apparatus, or the
apparatus may be capable of recognizing what type of endoscope is present at a
particular station. Furthermore, the apparatus may be capable of delivering air
appropriately for each endoscope.

[00259] Figure 15b illustrates various details of types of flow inputs that could be
performed during cleaning. Such flow inputs could also be applied during pre-
cleaning or during rinsing.
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Reprocessing Cycle for cleaning two endoscopes approximately
simultaneously:

[00260] The reprocessing cycle for two endoscopes may include the following
steps as described elsewhere herein for a single endoscope: i) pre-cleaning, ii)
leak and patency testing, iii) rivulet-droplet flow cleaning, iv) rinsing, v)
disinfection, vi) rinsing, vii) alcohol flushing, and viii) air drying. This sequence of
events is further illustrated in Figure 15. During reprocessing, the apparatus 50
(Figure 13a) may perform all or any subset of the following steps:

i) Pre-cleaning:

[00261] The pre-cleaning step may include a pulsed rivulet-droplet flow with the
cleaning solution through the endoscope channel to remove gross patient
material from the channel. A mixture of water from water circuit 2 and cleaning
solution from cleaner circuit 3 may be passed through the channel for a period of
time, followed by an air pulse from air circuit 1 for a period of time, and this
process may be repeated several times throughout this step. It is also possible
that toward the end of this pre-cleaning step, there can be a flushing of the

channel with a flow entirely of liquid such as water using water circuit 2.

ii) Leak and Patency Testing:

[00262] The leak test is performed on Scope A while the patency test is performed
on Scope B. This is followed by patency test on Scope A and leak test on Scope
B. In the leak test, 3 psi air from air circuit 1 is applied to the endoscope sheath
and the pressure decay is monitored by a pressure sensor as a function of time.
If the pressure decay is more than the acceptable range then the endoscope fails
the leak test. In the patency/obstruction testing of endoscope internal channels,
a flow of water from water circuit 2 at known constant temperature and pressure
is applied to each channel separately and then the flow rate in the channel is
monitored with a precise flow meter/sensor. This patency-testing system
determines the channel obstruction or blockage in two ways: 1) by comparing
the flow rates obtained with baseline values of the same endoscope (new
condition) stored in the database of the apparatus, and 2) by comparing the flow
rates measured with a default value of channels of the same diameter and length
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whose values are also stored in the database of the apparatus (for repaired
endoscopes). In our apparatus, we include means to separate all endoscope
channels from each other so that the patency of each channel can be tested
without any interference from the other channels.

iif) Rivulet-droplet Flow Cleaning:

[00263] In our apparatus, one large channel (for example, suction, biopsy) from
Scope A and one small channel (for example, air, water) from Scope B may be
cleaned simultaneously for a period of time using distribution manifold A (8) and
distribution manifold B (9), respectively. This may be followed by cleaning one
small channel from Scope A and one large channel from Scope B for a period of
time, again using distribution manifold A (8) and distribution manifold B (9),
respectively. This sequence may be continued until all the channels are cleaned.
The elevator wire channel may be cleaned continuously throughout the whole
rivulet-droplet flow cleaning cycle using elevator manifold (10). In the rivulet-
droplet flow cleaning, warm air from air circuit 1 at known pressure and warm
cleaning solution from cleaner circuit 3 at known flow rate may be applied through
each channel based on the internal diameter and length of the channel to detach
contaminants from the surface of the channel. At the end of rivulet-droplet flow
cleaning, all the channels may be purged with air from air circuit 1 for a short
period of time to remove cleaning solution from the endoscope internal channels.

iv) Rinsing:

[00264] A special rinsing step may be performed to remove detached
contaminants from the endoscope internal channel or to remove cleaning solution
from the channel. This rinsing step may be performed using substantially pure
water. This rinsing step may include two sub-steps: pulsed rivulet-droplet flow
rinsing and continuous water rinsing. In the pulsed rivulet-droplet flow rinsing,
water from water circuit 2 may be passed through Scopes A and B via distribution
manifold A (8) and distribution manifold B (9), respectively, for a period of time
followed by an air pulse from air circuit 1 for a period of time and this process is
repeated several times. In the continuous water rinsing, water from water circuit

2 may be passed through all the channels of Scopes A and B at the same time.
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At the end of rinsing, all the channels may be purged with air from air circuit 1 for
a short period of time to remove water from the endoscope internal channels.

v) Disinfection:

[00265] High-level disinfection may be performed using an FDA approved
disinfectant (glutaraldehyde at 35°C for 5 minutes or peracetic acid (PAA)). In
this step, the disinfectant from disinfectant circuit 7 may be circulated from the
basin 4 through the internal channels of Scopes A and B using distribution
manifold A (8) and distribution manifold B (9), respectively while the two scopes
are completely immersed in the disinfectant inside the basin 4. At the end of
disinfection step, all the channels of Scopes A and B may be purged with air from
air circuit 1 for a short period of time to remove disinfectant from the endoscope
internal channels.

vi) Rinsing:

[00266] In this step, water from water circuit 2 may be passed through all the
channels of Scopes A and B at the same time to remove traces of disinfectant.
At the end of rinsing, all the channels may be purged with air from air circuit 1 for

a short period of time to remove water from the endoscope internal channels.

vii) Alcohol Flushing:

[00267] In this step, alcohol from alcohol circuit may be passed through all the
channels of Scopes A and B using distribution manifold A (8) and distribution
manifold B (9), respectively for a period of time. The alcohol may be or may
comprise ethanol. This may serve the purpose of facilitating drying because the
alcohol may evaporate more easily than water.

viii) Air Dying:

[00268] In this step, all the channels of Scopes A and B are purged with warm air
from air circuit 1 using distribution manifold A (8) and distribution manifold B (9) to
dry the endoscope internal channels.
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[00269] As described elsewhere herein, the apparatus may also include special
cycles for water sampling where the basin is filled with water and a water sample
is taken through a special port. The apparatus may also include special cycles
for performing self-disinfection where a second disinfectant is used to disinfect all

the fluid lines of the endoscope cleaning apparatus.

Apparatus supplying heated or dehumidified air

[00270] It is described elsewhere herein that a liquid entity travelling over a solid
surface which is dry or hydrophobic is believed to help cause detachment of
contaminants, by virtue of the moving three-phase contact interface. One way of
promoting this situation is to have an appropriate relationship of hydrophobicity
between the liquid and the solid surface. Another factor promoting this situation
is to help cause evaporation of liquid, such as water, which is used for cleaning.
Evaporation may be promoted if the gas which is supplied to the flow is less than
fully humid. If air is the gas used for the gas ﬂbw, this condition may be achieved
by dehumidifying the air before it is supplied to the passageway. Appropriate
dehumidification means are known in the art. Alternatively, this may be achieved
by heating room-température air to a slightly elevated temperature. Even if the
air were fully humid or nearly fully humid when it was at room temperature, when
it became warmer it would be less than fully humid and therefore would be
capable of promoting some evaporation of liquid. Of course, it is also possible to
both dehumidify and heat the air or other gas which is supplied of the
passageway.

[00271] Of course, it is also possible that the liquid supplied to the passageway
can be warm or hot. In general, heating of either the liquid or the gas or both
may also help cleaning by speeding up diffusion processes, by denaturing
protein, by helping to soften of debris or contaminants, and by other mechanisms.

[00272] An air heater element 1J is illustrated in the air circuit in Figure 13a.
Heating of the liquid can be accomplished internally in the apparatus, by a liquid
heater (similar to air heater element 1J but not shown) or, perhaps more likely,

warm or hot water from an external source can be taken into the apparatus,
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possibly with temperature control either external to the apparatus or internal to
the apparatus.

[00273] For example, flow of heated gas may be provided, in the absence of liquid
being supplied, for a duration of approximately 5 seconds to 15 seconds
depending on passageway inside diameter, passageway length, humidity,
temperature and possibly other factors. With a gas supply pressure of about 30
psig, a duration of 5 to 15 seconds flow of gas (in the absence of liquid being
supplied) may be appropriate for drying or de-wetting the air/water channel. A
duration of 5 to 7 seconds may be appropriate for drying or de-wetting a suction
channel.

[00274] Furthermore, it may be appreciated that this process of drying out and re-
wetting may be repeated a number of times. This can insure that even if a
particular patch of surface does not experience re-wetting during a particular plug
flow or a particular experience of rivulet droplet flow, it may experience re-wetting
during a subsequent plug flow or a subsequent experience of rivulet droplet flow.
Furthermore, any patch of surface may experience drying out and re-wetting a
number of times, to insure good cleaning. This is described by the Treatment
Number as discussed elsewhere herein. This differs from the situation in which it
is possible that a passageway to be cleaned might possibly start the cleaning
process in an initially dry condition and therefore, as sort of a trivial example,
would by definition experience wetting once when cleaning actually begins.
Similarly, this differs from the trivial example in which a passageway is actively
dried out at the end of a conventional all-liquid cleaning cycle. In embodiments of
the present invention, there may be repeated drying-outs and re-wettings of the

surface being cleaned.

Valving and directions of flow through particular endoscope channels

[00275] A typical endoscope has three possible regions of entry or exit of fluid for
use during a cleaning process: the control handle 90, the umbilical end 70 and
the distal end 100. Typically the distal end 100 may have geometric constraints
which would make it most likely that the distal end 100 would be used as an exit
for flow used during cleaning. However, the connection points at the other two
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locations, i.e., the control handle 90 and the umbilical end 70, offer possibilities
as to which connection points are inlets for flow and which connection points are

exits for flow, and how valves are used to direct flow.

[00276] In general, for endoscope channels that have access points at or near the
control handle 90, one possibility is that flow is introduced at the control handle
90. This is illustrated in Figure 16a. Flow could be introduced into the air/water
cylinder well 126 in control handle 90. Entry of this flow can be controlled by
valve V2. Flow could be introduced into suction cylinder well 103 in control
handle 90, and this flow could be controlled by valve V3. Flow can be discharged
to both distal end 100 and umbilical end 70.

[00277] Continuing with the configuration illustrated in Figure 16a, there may
further be connection points at the umbilical end 70 for the air (124) and water
(123) channels. Flow through this connection point (121) may be controlled by
valve V4. There may also be connection point at the umbilical end 70 for the
suction channel. Flow through this connection point (101) may be controlled by
valve V5. As illustrated in Figure 16a, both of these flows at the umbilical end 70
would be exiting flows. Either valve V4, V5 may be in either the open or the
closed position. If valve V4 is open while inlet valve V2 is open, there would be
flow through the air (124) and water (123) channels in umbilical cable 80. If valve
V4 is closed, there would be no flow there even if corresponding inlet valve V2 is
open. Similarly, If valve V5 is open while inlet valve V3 is open, there would be
flow through the suction channel 102 in umbilical cable 80. If valve V5 is closed,

there would be no flow there even if corresponding inlet valve V3 is open.

[00278] As illustrated, there are some channels which originate at or near the
control handle 90 and extend to the distal end 100, and are not present in the
umbilical cable 80. For such channels, flow may be supplied by a connection at
or near the control handle 90 and may proceed to the distal end 100, similar to
what was illustrated in Figure 16a. For endoscopes that have a biopsy port 108,
flow could be introduced to the suction/biopsy channel 109 at biopsy port 108
which may be near or in the control handle 90, and this flow could be controlled
by valve V1. For endoscopes that have an elevator/wire channel 111, flow may
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be introduced at the elevator/wire port 110, and this flow may be controlled by
valve V7. For endoscopes that have a forward water jet channel 142, flow could
be introduced at the forward water jet port 141 which may be in the control
handle 90 as illustrated (or for other models of endoscopes may be at the
umbilical end). This flow may be controlled by valve V6.

[00279] A source of liquid and gas flow may be applied to those valves which are
inlet valves, namely V1, V2, V3, V6 and V7, or to any subset thereof. As
illustrated, the distal end 100 is unvalved. Flow can exit at the distal end 100

through any channel to which flow is supplied anywhere upstream.

[00280] Referring now to Figure 16b, there is illustrated an arrangement in which
flow through those channels which exist in the umbilical cable 80 is in a direction
opposite of that illustrated in Figure 16a. Flow could be introduced into the
air/water connection 121 in umbilical end 70. Entry of this flow can be controlled
by valve Va. Similarly, flow could be introduced into suction connection 101 in
umbilical end 70. Entry of this flow could be controlled by valve Vb.

[00281] If exit Valve Vd is open, flow in the air (124) and water (123) channels may
exit at the control handle 90. If exit valve Vd is closed, flow in the air/water
channel may continue all the way to distal end 100. Similarly, if exit Valve Ve is
open, flow in the suction channel 102 may exit at the control handle 90. If exit
valve Ve is closed, flow in the suction channel 107 may continue all the way to
distal end 100.

[00282] As illustrated, there are some channels which originate at or near the
control handle 90 and extend to the distal end 100, and are not present in the
umbilical cable 80. For such channels, flow may be supplied by a connection at
or near the control handle 90 and may proceed to the distal end 100, similar to
what was illustrated in Figure 16a. For endoscopes that have a biopsy port 108,
flow could be introduced to the suction/biopsy channel 109 at biopsy port 108
which may be near or in the control handle 90, and this flow could be controlled
by valve Vc. For endoscopes that have an elevator/wire channel 111, flow may
be introduced at the elevator/wire port 110, and this flow may be controlled by

valve Vg. For endoscopes that have a forward water jet channel 142, flow could
77



WO 2010/039736 PCT/US2009/058861

be introduced at the forward water jet port 141 which may be in the control
handle 90 as illustrated (or for other models of endoscopes may be at the
umbilical end). This flow may be controlled by valve V.

[00283] A source of liquid and gas flow may be applied to those valves which are
inlet valves, namely Va, Vb, Vc, Vf and Vg, or to any subset thereof. As
illustrated, the distal end 100 is unvalved. Flow can exit at the distal end 100

through any channel to which flow is supplied anywhere upstream.

[00284] It is still further possible that in some channels in the umbilical cable 80,
flow could be in one direction while in other channels flow could be in the
opposite direction.

Feedback control of liquid flowrate

[00285] It is possible that, for some purpose such as achieving conditions
favorable to cleaning, there is a desired relationship between liquid flowrate and
gas flowrate. It is further possible that if gas is supplied from a source such as a
constant pressure source, the gas flowrate through a passageway may change
as a function of time. For example, as cleaning is accomplished, contaminants
may be removed from the passageway, and the removal of contaminants may
result in a passageway having less flow resistance. This, in turn, may result in an
increase in the flowrate of gas delivered by the gas source. If this happens, or if
in general the gas flowrate changes for any reason, having a pre-set or constant
liquid flowrate may fail to achieve optimum or desired liquid flowrate for the gas
flowrate which is actually occurring at a particular time. A pre-set constant liquid
flowrate for a gas flowrate at one portion of the cleaning cycle may not always be

the most appropriate liquid flowrate, such as if the flow resistance changes.

[00286] Accordingly, the apparatus may include a feedback control loop. Such
apparatus is illustrated in Figure 17. In such apparatus, gas may be supplied by
a gas source 1710. Gas supplied by gas source 1710 may pass through
flowmeter 1720 which, at any given time, measures actual gas flowrate provided
to the passageway being cleaned. Flow of liquid flow may be provided by a liquid

supply system which may be controlied responsive to the gas flowrate measured
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by flowmeter 1720, so as to provide a desired liquid flowrate. In this way, if the
gas flowrate changes, the liquid flowrate can also change to maintain a desired
relation to the gas flowrate. In Figure 17, the liquid supply system is illustrated as
comprising a concentrated cleaning solution metering pump 1732, that provides
liquid at a desired flowrate from a source of concentrated cleaning solution, and
also a water metering pump 1734 that provides water. The water and the
concentrated cleaning solution may then meet and mix at junction 1750 so as to
form a desired cleaning solution. The desired cleaning solution may then come
together with the gas flow at junction 1760 and be provided to the passageway
1780 to be cleaned. The apparatus as illustrated allows the use of a relatively
small or long-lasting container of concentrated cleaning solution, in combination
with water which is generally available in substantial quantities, so that the
container of concentrated cleaning solution need only be replaced or refilled

infrequently.

[00287] As is also discussed elsewhere herein, there may be apparatus which
provides liquid and gas flow to two different passageways simultaneously.
Figures 18a and 18b illustrate use of a feedback loop, so as to perform cleaning
of two different passageways simultaneously. In both Figures 18a and 18b, there
is provided a gas source 1810. Figures 18a, 18b simply illustrate a generic liquid
supply system 1840. Liquid supply system 1840 could be a simple reservoir of
cleaning solution in the desired condition, or it could be a system which combines
concentrated cleaning solution with water as described in connection with Figure
17. There are provided two gas flowmeters 1820a and 1820b to measure gas
flowrates delivered to respective flowpaths 1880a 1880b. The measured gas
flowrates are reported to a control board 1835.

[00288] In Figure 18a, control board 1835 operates a first metering pump 1830a
that delivers liquid to flowpath 1880a, and also operates a second metering pump
1830b that delivers liquid to flowpath 1880b. In Figure 18b, control board 1835
operates a single metering pump 1830 whose output is the summation of the
desired liquid flowrate for flowpaths 1880a and 1880b. This summation flowrate
is then provided to proportional valve 1845 which divides the summation flowrate
appropriately between flowpaths 1880a and 1880b.
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[00289] Of course, it would also be possible to provide a feedback system in which
the gas flowrate is feedback-controlled responsive to a liquid flowrate.

Geometry to promote faithful splitting or distribution of liquid+gas flow

[00290] It can be seen from Figure 19a that a connector may connect to a cylinder
well 2060 in the control handle of the endoscope such that a particular type of
channel exits in two places from the cylinder well. One exit may lead toward the
distal end of the endoscope and the other exit may lead toward the umbilical end
of the endoscope. It may be desirable that the connector/introduce provide
liquid+gas flow in two different directions such that the flow in each direction has
approximately the same liquid/gas ratio as the incoming flow; also don’t want too
much separation of the liquid from the gas. It can be appreciated that, if gas and
liquid are flowing simultaneously in a connector, and if the connector involves a
change of direction, gas is likely to achieve a change of direction more easily
than the liquid, and the liquid has a likelihood of being carried by its own
momentum so that it impacts a downstrearh feature of its flowpath near the
change of direction. In particular, this may be a consideration if more than one
exit exists with local geometries that are different from each other. The connector
may be designed with features such as smooth geometric transitions which
minimize the likelihood of maldistribution of liquid and gas flow.

[00291] It is possible that the forward direction of a particular endoscope channel
and the rearward direction of the same endoscope channel could have
substantially similar local geometries where the connector would introduce flow to
the channel. Alternatively, it is possible that the forward and rearward directions
of a particular endoscope channel could have different local geometries.
Regardless of what the local geometries are, it still is possible to use certain
design strategies to provide for a faithful division of gas flow and liquid flow
among the two directions if both directions are open to flow simultaneously.
These strategies can also provide for good entry of gas+liquid flow even if there
is a dedicated flowpath for a particular channel in the endoscope.

[00292] For example, sharp changes of direction can be avoided, especially in the

immediate vicinity of the entrance to the channel. Approaching the entrance to
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the channel, the flow of gas and the flow of liquid may be made substantially
parallel to each other for some distance. Flow of liquid and flow of gas can be
brought in using co-extruded lumens, one lumen to carry the liquid flow and
another lumen to carry the air flow. It is possible that the co-extruded lumens
could be coaxial, such as with the liquid-carrying lumen being central and the
gas-carrying lumen surrounding the liquid-carrying lumen. It is possible that the
liquid can be brought together with the gas only very close to the place where the
combined fluids enter channel being cleaned. It is possible that the design can
be such that any needed expansion of the gas flow has already taken place
somewhat upstream of the point where the gas and the liquid meet each other.

Fixed-position connectors for collective channel connections

[00293] In embodiments of the invention, there may be provided connectors that
interface with an appropriate cylinder wall and direct flow as desired. Referring
now to Figure 19, there are illustrated fixed-position connectors that are capable
of directing flow collectively to both directions of a channel.

[00294] Figure 19a illustrates an endoscope generically including some details of
cylinder wells within the control handle 90.

[00295] Figure 19b illustrates a possible design such that the liquid and gas flow
which is supplied by the connector 2000A to a first channel in both directions is
brought into the connector by a port 2030.

[00296] Figure 19c¢ illustrates a possible design such that the liquid and gas flow
which is supplied by the connector 2500A to a first channel in both directions is
brought into the connector by a dedicated first port, and the liquid and gas flow
which is supplied by the connector to a second channel direction is brought into
the connector by a dedicated second port. An internal region associated with the
first port is separated by a seal 2035 from an internal region associated with the
second port. Seal 2035 may be an O-ring. As illustrated, the first port 2050a is
located separate from the second port 2050b. Alternatively, it would be possible
for one of the ports to be concentric with the other port.
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Fixed-position connectors for individual channel connections

[00297] Referring now to Figure 20a, there is illustrated a fixed-position (not
actuator-driven) connector that is capable of directing flow individually to either of
two directions of a channel. This refers to total of two distinct passageways that
all connect to a cylinder well in the control handle. For example, the cylinder well
2010 may connect to a suction channel having a first exiting direction to a distal
end of the endoscope and a second exiting direction to an umbilical end of the
endoscope. As illustrated, there are two inlet ports 2020a, 2020b, and
corresponding introduction paths 2021a, 2021b. Each port and introduction path
is associated with a particular direction of a particular channel within the
endoscope. As illustrated, introduction path 2021a and introduction path 2021b
are coaxial with each other, although they do not have to be. Within connector
2000, there may be seal 2030, such as an O-ring, that may define separation
between respective introduction paths or between an introduction path and the
exterior. Seals may bear against corresponding interior surfaces of cylinder well
2010 when the connector 2000 is in place in the cylinder well 2010. As
illustrated, the passageway that connects with the cylinder well 2020a most
deeply into the cylinder well 2010 is the suction channel in the direction to the
umbilical end of the endoscope. Flow to the suction channel in the direction to
the umbilical end is delivered via the first introduction path 2021a by the port
2020a which is on the centerline of the connector 2000. A second passageway,
which is the suction channel in the direction to the distal end of the endoscope, is
the next deepest connection point in the cylinder well 2010. Flow is delivered to
the suction channel in the direction to the distal end by a second introduction path
2021b that is concentric with the first introduction path 2021a but does not extend
as far into the cylinder well 2010 as does the first introduction path 2021a. Using
this design of connector, it is possible to supply flow to any of the passageways
independently of any other passageways, in any timewise combination such as

simultaneously or sequentially or any combination thereof.

[00298] Referring now to Figure 20b, there is illustrated a non-actuator-driven
connector 2500 that is capable of directing flow individually to either of two
directions of two different channels. This refers to a total of four distinct
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passageways that all connect to a cylinder well in the control handle. For
example, the cylinder well 2060 may connect to an air channel in the direction of
the distal end; an air channel in the direction of the umbilical end; a water channel
in the direction of the distal end; and a water channel in the direction of the
umbilical end. As illustrated, there are four inlet ports 2070a, 2070b, 2070c,
2070d, and corresponding introduction paths 2071a, 2071b, 2071c, 2071d. Each
port and introduction path is associated with a particular direction of a particular
channel within the endoscope. At least some of these introduction paths may be
coaxial with another introduction path. Within connector 2500, there may be
seals 2080a, 2080b,2080c, such as O-rings, that may define separation between
respective introduction paths or between an introduction path and the exterior.
Seals may bear against corresponding interior surfaces of cylinder well 2060
when the connector 2500 is in place in the cylinder well 2060. As illustrated, the
passageway that connects with the cylinder well 2060 most deeply into the
cylinder well 2060 is the water channel 2178 in the direction to the umbilical end
of the endoscope. Flow to the water channel in the direction to the umbilical end
is delivered via the first introduction path 2071a by the port 2070a which is on the
centerline of the connector 2500. A second passageway, which is the water
channel 2176 in the direction to the distal end of the endoscope, is the next
deepest connection point in the cylinder well 2060. Flow is delivered to the water
channel in the direction to the distal end by the port 2070b via a second
introduction path 2071b that is concentric with the first introduction path 2070a
but does not extend as far into the cylinder well 2060 as does the first
introduction path 2071a. Still less deep into the cylinder well 2060 is a
connection point for the air channel 2174 in the direction of the umbilical end.
This is supplied by third introduction path 2071c¢ which is supplied by third port
2070c. Third introduction path 2071c may or may not be concentric with other
introduction paths. The connection point least recessed in the cylinder well is the
air channel 2172 in the direction of the distal end of the endoscope. Fourth port
2070d and fourth introduction path 2071d bring flow to this passageway. Each
introduction path may be controlled by its own dedicated valve (not illustrated).
Using this design of connector, it is possible to supply flow to any of the
passageways independently of any other passageways, in any timewise

combination such as simultaneously or sequentially or any combination thereof.
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[00299] Of course, other geometries and designs of connectors are also possible.
In general, it is possible to use any connection geometry that connects four ports
to four passageways in a defined manner and which accommodates the
geometry of the cylinder well and the passageways that connect to the cylinder
well.

Connector having an actuator

[00300] It is further possible that the connector could comprise an actuator 2130
which definitively opens or closes or establishes a path for flow to a certain
channel or channels of the endoscope or similar medical device. This is
illustrated in Figure 21 for an actuated connector that has four possible positions.
Figures 21a, 21b, 21c and 21d respectively illustrate all four possible positions of
the actuator.

[00301] As illustrated, the connector 2100 may comprise two seals 2112 and 2114,
with flow being delivered between the two seals 2112 and 2114. In Figure 21a,
the position of the actuator 2130 is such that flow is delivered to the passageway
connection 2172 which is closest to the exterior of the cylinder well 2060. As
illustrated, this passageway connection is the air channel in the direction of the
distal end. Figure 21b illustrates the actuator in a position such that flow is
delivered to the next most outermost position which as illustrated is the
passageway connection 2174 to the air channel in the direction of the umbilical
end. Figure 21c illustrates the actuator in a position such that flow is delivered to
a still more inner-located position which as illustrated is the passageway
connection 2176 water channel in the direction of the distal end. Figure 21d
illustrates the actuator in a position such that flow is delivered to an innermost
position which as illustrated is the passageway connection to water channel 2178
in the direction of the umbilical end.

[00302] The position of the actuator 2130 may be controlled by a microprocessor
or similar control system which may also operate other aspects of an automated
endoscope reprocessor or may have knowledge of the status of other
components of the reprocessor.
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[00303] Similarly, it would be possible to design an actuated connector that only
has two positions of the actuator. It would also be possible to design an actuator-
driven connector able to selectively connect to a desired channel, which involves
rotation of a rotatable member, perhaps with a seal. It would still further be
possible to design an actuator-driven connector which uses both rotary and
translational motion.

[00304] With an actuator-driven connector, it may not be possible to
simultaneously provide flow to all of the passageways that connect to a particular
cylinder well. It may be necessary to provide flow to one passageway or group of
passageways to the exclusion of others, and then later to provide flow to another

passageway or group of passageways to the exclusion of others.

Latches

[00305] It is further possible that the connector could comprise latches which grab
onto a feature of the endoscope itself to maintain secure and correct positioning
of connector with respect to endoscope. For example, features of the connector
could interact with features of the endoscope so that there is only one permitted
orientation of the connector with respect to the endoscope. Alternatively, it may
be desired that the connector could be permitted to be oriented with respect to
the endoscope in more than one permitted orientation, or in any number of
permitted orientations. If desired, the connector could be appropriately designed
to permit this situation.

Introducer (providing extra flowpath length before cleaning)

[00306] It is believed, although again it is not wished to be limited to this
explanation, that when gas flow and liquid flow are first introduced into a
passageway from a connector or significant change of flow geometry or direction,
there is eventually established a flow regime that is somewhat repeated
thereafter further downstream and may be described as a fully established flow
regime. However, before that happens, there may be an initial region, close to
the inlet or change of flow geometry or direction, in which some other flow regime
exists. It is possible that even if fully-established conditions further downstream

are good for cleaning, conditions in the initial region might not be so desirable for
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cleaning,. It is possible that establishment of appropriate conditions for cleaning,
such as fully-established flow, requires a certain length of flowpath to develop or
establish themselves. Accordingly, it is possible that a connector to the
endoscope or other device to be cleaned may comprise a port or ports for
introduction of two phases either separately or at a single pbrt, and may further
comprise an appropriate length of passageway which has a cross-sectional
shape identical to or similar to that of the passageway to be cleaned, and has a
cross-sectional area which is within a factor of two (in either direction) of the
cross-sectional area of the passageway to be cleaned. It is further possible that
such introduction region can be provided for use in a condition which is at least
substantially clean prior to performing the cleaning procedure. The introducer
may be clean from being used during a previous cleaning procedure. In such
event, even if flow conditions inside the introduction region are themselves not
optimum for cleaning, at least the introduction region will not contain
contaminants that could be washed downstream into or through the
passageways which are intended to be cleaned.

Uniqueness of supplied flow

[00307] In embodiments of the invention, for any of these described connectors,
whether static or actuated, it is possible to supply a predetermined flow (the liquid
flowrate and the gas flowrate can both be predetermined) to a particular
passageway such as a particular channel in an endoscope or a particular
direction of a channel in an endoscope. In particular, if an open connection exists
to only one passageway at any given time, then it is assured that the liquid/gas
ratio in that passageway is definitely known. Also, the sequencing of supplying
flow to particular passageways can be definitively determined.

[00308] For example, for a given channel such as the air channel, the flow could
be directed for one period of time from the control handle toward the distal end of
the endoscope and at another period of time could be directed from the control
handle to the umbilical end of the endoscope. If a connector serves two fluid
channels of the endoscope, which may be designated first channel and second
channel, it is possible that for one period of time the connector could direct flow to
one direction of the first channel and for another period of time the connector
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could direct flow in the opposite direction of the first channel, and for yet another
period of time the connector could direct flow in one direction of the second
channel and for yet another period of time the connector could direct flow in the
opposite direction in the second channel. Of course, the sequence could be
arranged in any arbitrary manner, and depending on the design of the connector,
it may be possible to perform some of these actions simultaneously with other of
these actions.

[00309] Of course, for any directing of flow to a particular channel in a particular
direction, the liquid flowrate or the gas flowrate or both could be chosen uniquely
for that situation. As discussed elsewhere herein, choice of an optimum liquid
flowrate can be influenced by the diameter of a particular channel, the length of
the channel, and possibly other parameters as well. For example, the liquid
flowrate for the forward direction of a particular channel need not be identical to
the liquid flowrate for the backward direction of that same channel from the

cylinder well at the control handle.

[00310] The apparatus as described herein allows separate conditions of liquid
and gas flow for each channel of the device so as to produces optimal flow of
rivulets and rivulet fragments for contaminant removal in each channel. Liquid
flowrate and any other conditions can be unique for particular inside diameter of
passageway, for particular length of passageway, for a maximum allowable
pressure for a particular passageway, and for any other feature unique to a
particular passageway. Although it would be convenient in a practical sense that
the same liquid (including composition and concentration of surfactant) be used
for all channels within a given endoscope, it is further possible that a different
liquid could be used for different channels.

[00311] It is possible that an apparatus can have connectors that are unique to a
particular brand or model of endoscope, so the apparatus can know a certain
amount of information about what is being cleaned simply by virtue of the
connectors. Furthermore, it is possible that the apparatus can read information
about what is being cleaned by reading a bar code or similar identifying

information. It is even possible that the apparatus can store information about a
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particular endoscope. Any such information can be used for selecting operating
conditions for a particular endoscope or for particular passageways of a particular

endoscope.

[00312] Complex medical devices such as endoscopes may contain various
passageways differing in diameter, construction and length. It can be
appreciated from the discussion elsewhere herein that desirable flow input
conditions may be different for different channels of an endoscope. The
apparatus may be able to provide separate conditions of liquid and gas flow for
each passageway of the device so as to produces optimal flow of liquid entities
such as rivulets and rivulet fragments for contaminant removal in each

passageway or channel.

[00313] In general, any particular channel of an endoscope could experience a
treatment sequence which differs from that of other endoscope channels in any

aspect of the chronology of events.

Cleaning a passageway that has a wire inside it

[00314] It is also possible to use the described apparatus and methods to clean a
passageway that is generally cylindrical with a wire located in the interiors. Such
a passageway may be an elevator channel (which may also be referred to as an
elevator wire channel) in an endoscope. The elevator wire may be used to steer

the tip of the endoscope.

[00315] The elevator channel and the wire, taken together, may define an annular
space, if the wire is located at least somewhat concentrically with the
passageway. The dimensional space between the elevator wire and the channel
which surrounds the elevator wire may be approximately 0.18 mm. Of course, it
is also possible that the wire could be eccentric with respect to the channel, or
could even contact the channel interior. Different ones of such configurations
could exit at different places along the length of the elevator channel and the wire
therein. It is believed, although it is not wished to be restricted to this
explanation, that rivulet droplet flow can contact or slide along both the internal
surface of the channel and the external surface of the wire, and can clean both

such surfaces.
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[00316] Typically the elevator channel is pressure-tested to a higher pressure than
any other channel of the endoscope, so it may be possible to use a higher gas
pressure in the elevator channel, for example, 60 or 80 psig.

Eductors and external cleaning

[00317] In embodiments of the invention, apparatus for the external cleaning of an
endoscope may comprise an eductor 800, which is a flow amplification device.
This is illustrated in Figure 22a. An eductor 800 may comprise an entry
converging region 822, followed by a body region 824 that may be of at least
approximately constant internal cross-section, followed by a diverging or diffuser
region 826. All of these regions 822, 824, 826 may be aligned in a common
longitudinal direction. These regions 822, 824, 826 may be cylindrical. The
eductor 800 may further comprise a nozzle 830 that discharges inside the
eductor 800 in approximately the longitudinal direction. As a pressurized
cleaning solution is pumped through the nozzle 830 at a high velocity, the
surrounding liquid is entrained/pulled into the main stream. The combination of
pumped and pulled flows can be significantly larger than the flow rate of the
ejected stream through the nozzle 830 itself. For example, an eductor 800 can
pull up to 3 to 5 additional flow volumes from the surrounding liquid for each
volume pumped through the nozzle 830. The liquid can be pumped by a
recirculating pump 840 which draws liquid from basin 850 within which the
endosocope(s) are enclosed. Due to this multiplying effect, a relatively small
pump 840 can be used to circulate relatively large flowrates of cleaning solution
for cleaning the external surface cleaning of endoscopes. As illustrated, pump
840 draws fluid from basin 850 and returns it through the nozzles 830 of all of the
eductors 800.

[00318] As illustrated in Figure 22a, there are eight eductors 800, two in each
corner of basin 850. It can be realized that a single eductor 800 can only create
a strong flow to cover a single angle of view of a portion of the endoscope which
may be coiled in the basin 850. Therefore, it is possible to use a plurality of
eductors 800 each facing a particular portion of the endoscope so as to in
combination form an effective flow pattern for exterior surface cleaning. As

illustrated in Figure 22a, the basin 850 may be rectangular or approximately
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square having four corners, and at each corner there may be two eductors 800
pointing from the corner towards the interior of the basin 850, with each of the
two eductors 800 pointing in slightly different directions. Of course, other shapes
of basin 850 are possible also.

[00319] We have found that it is important to integrate both impingement and
agitation effects created by the eductor system to achieve the best cleaning
results for cleaning external surfaces of endoscopes. Accordingly, the basin may
generally be designed with special features, including: proper cavities to
accommodate two endoscopes. There can be a combination of eductors located
in corners and eductor located on walls. Eductor design and basin design are
further described in Examples.

[00320] An endoscope reprocessing apparatus may further comprise a spray arm
or spray nozzles located above the elevation of the endoscope(s) when
endoscope(s) are being cleaned. Such spray may, for example, be used for
rinsing the external surfaces of the endoscope(s) after cleaning of the external
surfaces of the endoscope(s) has been performed. Of course, it is also possible
for such spray nozzles to be used during cleaning of external surfaces of the
endoscope(s). These are illustrated in Figure 22d and Figure 22e.

[00321] It is further possible that eductors can be caused to flow in a sequence or
pattern, rather than all of the eductors flowing all of the time. For example, some
can be on and some can be off at different times, so as to further create agitation.
For example, the patterning and timing of eductor operation could be such as to
create swirl in one or another direction or various directions sequentially. There
may also be an overhead spray which may be useful for rinsing, for example.

EXAMPLES

[00322] The following examples are shown as illustrations of the invention and are
not intended in any way to limit its scope.

[00323] Examples 1-7 illustrate the method of determining hydrodynamic modes of
flow, mapping these modes as a function of flow rates for tubes of different
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diameters and identifying conditions that produce Rivulet Droplet Flow. The
tubes employed are of diameters that cover the channels encountered with
typical endoscopes.

EXAMPLE 1

Method to Construct Flow Regime Maps

[00324] This method was developed to identify and define the flow regime (surface
flow entities and their distribution) on the channel wall at several positions along
channel length from inlet to outlet as a function of the operating parameters.
Operating parameters include: channel diameter and length, liquid flow rate, air
pressure, air flow rate and velocity, and surfactant type and concentration. The
method enables identification and optimization of Rivulet-Droplet-Flow for various
endoscope channels ports. In addition, the flow regimes at different positions
along channel length has been used to define the operating conditions of the
cleaning cycles necessary to achieve high-level cleaning of the entire channel
surface area. As will become apparent, the flow regime (collection of fluid flow
elements) varies as function of distance from channel inlet to exit and this
necessitates different treatment conditions to achieve optimal results for each
type of channel. Although the method is illustrated with RDF flow, the method
can clearly be used to map DPF and DPDF flow regimes by introducing the liquid
plug instead of a rivulet.

[00325] Apparatus: The apparatus 200 illustrated schematically in FIG 23 allows
optical examination of transparent endoscope channels, to control the flow
conditions used in the test and to measure all operating parameters both under
static and dynamic conditions. The apparatus 200 consists of a source of
compressed air 202 (Craftsman 6 HP, 150 psi, 8.6 SCFM @ 40psi, 6.4 SCFM @
90psi, 120V/15amp), various connectors and valves 204, 106, pressure
regulators 208, 210 a flow meter 212, pressure gauges 214, 216, 218, a metering
pump 220 (Fluid Metering Inc.,Model QV-0, 0-144 mi/min), metering pump
controller 222 (Fluid Metering Inc., Stroke Rate Controller, Model V200), various
stands and clamps (not shown), various tube adapters (not shown), an imaging

01



WO 2010/039736 PCT/US2009/058861

system 224 which includes a microscope, digital camera, flash, and various
illumination sources (not individually shown in FIG 12 but identified below).

[00326] The compressed air source is a 6-HP (30-gallon tank) Craftsman air
compressor 202. The compressor 202 has two pressure gauges, one for tank
pressure 214 and one for regulated line pressure 216. The maximum tank
pressure is 150 psi. The compressor 202 actuates when the tank pressure
reaches 110 psi. The line pressure is regulated to 60 psi for the majority of the
tests, with the only exceptions being the high pressure test (80psi) used to define
the hydrodynamic mode for the 0.6-mm (ID) “elevator-wire channel”. The
regulated compressed air is supplied to a second regulator via 15’ of 3/8”
reinforced PVC tubing. The second regulator is used to regulate the pressure for
each test. The air then feeds into a 0-10 SCFM Hedland flowmeter 212 with an
attached pressure gauge 218. This gauge 218 is used to set the test pressure
via the second regulator 210 that precedes it, as well as to read the dynamic
pressure during the experiment. The flow meter 212 feeds into a “mixing” tee
226, where liquid is metered into the air stream via a FMI “Q” metering pump 220.
The metering pump 220 is controlled by a FMI pump controller 222. The outlet of
the mixing tee 226 is where adapters 228 for varying model endoscope tube

diameters 230 are connected.

[00327] To acquire an image of the flow mode inside the channel, we used a
Bausch and Lomb Stereozoom-7 microscope (1x-7x), a camera to microscope T-
mount adapter, a Canon 40D digital SLR camera, and a Canon 580EX speedlite.
The camera to microscope adapter's T-mount end is bayoneted to the camera
and the opposite end is inserted in place of one of the eyepieces on the binocular
microscope. The flash is attached to the camera via a hot shoe off camera flash
cable and directed into a mirror/light diffuser mounted below the microscope
stage. The mirror/diffuser is a two sided disc with a mirror on one side and a soft
white diffuser on the opposing side. This can be rotated to change the angle of
the light that is directed towards the stage as well as to switch between the two
sides. The microscope also has an open porthole on the rear-bottom that allows
for light to be directed onto the mirror/diffuser. A Bausch and Lomb light (Catalog
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# 31-35-30) is inserted into this porthole and used in conjunction with the Canon
40D’s live view feature for live viewing as well as for focusing. The live view
feature shows a real time image on the 3” LCD screen on the back of the camera.
The channel to be photographed is placed on the microscope stage and taped
into place. Photographs were taken with an exposure time of 1/250th of second
with the flash on full power using an optional remote to reduce vibration. Certain
tests required single shots while other tests required photographs to be taken in
“burst mode.” In burst mode the camera shoots 5 frames per second at equal
intervals. The images are stored on a 2GB compact flash card and transferred to
a PC via a multi-slot card reader. Images are processed (for clarity) in Adobe
CS3 and analyzed one by one with the naked eye either on a 22" LCD monitor or
via color prints from a color laser printer. The latter was used to analyze and
compute treatment number under different conditions.

[00328] Model Test: Teflon tubing (McMaster-Carr Company) with different
internal diameters and lengths was used to create the flow regime maps. The
gas pressure for these experiments was set at desired value from 0 to 80 psi at
the second regulator. The liquid flow rate was varied from a low flow rate of
about 3 mL.min to a high flow of about 120 mL/min, or higher if necessary.
Images were taken at generally 5 positions measured from the inlet along the
length of the each tube (generally around two meters in length): 1) 35-45 cm; 2)
65-75 cm; 3) 110-120 cm; 4) 143-165 cm; and 5) 190-210 cm near end of the
tube. At each position, microphotographs were taken at a range of flow rates,
from the low flow rates to the high flow rates with a total of 5 and 9 flow rate steps
in each test. 20-30 photographs were taken for each position for analysis.

[00329] Image Analysis and Map Construction: The image analysis consisted
of examination of all microphotographs from each combination of flow rates and
channel positions to determine the prevailing surface flow entities and
hydrodynamic mode. The surface flow entities of interest included rivulets
(straight and meandering), droplets (random), linear droplet arrays (LDA), sub-
rivulets, sub-rivulets “fingering” off of the main rivulet, sub-rivulet fragments,
turbulent/foamy rivulets, liquid films, foam, and all transition points between these
features. These liquid features were used to describe various modes of flow
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(flow regimes) and these modes were then put into a “map” which shows the
prevailing modes of flow as a function of distance from tube inlet at different liquid
flow rates, at the selected air pressure. Qualitative features were used to define
the flow regimes observed and quantitative analyses of images were used to
compute the Treatment Number.

[00330] Descriptions of liquid features and hydrodynamic modes used in mapping
flow regimes: The following descriptive definitions are used to classify individual
surface flow entities which are observed when a liquid is introduced into channel
as a rivulet stream and gas is simultaneously allowed to flow under pressure in
the tube. These terms provide a consistent definition of flow elements for the
classification of flow regimes defined below.

[00331] 1. Rivulet: A continuous stream of liquid normally covering the entire
length of tube and usually more prevalent near the inlet sections of the tube.
Rivulets, depending on their velocity, liquid composition, and tube surface micro-
roughness can either be perfectly straight or “kinked.” In both cases the rivulet
could be “stuck” (no meandering) or could meander (“meandering rivulets”) about
the tube surface reaching sides or ceiling of the tube due to transversal
movement.

[00332] 2. Droplets: Single beads of liquid that can either be static or moving
along the surface of tubing and are not connected to any other feature. These
droplets can range from 5 microns to 50 microns. Droplets can be distributed at

random, or exist as linear array split from trailing end of rivulet fragments.

[00333] 3. Sub-rivulets: Cylindrical bodies in the form of long continuous liquid
threads that break off of or finger from the main rivulet. They are generally much
thinner in comparison to the main rivulet. Dimensions of subrivulets depend on
the flow conditions and liquid composition and can range from 100 microns to
300 microns.

[00334] 4. Sub-rivulet fragments: When sub-rivulets break apart they produce
rivulet fragments. A sub-rivulet normally becomes unstable and splits into
several equal rivulet fragments that form a linear rivulet fragment array (LRFA).
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Each fragment becomes tear shaped or pill shaped with an advancing and
receding contact angle. The advancing contact angle is normally high (e.g.,
greater than 60 degrees) while the receding contact angle at the trailing edge of
the liquid feature is much lower (e.g., less than 50 degrees). Droplets normally
split from the trailing end of a rivulet fragment. These droplets frequently form

linear droplet arrays (LDA).

[00335] 5. Liner droplet arrays (LDA): Long arrays of small (20 microns to 200
microns) droplets deposited on the tube surface, normally formed from the trailing

end of a sub-rivulet fragment.

[00336] 6. Turbulent/foamy rivulet: The main rivulet often reforms near the end of
tube in a more chaotic and less structured fashion, and often includes discrete
dispersed air bubbles and foam (multiple dispersed air bubbles in close proximity)
. This rivulet does not tend to meander as much as the main rivulet in the early
sections of the tube near the inlet. This foamy mode normally leads to formation
of a thick liquid film that covers the entire cross-section of tube depending of the

surfactant or surfactant mixture used.

[00337] 7. Film: A complete annular liquid film covering the entire tube or tube

section, normally without traces of air bubbles or foam.

[00338] 8. Foam: A prevalence of air bubbles dispersed in the liquid phase

normally present in the entire tube cross section.

[00339] The term “fragments” is used to encompass all surface flow entities that
are derived from the initial rivulet and include: droplets, sub-rivulets and sub-
rivulet fragments (collectively cylindrical bodies) and linear droplet arrays (LDA).

[00340] Generalized Flow Regimes: The following qualitative descriptions are

used to qualitatively classify the predominant flow regimes or “modes of flow” that
are observed during the experiment. Their typical appearance is given in the

photographs and corresponding schematic drawings in FIG 5b.
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[00341] Sparse/Dry (FIG 5b-A): A mode of flow generally observed when the
liquid flow rate is very low. The main rivulet is skinny and tends to be broken (not
continuous). There are some stray sub-rivulet fragments and random droplets,
but these features are few and far between.

[00342] Single Rivulet (FIG 5b-B): When the liquid flow rate reaches a critical
level the main rivulet forms and is continuous. The main rivulet can be straight or

kinked, can be stationary or meandering depending on the gas velocity. The
rivulet thickens with flow rate and does not break apart. Other features are
absent in this flow mode because all of the liquid is contained in the rivulet.

[00343] Ejection Zone (FIG 5b-C): When a high enough gas velocity (further
distance from the tube inlet or higher pressure) and/or liquid flow rate is achieved,

the sub-rivulets begin becomes instable and eject or split from the main rivulet.
This mode also contains a few sub-rivulet fragments and random droplets.

[00344] Rivulet-Droplet-Flow (FIG 5b-D): Main rivulet may or may not be present.

Sub-rivulets, sub-rivulet fragments and droplets prevails. Sub-rivulet fragments

leave linear droplet arrays. Random droplets are also present.

[00345] Film/Foam (FIG 5b-E): Complete coverage of the tube with either a film

and/or foam.

EXAMPLE 2:

Flow Regime Map for 2.8mmm Channel

[00346] In this example the methods and apparatus of Example 1 were used to
construct the flow regime map for a tube with 2.8 mm ID and 2 meter length. The
following operating condition were employed: air pressure (30 psi), air flow rate
(about 5.0 SCFM), air temperature (21°C — ambient), liquid temperature (21°C —
ambient). The cleaning liquid included SURFYNOL® 485 and AO-455
(Composition 10A in Table 5). The liquid flow rates ranges from 0 ml/min to 29
mi/min with 7 flow rate steps in between for a total of nine flow rates. In this
example the positions for photographs were 45 cm, 73 cm, 112 cm, 146 cm, and

196 cm. Microphotographs were collected at each position and each liquid flow
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rate, and then analyzed to construct the flow regime map given in FIG 7c. The
following flow modes were observed at each position along the tube (distance
from inlet) as a function of liquid flow rate and position along the tube.

[00347] At the 45-cm point, the flow mode is sparse/dry up to about 6.5 mL/min at
which point it transitions to the single rivulet flow mode which continues with
increasing liquid flow rate up to 29 mL/min. At this position, the gas velocity is
low near the entrance of the tube and insufficient to produce rivulet instability or
fragmentation. The rivulet that forms at this position which appears above 6.5
mL/min liquid flow rate exhibits some meandering due to hydrodynamic
instability.

[00348] At the 73-cm point, the flow mode is sparse/dry up to 5 mL/min flow rate.
As the liquid flow rate increases, the flow mode transitions into the single rivulet
mode. The single rivulet flow mode continues up to about 18 mL/min at which
point it transitions into an ejection zone mode where sub-rivulets split from the
main liquid rivulets. The ejection zone continues up until 29 mL/min. The
ejection zone mode appears to arise due to further instability of the liquid on the
tube wall which leads to splitting of sub-rivulets from the main rivulet. The main
rivulet tends to meander due to transversal movements.

[00349] At the 112-cm point, the flow mode is sparse/dry up to about 4.0 mL/min
flow rate at which point the flow mode transitions to the single rivulet flow. The
single rivulet flow continues up to about 17 mL/min at which point it transitions
into an ejection zone. The ejection zone continues up to 23 mL/min at which
point it transitions to a film/foam mode. The film/foam mode continues up to 29
mL/min.

[00350] At the 146-cm point, the flow mode is sparse/dry up to about 3 mL/min at
which point the flow mode transitions to single rivulet flow. The single rivulet flow
mode continues up to 12 mL/min at which point it transitions into rivulet-droplet
flow (RDF) with various fragments and surface flow entities observed. The RDF
mode continues up to 22 mL/min at which point it transitions to the film/foam
mode. The film/foam mode continues up to 29 mi/min.
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[00351] At the 196-cm point, the flow mode is sparse/dry up to 2 mL/min at which
point the flow mode transitions to the single rivulet flow mode. The single rivulet
flow mode continues up to 12.5 mL/min at which point it transitions into the RDF
mode. The RDF mode continues up to 21 mL/min at which point it transitions to
the film/foam mode. The film/foam mode continues up to 29 mL/min.

[00352] The above data is plotted as a flow regime map as a function of the
position along tube length from inlet (0 cm) to outlet (200 cm) and the liquid flow
rate at a constant air pressure in FIG 7c. The map provides a convenient
representation of defines the different flow modes observed at each position
along the tube length at the different liquid flow rates. The region within the map
that provides optimal RDF flow can thus be identified and the controlling
parameters selected (e.g., liquid flow rate at a particular gas pressure.

[00353] In the case of the 2.8 mm ID tube, liquid flow rates between about 16 to
about 22 mL/min appear to provide liquid flow features that would effect high
level cleaning over most of tube length. For illustration, the 19 mL/min liquid flow
rate the spars/dry mode is minimized (limited to only short section near entrance)
while both the ejection and RDF mode cover most of the tube length without
formation of film or foam near the exit of the tube. At very low liquid flow rates (0
to 10 mL/min), flow modes are characterized by spars/dry mode and single rivulet
mode; under such conditions the entire surface of the tube cannot be adequately
cleaning due to the small amount of surface flow entities and to the low
Treatment Number in this case. Treatment time needs to be extended in this
case and this becomes impractical in cleaning endoscopes and other medical
devices. On the other hand, at very high liquid flow rates, most of the tube length
will be dominated by film and foam which result in covering the contaminants with
a liquid film, a condition that does not produce high-level cleaning. It should thus
be appreciated that cleaning according this method with a single liquid flow rate
might not cover the entire length of the tube if cleaning time is short, and that
using more than one liquid flow rate or utilizing alternative flow regimes, e.g.,
DPF or DPDF regimes, to create surface flow entities with moving three phase
contact lines may be required. This can be achieved by utilizing alternating liquid
plug and gas flow for a part or all of the cleaning cycle. Using other surfactant
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mixtures may also produce other flow maps under the same conditions
depending of the nature of surfactants.

[00354] The methods of Example 1 and analysis procedure Example 2 were
employed in Examples 3 — 7 to construct flow regime maps for tubes of different
diameters.

EXAMPLE 3

Flow Regime Map for 1.8-mm tube

[00355] The conditions used were: air pressure (30 psi); air flow rate (about 3.0
SCFM); air temperature (ambient @21°C); liquid temperature (ambient @ 21°C).
The test cleaning liquid included Surfynol 485 (0.036%) and AO-455 (0.024%).
In this example the liquid flow rates range was from 3.5 mL/min to 12.5mL/min
with 5 flow rate steps in between for a total of seven flow rates. The positions
examined with photographs were: 36-cm, 73-cm, 112-cm, 146-cm, and 188-cm,
all measured from tube inlet (0-cm). The map for the 1.8-mm tube found for the

above conditions is shown in FIG 7b.

[00356] The flow maps for the 1.8-mm (FIG 7b) and the 2.8-mm channels (FIG 7c)
are clearly different. The RDF and ejection zones are shifted observed in the 1.8
mm tube are shifted to lower liquid flow rates relative to the 2.8 mm tube and
cover a greater fraction of the tube length.

[00357] The 1.8 mm tube is important since it represents the dimension of the air,
water and auxiliary channels in many flexible endoscopes. The flow mode map
(FIG 7b) indicates that liquid flow rates between 6.0 to 9.0 mL/min appears to
provide an acceptable range to achieve high-level cleaning at 30 psi air pressure
according to the methods of this invention). In this liquid range, rivulets,
subrivulets and fragmentation can be created on most of the tube surface. High
liquid flow rates with this surfactant mixture (Composition 10A in Table 5) lead to
film/foam flow mode which prevents the formation of surface flow entities that
produce high detachment force.
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EXAMPLE 4

Flow Regime Map for 4.5 mm tube

[00358] The test conditions were: air pressure (30 psi); air flow rate (about 6.0
SCFM); air temperature (ambient @ 21°C); liquid temperature (ambient @21°C).
The cleaning liquid was the same as in Examples 2 and 3. The liquid flow rates
ranged from 13 mL/min to 69 mL/min with 7 flow rate steps in between for a total
of nine flow rates. The positions along the tube used for microphotographs were:
28-cm, 67-cm, 123-cm, 162-cm, and 196-cm. The map for the 4.5 mm tube
found for the above conditions is shown in FIG 7d and significantly differs from
the narrower diameter tubes described in Example 2-3.

[00359] At the 28-cm point the 4.5mm tube is in the ejection mode from the start
and transitions into RDF at 33mL/m. The RDF mode continues until 62mL/m at
which point it transitions into the film/foam mode. At the 67-cm point the 4.5 mm
tube is in RDF until 60 mL/m at which point it transitions into the film/foam mode.
At the 123-cm point the 4.5 mm tube is in RDF until 39ml/m at which point it
transitions into the film/foam mode. At the 162-cm point the 4.5mm tube is in the
RDF mode until 35mL/min at which point it transitions into the film/foam flow. At
the 196-cm point the 4.5 mm tube is in RDF until 33ml/m at which point it
transitions into the film/foam mode. Due to the larger diameter tube the gas
velocities in the 4.5 mm tube are much higher and ejection occurs earlier in the
tube (closer to the entrance) and the RDF mode surface flow entities is
sustained over a larger portion of the tube and over a larger range of flow rates.
In the 4.5 mm tube still lower flow rates are lead to the sparse/dry flow mode.

EXAMPLE 5

Flow Regime Map for 6.0 mm tube

[00360] The test conditions were: air pressure (30psi); air flow rate (about 8.0
SCFM); air temperature ambient @ 21°C; cleaning solution temperature ambient
temperature @21°C. The test cleaning liquid in this example was the same as in
Example 1. The flow rates ranges from 25 ml/min to 85ml/min with 7 flow rate
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steps in between for a total of nine flow rates. The positions for photographs
were: 23-cm, 56-cm, 118-cm, 163-cm, and 196-cm. The map for the 6 mm tube
found for the above conditions is shown in FIG 7e and is qualitatively similar to
the map for the 4.5 mm ID tube but differs significantly from those of the narrower
diameter tubes described in Example 2-3).

[00361] At the 23-cm point, the single-rivulet flow mode is observed until about 32
mL/min at which point it transitions to the ejection flow mode. This mode
continues up until about 62 mL/min at which point the flow transitions into the
RDF mode. At the 56-cm point, the single-rivulet flow is observed up until 32
mL/min at which point it transitions into the RDF flow mode. The RDF mode is
observed until about 80 ml/min at which point it shifts to the film/foam mode. At
the 118-cm point, the single-rivulet flow is observed up until about 32mL/min at
which point it transitions into the RDF flow. The RDF mode is observed until
about 65 ml/min at which point it shifts to the film/foam mode. Atthe 163-cm,
single-rivulet flow mode is observed up until about 32 mL/min at which point it
transitions into mixed the RDF mode. The RDF mode is observed until 62
mL/min at which point it shifts to the film/foam mode. At the 196-cm point, the
RDF mode is observed until 65 mL/m at which point it shifts to the film/foam
mode. This map closely resembles the 4.5-mm tube map (FIG 7d). However,
due to the high air flow rate obtained under these above conditions, the RDF
mode can be achieved at most of the tube length, except at a short segment near

the entrance of the tube.

[00362] Comparison of FIGS 7b and 7¢ with FIGS 7d and 7e indicates that it is
easier to achieve optimal zones of RDF flow over most of tube length with larger

diameter 4.5 mm and 6 mm tubes.

EXAMPLE 6

Flow Regime Map for the 0.6mm tube @ 30 psi air pressure

[00363] The test conditions were: air pressure (30 psi); air flow rate (about 0.1
SCFM); air and cleaning solution temperature (ambient @ 21°C). The cleaning
liquid was the same as in Example 1. The liquid flow rates ranged from 3 mL/min
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to 11.5 mL/min with 4 flow rate steps in between for a total of six flow rates. The
positions for photographs were: 28-cm, 73-cm, 118-cm, 157-cm, and 207-cm.
The flow map is shown in FIG 7a.

[00364] At the 28-cm point, the single-rivulet mode is observed which continues up
to 8.5 mL/min liquid flow rate at which point it transitions to the film/foam mode.
At the 73-cm point, the flow mode is single rivulet which continues up to 10.5
mL/min. At higher flow rates it transitions to the film/foam mode. Atthe 118-cm
point, the flow mode is RDF up to 5 mL/min at which point the flow mode
transitions to the single rivulet mode. This continues up to 10.5 mL/min at which
point it transitions to the film/foam mode. At the 157-cm point, the flow mode is a
single-rivulet flow. This continues up to 10.5 mL/min at which point it transitions
to the film/foam mode. At the 207-cm point, the flow mode is RDF up to 5
mL/min at which point the flow mode transitions to a single rivulet mode. This
continues up to 9.5 mL/min at which point it transitions to the film/foam flow
mode.

[00365] According to this flow mode map, the RDF mode is only occasionally
encountered and is not generally accessible under the above conditions.. This is
due the high hydrodynamic resistance of this narrow diameter tubing. The air
velocity is insufficient to induce instabilities leading to formation of liquid
fragments. Cleaning with rivulet flow under these conditions is due solely to the
meandering of the single-rivulet flow due to transversal movement. To achieve
optimal RDF flow a higher pressures and liquid and gas flow velocities are

required as is shown in Example 7 below which was carried out at a gas pressure

of 80 psi.
EXAMPLE 7
Flow Regime Map for the 0.6mm tube @ 80 psi air pressure
[00366] The operating conditions were the same as in Example 6 but the air

pressure was controlled at 80 psi which is the maximum rated pressure for this
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very small diameter endoscope channel (elevator-wire channel). The results are
given in FIG 24.

[00367] At the 28-cm to 207 cm (i.e., over the entire length of the tube) the flow
mode was RDF which continues up to about 10.5 mL/min at which point it
transitions to the single rivulet mode. The results of this example demonstrate
that using higher air pressure and air velocity results in the formation of the RDF
even in the 0.6 mm channel which is favorable for cleaning. This example is
important since these dimensions are similar to the elevator-wire channels of
flexible endoscopes.

[00368] Example 2-7 demonstrates that the operating conditions in terms of flow
rates and gas pressure required to generate optimal RDF flow regimes for
cleaning by rivulet flow depend strongly on the diameter of the tubing employed
and is different for different diameters. Since there is not a single universal set of
parameters for all channel diameters, optimal cleaning of multi-channel devices
such as endoscopes requires that the conditions employed for each channel be
optimized to produce the optimal flow mode, e.g., RDF in the case of rivulet flow.

EXAMPLE 8

Examples of Liquid Cleaning Media Containing Single Surfactant

Liquid compositions containing single surfactants were prepared and
tested by the flow mapping technique of Example 1 and flow regime maps
constructed for endoscope tubes of different diameters (ID 0.6 mm to 6.0 mm) as
described in Examples 2-7. The compositions are summarized in Table 3. The
air pressure range used in the evaluations was between 10 to 30 psi and in other
cases above 30 psi. The liquid flow rates used in the evaluations were in the

range defined by flow regime/mode maps similar to those given in Examples 2-7.

The surfactants belong to Class Ill as described above. The results from
all the experiments are summarized by an overall RDF rating and an overall
organic soil cleaning rating. All the surfactants provided cleaning media that

103



WO 2010/039736 PCT/US2009/058861

formed the RDF flow regime in all the different channels and provided soil
removal. However, the effectiveness in soil removal varied somewhat. Organic

soil removal was evaluated by the procedure described in Example 15.

Table 3
Composition B C E G H M
| Ingredient

Water 97.82 | 97.81 | 99.621 | 99.67 | 99.67 | 99.37
SMS 013 | 013 | 013 | 0.13 | 043 | 0.13
STP 2.000 | 2.000

EDTA (39%) 015 | 015 | 015 | 0.15
AO-405 0.024
TERGITOL® 1X 0.050

PLURONIC®L43 0.060 | 0.050 0.050
31R1 0.050

L62D 0.050 | 0.000
L81 0.025
Accusol 505N 0.30

RDF Rating 3 3 n/a 3 3 n/a
Organic Soil Cleaning 4 2 n/a n/a n/a n/a

Notes: RDF Rating: 1 to 5 scale where 1=worst, 5=Best
Organic Soil Cleaning : 1 to 5 scale where 1=worst, 5=Best;
Rating was based on SEM acquired at 200X to 5000X
magnification as in Example 19

EXAMPLE 9

Comparative examples of Liquid Cleaning Media Containing Unsuitable
Surfactant

The comparative examples listed in Table 4 were prepared and tested by
the identical procedure described in Example 8. However, the individual
surfactants belonged to either Class | (formed wetting films) or class Il (formed
excessive foam).
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Comparative C-P employs a hydrotrope (xylene sulfonate) SX-40 which
does not provides surface tension less than 55 dynes/cm which appears to be

insufficient to produce extensive fragmentation.

Comparatives C-Q and C-R were made with a castor-oil ethoxylate (15
EO), CO-15 and an acetylinic surfactant, SURFYNOL® 420 respectively both
produced wetting films on the surface of endoscope channels. No rivulets or
liquid fragmentation were observed with Compositions Q and R nor was the RDF

regime observed.

Comparative C-S and C-T were made with an alcohol ethoxylated,
TERGITOL® TMN-10 and sodium lauryl sulfate (SLS) respectively. These
surfactants have a Ross- Miles foam height greater than 50mm and produced the
foam/film regime which covered most of the channel cross-section and length
with wither foam (generally) of film at low flow rates. The RDF regime was not
observed under the conditions employed. Foaming surfactants such as TMN-10
are not suitable for use in RDF cleaning of endoscope channels or other luminal

devices.
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Table 4
Comparative | ¢p | cq | ¢cR | C8 | CT
Examples
Ingredients
Water 97.77 | 97.82 | 97.82 | 97.82 | 97.77
SMS 013 | 013 | 013 | 0.13 | 0.13
STP 200 | 200 | 2.00 | 200 | 2.00
SX-40 0.10
CO-15 0.050
Surfynol 420 0.050
TMN-10 0.050
SDS/SLS 0.10
RDF Rating 2 1 1 2 1
Organic Soil 3
Cleaning 1 2 2 3

Notes: RDF Rating: 1 to 5 scale where 1=worst, 5=Best
Organic Soil Cleaning : 1 to 5 scale where 1=worst, 5=Best;
Rating was based on SEM acquired at 200X to 5000X
magpnification as in Example 19.

EXAMPLE 10

Examples of Liquid Cleaning Media Containing Surfactant Mixtures

The examples listed in Table 5 were prepared and tested by the identical
procedure described in Examples 8 and 9. In contrast to the previous examples,
the cleaning compositions contained a mixture of two surfactants: an acetylinic
surfactant, SURFYNOL® 485 and an alkoxylated ether amine oxide, AO-455. All
the compositions performed well and some provided very effective and robust

RDF flow regimes.
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Table 5
Examples 10A 10B 10C 10E 10F 10G 10H 101 10J
Ingredients
Water 97.80 97.79 99.63 97.51 97.510 | 97.510 | 97.510 99.360 | 97.38
SMS 0.13 0.130 0.130 0.130 0.130 0.130 0.130 0.130 0.13
STP 2.00 2.00 1.00 1.00 1.00 1.00 2.00
TSPP 1.00 1.00 1.00 1.00
EDTA (39%) 0.150 0.150
SURFYNOL®
485 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036
AO-455 0.024 0.024 0.024 0.024 0.024 0.024 0.024 0.024 0.024
L61 0.025 0.025
L81 0.024
CP5 0.30
Accusol 455 N 0.30
Accusol 460N 0.30
Accusol 505N 0.30 0.30
SX-40 0.40
RDF Ratin 4 n/a 3 n/a n/a n/a n/a 4 n/a
Organic Soil
Cleaning 3 n/a n/a n/a n/a n/a n/a n/a n/a

Notes: RDF Rating: 1 to 5 scale where 1=worst, 5=Best
Organic Soil Cleaning : 1 to 5 scale where 1=worst, 5=Best;
Rating was based on SEM acquired at 200X to 5000X

magnification as in Example 19

Example 11

Cleaning performance determined by Radionulcide Method (RNM)

This example compare the cleaning of endoscope channels with one

phase liquid flow and with RDF mode with the cleaning effectiveness assessed
by the Radionulcide Method (RNM). RNM provides direct quantification of
contaminants in the channels by counting the Gamma quanta/second/endoscope
using a special Gamma camera (Picker, U.S.A.). This method does not require

recovery of residual contamination from the endoscope, and thus provides
accurate determination of cleaning level. Tc(99) in macroalbumen is mixed with
the organic soil which is then used to contaminate endoscope channels by
injecting the mixture from one of the endoscope ports. Different channels can be
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tested separately. Images showing the spatial distribution of contaminants before
and after cleaning are also acquired for each test.

A PENTAX® endoscope (Models EG-2901) was tested to determine the
effectiveness of liquid flow cleaning. 5 mL of Dry sheep blood was mixed with 5
mL saline solution followed by adding 100 uM protamine sulfate. The desired
dose of Tc-99 in macroalbumen was thoroughly mixed with the above solution.
6.5 ml of the mixture was injected into the endoscope via the A/W port located at
the umbilical end of the endoscope following the contamination method of Alfa et
al., American Journal of Infection Control, 34 (9), 561-570 (2006). The
endoscope was allowed to stand for at least one hour to allow blood clotting and
adhesion to channel walls to take place. Gamma-camera images were acquired
at the following points during the test: 1) right after contamination, 2) just before
cleaning, 3) after each step of pre-cleaning, cleaning, rinsing and drying. At each
point, the quanta/second/endoscope was measured to determine the effect of
each segment of the cleaning cycle. Normal procedures were used to determine
and subtract radioactivity level arising from accidental spillage on the external
surface of endoscope or the holding tray.

In this test, summarized in Table 6 under the column labeled “Comparative
11”, the initial quanta/sec./endoscope (g/s/e) was 3407 after 5 minutes of liquid
flow cleaning of the air/water channel (1.4 mm ID and about 350 cm in length) at
a liquid flow rate of 7.5 mL/minute, the radioactivity decreased to 2603 qg/s/e.
After rinsing and drying, the radioactivity was further decreased to 1855 q/s/e.
This example demonstrates that liquid flow cleaning does not effectively clean the
A/W channel, as supported by the Gamma camera images given in FIG 25.

The same PENTAX® endoscope as in the above comparative control was
contaminated with dry sheep blood and soiled as described above. The initial
count before cleaning was 1044 g/s/e. This was reduced to 321 g/s/e after an
initial RDF pre-cleaning step. The residual soil level was further decreased to 59
g/sle after RDF cleaning and rinsing. The flow was injected from the AW
cylinder at the control handle of endoscope. The experiment and results are

described in Table 6 under the column headed “Example 11”. The final residual
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radioactivity in the endoscope after cleaning with the RDF method was 59 g/s/e
compared to 1855 g/s/e when cleaning was done by liquid flow (Comparative 11).

Table 6

Steps Comparative 11 | Example 11
Initial 3407 1044
Pre-cleaning 3440 321
Liquid flow 2603
Rivulet-droplet flow 327
After rinsing and drying 1855 59
Rivulet-droplet flow advantage 262
Pentax Endoscope Model EG-2901 EG-2901
Soil (see footnote) PB2 PB2
Air Pressure (psi) 0 28
Liquid flow rate (ml/min) 75 15
Pre-cleaning time (min) 2.5 2.5
Liquid flow time (min) 2.5 0.0
Rivulet-droplet flow cleaning time
(min) 0.0 2.5
Two-phase rinsing time (min) 3.0 3.0
Drying time (min) 2.0 2.0

Note: PB2: 5.0 ml dry sheep blood, 5.0 ml saline, 100 ym potamine
sulfate and radioactivity material that makes about 11.5 mi of soil.

Further studies have demonstrated that a significant portion of the residual
radioactivity in Example 11 is due to one or more hot spots arising from
contaminating port.

High-sensitivity images (FIG 25) comparing endoscopes cleaned by liquid
flow (FIG 25a) and with cleaning using Rivulet Droplet Flow (FIG 25b)
demonstrate the highly effective cleaning of the surface of the channel by the
method of the invention.
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EXAMPLE 12
RDF cleaning of Air/Water (A/W) channel soiled with clotted blood

In this series of tests, the soil was based on clotted fresh sheep blood
whose formula is given under Table 7 below. Blood contamination of
endoscopes is very common and is considered to be a tough soil to clean with
liquid flow methods. 6.5 mL of the clotting mixture including Tc-99 isotope was
injected into the A/W channel from the umbilical end of the endoscope. Six tests
were made where cleaning was performed at 28 or 14 psi air and with liquid flow
rate of 15 mL/min or 7.5 mi/min. These operating conditions were selected by
the flow mapping method described above to give the RDF flow regime. The test
cleaning composition included an alkaline surfactant solution based on 0.0.05%
nonionic surface Tergitol (1x) at a pH of about 10.0. The cleaning solution and
air were injected from the A/W cylinder located in the control handle of the
endoscope (PENTAX® EG-3401).

The results of Test 1 to 6 summarized in Table 7 indicates that the RDF
flow regime at air pressures 14-28 psi and liquid flow rates between 7 to 15
ml/min was able to decrease the radioactivity in the endoscope to levels that can
be considered “clean” according to published reports (Schrimm et al., Zentr.
Steril. 2 (5), 313-324 (1994). For a small hand-held medical device, if the
residual radioactivity after cleaning is in the range of 6 quanta/second/device the
device is considered “clean” and is presumed to be equivalent to about 10E6 (“6
log”) reduction in the number of organisms. In the case of large endoscopes
such as PENTAX® (EG-3401), the residual g/s/e were: 0, 6, 36, 41, 75 and 99
(Table 7). These levels indicate that the RDF method is effective in producing
“clean” endoscopes since the endoscope is 10 times larger than the hand-held
devices used in the published data. The RDF provided cleaning advantage
estimated between 176 to 543 g/s/e compared to the level achieved after pre-
cleaning step which is assumed to be equivalent to liquid flow only cleaning. The
differences between the RDF cleaning advantage in the various tests is due to
the different levels of initial contamination and other variable parameters used in

the testing.
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Table 7

Steps Test 1 Test 2 Test3 | Test4 | Test5 | Test6
Initial 2644 3957 2982 4524 5321 3115
Pre-cleaning 237 217 312 493 549 392
After two-phase
rinsing and drying 0 41 36 99 6 75
Rivulet-droplet flow
advantage 237 176 276 394 543 317
Pentax Endoscope
Model EG-3401
Soil (see footnote) PB1 PB1 PB1 PB1 PB1 PB1
Air Pressure (psi) 28 28 14 28 14 28
Liquid flow rate
(ml/min) 15 15 7.5 15 7.5 15
Pre-cleaning time
(min) 2.5 2.5 25 2.5 2.5 2.5
Liquid flow time
(min) 0.0 0.0 0.0 0.0 0.0 0.0
Rivulet-droplet flow
cleaning time (min) 2.5 2.5 2.5 2.5 2.5 2.5
Two-phase rinsing
time (min) 3.0 3.0 3.0 3.0 3.0 3.0
Drying time (min) 2.0 2.0 2.0 2.0 2.0 2.0

Note: PB1: 2.5 mL pure fresh sheep blood, 2.5 mL saline, 100 ym protamine
sulfate and radioactivity material that makes about 6.5 mL of soil.

EXAMPLE 13
Bioburden removal as function of flow mode at three pressures

This example demonstrates how flow modes in endoscope channels affect
the cleaning efficacy as determined by testing Recoverable Bioburden
(microorganisms) following an accepted recovery protocol. Another objective
was to define the effect of air pressure (velocity) and liquid flow rate on the flow
regime and on the effectiveness of removing bioburden form actual endoscopes
channels.

The Artificial Testing Soil (ATS) developed by Alfa is now accepted as a
simulant for worst-case organic soil found in patient endoscopes after
gastrointestinal procedures (US 6,447,990). The detailed protocol for testing the
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effectiveness of cleaning endoscopes was published by Alfa et al., American
Journal of Infection Control, 34 (9), 561-570 (2006), including the citations
therein. The basis of the Alfa cleaning evaluation includes contaminating
endoscope channels with a sufficient volume of a high-count inoculum (normally
>8 log10 cfu/ml) using a cocktail comprising three organisms covering a
representative species from Gram positive, Gram negative and yeast/fungus
mixed in the ATS soil. Depending on length and diameter, each channel
normally receives 30 to 50 mi/channel of the ATS soil-bioburden mixture and then
is allowed to stand for two hours to simulate the recommended practice used in
reprocessing endoscopes. This contamination procedure is specific and requires
special skill to ensure that each channel receives a complete coverage with ATS
soil and organisms. After a waiting time, the endoscope channels is lightly
purged with a know volume of air using a syringe to remove excess mixture form
the channels. The endoscope is then transferred to the cleaning device for
evaluation. At the conclusion of the cleaning and rinsing cycles (including
exterior cleaning), residual bioburden in the channel is recovered according to a
specific and precise protocol.

The accepted bioburden recovery method from the working channels
(suction and biopsy) is to use the Flush/Brush/Flush (F/B/F) protocol for the
working channels and the Flush/Flush (F/F) for the narrow A/W channels. The
validated F/B/F protocol requires first flushing the entire channel with a sterile
reverse osmosis (SRO) water and quantitatively collecting the recovered solution
of this step in a sterile vial. The second step requires brushing the entire channel
with a specially-designed endoscope brush multiple times using a specific
sequence and manipulation to reach the entire surface of the channel and to
dislodge the attached organism in a quantitative and reproducible manner. The
brush tip is then cut off and placed in the same collecting sterile vial. A third
bioburden recovery step involves another flushing of the channel with sRO water
to remove the organisms detached by the brushing action as described above.
The flushing liquid of this step is added to the same collection vial. The total
volume of liquid recovered is maintained at about 40 mL. The contents of the vial
are then sonicated to dislodge organisms from the brush or to suspend

aggregated bacteria recovered. An aliquot of this recovered fluid is plate cultured
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as described by Alfa et al., referenced above. Serial dilution practice is used to
produce reliable results following strict microbiology laboratory practices and
routines. Three replicates are made in each test. The recovered bioburden from
the suction/biopsy channel is termed L1. Intimate knowledge of the endoscope

and its channel configuration is necessary to perform this protocol.

Recovery of bioburden from the Air/Water (A/W) narrow channels (ID 1.0
to 2.1 mm) is normally performed with the Flush/Flush (F/F) protocol which does
not include the brushing step. These narrow endoscope channels cannot be
bushed due to their small diameter and to the complex configuration of
endsocopes, and there are no available brushes that can be perform this
operation. However, the F/F protocol has been validated to produce excellent
recovery for the AW channel. At the conclusion of the cleaning and rinsing
cycles, residual bioburden is recovered with a double flushing method using sRO
water according to the Alfa protocol. The recovered liquid is collected from both
air and water channels and pooled together in one sterile vial. Approximately 30
mLs are collected and subjected to the same preparation and culturing
procedures described above. The recovered bioburden from the Air/Water

channel is termed L2.

In each test the inoculum is cultured according the accepted protocols and
the results expressed in colony forming units per mL, or simply cfu/mL.
Generally, the recovered bioburden from the channel after cleaning is expressed
as cfu/mL. The product of cfu/mL and volume of the recovered liquid from each
channel in mLs yields total cfu/channel. When the latter value is divided by the
surface area of the channel in cm2, bioburden surface density can be expressed
in cfu/cm2. Since the volume of the liquid recovered from the channel is more or
less the same as the volume of inoculum used to contaminate the channel, the
log10 removal (reduction) factor (RF) can be obtained by subtracting the log10 of
cfu/mL of recovered solution form the log10 cfu/mL of the inoculum used. This
calculation may be some what approximate since a positive control of a
contaminated endoscope (not cleaned) need to be recovered at the same time to

arrive at the actual RF. However, according to our experience with many tests
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the two methods for estimating RF are cldse to each other within +/- 0.5- 1.0 log.
Negative controls are used in each test according to the Alfa protocol.

In this example, we assessed the cleaning of endoscope channels using
Enterococcus faecalis ATCC 29212, Enterococcus faecalis is a gram-positive
opportunistic pathogen known to form biofilms in vitro. This species is known to
possess strong adhesion to endoscope channels and is considered an excellent
surrogate worst case organism to reliably assess the cleaning effectiveness.

To demonstrate the effect of flow modes on the effectiveness of removing
bioburden according to method of this invention, we selected three air pressures
namely: namely 10, 28, and 55 psig. At each air pressure, we tested the
cleaning effectiveness at three liquid flow rates. The liquid flow rates used to
assess the cleaning of the suction/biopsy channel (ID = 3.7 mm; length= 400 cm
max) are shown in Table 8. The liquid flow rates used to assess the cleaning
effectiveness of the A/W (ID = about 1.6 mm; length = 400 cm max) channels are
shown in Table 8. The range of liquid flow rates was chosen by constructing a
flow regime map according to the methods described in Example 1-7 for the
particular endoscope channels employed and selecting the controlling
parameters set forth above that provided RDF flow regime. The maps used in
this case are those described in Example 2 — FIG 26b for the 2.8 mm tube and
Example 3 — FIG 26a for the 1.8 mm tube. The low liquid flow rate was selected
where the flow regime is described as dry/sparse over most of the channel length
and when the amount of surface flow entities on the channel surface is small.
The intermediate liquid flow rate was selected to represent nearly optimal RDF
regime with intense rivulet meandering and fragmentation with large amount of
moving liquid entities having three-phase contact line. The higher liquid flow rate
was chosen such that the flow regime is in the film/foam regime where the
surface of the channel is covered by a complete film with some foam and with
little opportunity to form liquid entities.

Table 9 summarizes the results of nine tests to assess bioburden removal
at three flow modes at three air pressures. At each pressure, the liquid flow rate

determines the flow mode that can be obtained at the operating conditions.
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Examples of large (S/B) and narrow (A/W) channels were tested. The cleaning
composition used was Composition 10A in Table 5, where the surfactant mixture
was found to give excellent RDF mode when used at appropriate operating
conditions. The injection of air and liquid into the endoscope was made
according to the sequencing scheme A described in Example 16 where the flow
is injected from the control handle following the cycle described here.

At 10 psig air pressure (Table 8), Test No. 2 represents near optimal liquid
flow rate where the most of the channel is covered with elements of the RDF
mode including rivulets, meandering rivulets and liquid fragments/entities
covering the most of the channel length and surface. Test No. 2 results show the
best bioburden removal from both S/B (L1) and A/W (L2) channels with RF

values of 6.047 and 6.472, respectively. In this test, residual/recoverable
| organisms after RDF cleaning were only 48 cfu/cm2 and 17 cfu/cm2 form the S/B
and A/W, respectively. At lower liquid flow rates where the treatment number is
small due to the few number of surface flow entities formed under these
conditions (Test No. 1), the results are worse. At higher liquid flow rate where
most of the surface is in the film/foam regime and the cleaning with liquid entities
is not possible (Test No. 3) the results were also worse compared to those of
Test No. 2. Overall, the cleaning effectiveness demonstrates the significance of
using the RDF mode (Table 8), especially in the S/B channel (L1). OLYMPUS®
Colonoscopes (model CF Type Q160L) were used to simulate the worst case
conditions especially for very long channels.
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Le:t L1 - Suction/Biopsy (Flush/Brush/Flush)
Liquid
Air Flow Reduction
Pressure Rate Inoculum Recoverable Bioburden Factor
(Log10 (Log10
(psig) (ml/min) | cfu/ml) | (cfu/ml) | cfu/ml) | (cfu/cm2)
1 10 5.00 8.439 7830 3.893 787 4.546
2 10 22.5 8.710 460 2.663 48 6.047
3 10 67.50 8.393 1830 3.262 171 5.131
4 28 5.00 8.369 6400 3.806 605 4.563
5 28 22.50 8.572 173 2.238 16 6.334
6 28 67.50 8.560 1700 3.230 151 5.330
7 55 5.00 8.423 1390 3.143 135 5.280
8 55 22.50 8.423 497 2.696 56 5727
9 55 67.50 8.710 460 2.663 40 6.047
Table 8 — Continued
Test L2 - Aj
No. - Air/Water (Flush/Flush)
Liquid
Air Flow Reduction
Pressure Rate Inoculum Recoverable Bioburden Factor
(Log10 (Log10
(psig) | (ml/min) | cfu/ml) | (cfu/ml) | cfu/ml) | (cfu/cm2)
1 10 1.75 8.439 6830 3.834 607 4.605
2 10 5.75 8.710 173 2.238 17 6.472
3 10 16.80 8.393 190 2.279 14 6.114
4 28 1.75 8.369 293 2.467 17 5.902
5 28 5.75 8.572 150 2.176 8 6.396
6 28 16.80 8.560 1780 3.250 129 5.310
7 55 1.75 8.423 52300 | 4.718 3597 3.705
8 55 5.75 8.423 70 1.845 4 6.578
9 55 16.80 8.710 57 1.754 3 6.956
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The same trend is found at 28 psig air pressure (Table 8) where the region
corresponding to near optimal RDF mode gives the best result (Test No. 5). Low
liquid flow rates (Test No. 4) corresponds to the sparse/dry flow mode with small
treatment number and the high flow rate produced the foam/film regime (Test No.
6). Test No. 5 corresponds to the best results for both 8/B and A/W channels as
supported by the very low recoverable cfu/cm2 and high RF values. Again,
cleaning in the RDF mode is demonstrated to give the best results at the 28 psig
air pressure; RF values higher than 6.0 could be achieved under these
conditions.

At even higher air pressures (55 psig), the main trend remains in that
when the RDF and higher treatment number can be achieved within the 300
seconds cleaning yet better cleaning is possible. At this high pressure, the liquid
flow rate optimal for the RDF mode appears to shift to higher values because of
the high gas velocity obtained at this pressure.

The RF for optimal manual cleaning of endoscope channels has been
established by Alfa et al. at 4.32 +/- 1.03 (Alfa et al., American Journal of
Infection Control, 34 (9), 561-570 (2006)). Also, industry estimates RF of manual
cleaning of endoscopes in the field about 1-4 or about 3.0 on the average. The
manual cleaning results are based on following protocols for manual cleaning
recommended which include brushing of the working S/B channels and flushing
the A/W (protocol provided in Alfa et al., cited above). The optimal RF value
obtained with the RDF cleaning at 10 and 28 psig air pressure is between 6.047
and 6.472 which is significantly better than the best manual cleaning results
reported by Alfa et al by about 2 log10. Based on these results, the RDF

cleaning provides significantly better results than manual cleaning with brushing.

EXAMPLE 14
Bioburden Removal With The RDF Mode Using Multiple Organisms

The three bacterial strains used for this example were Enterococcus
faecalis ATCC 29212, pseudomonas aeroginosa ATCC 27853 and candida
albicans ATCC 14053. This example follows the methods and protocols
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described in Alfa et al. and the references cited therein. Endoscope channels
were contaminated with the ATS including cocktail of the three organisms as
described in Example 13. OLYMPUS® Colonoscopes (model CF Type Q160L)
were used to simulate the worst case conditions especially for very long
channels. Both S/B and A/W channels were tested and the results are
summarized in Table 10. The cleaning/rinsing cycles were same as in Example
13. Composition 10A in Table 5 was used as the cleaning liquid. The operating
conditions including: air pressure, liquid flow rate and ports of injection were
selected to provide optimal or near optimal RDF for the channel sizes present in
endoscope used. Flow mode maps similar to those of Example 2-7 were used to
define the RDF mode and to select the operating conditions. All tests were made
at 28 psig air pressure.

RF values for Ten (10) independent tests regarding the cleaning S/B
channel (L1) were as follows: 1) Enterococcus faecalis 5.60 (+0.82); 2)
pseudomonas aeroginosa 7.02 (+1.38); 3) candida albicans 5.32 (£0.56). These
results are significantly better than the best manual cleaning with brushing as per
Alfa et al., and are far superior to published data by Zuhlsdorf (cited in Alfa’s
paper) where cleaning is performed according other AERs based of liquid flow
cleaning methods. The main conclusion of the present example is that cleaning
endoscope channels with the RDF mode achieves reliable and robust high-level
cleaning better than manual brushing or other methods when the three

representative organisms were used in the evaluation.

The RF values obtained in cleaning A/W channels (L2) of the same
endoscope were as follows: 1) Enterococcus faecalis 5.76 (£1.01); 2)
pseudomonas aeroginosa 6.92 (+1.02) and 3) candida albicans 5.82 (+0.94).
These results are significantly better than the best manual cleaning values
published by Alfa et al., or published data by zuhlsdorf et al. Comparing the
results of this example with published data indicated that the RDF mode provides
a clear advantage in cleaning very narrow channels compared to other methods
as supported by the RF value obtained in the A/W (L2) case.
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Table 9
Test Endoscope L1 - Suction/Biopsy (Flush/Brush/Flush)
No. Model
E. faecalis P. aeruginosa C. albicans
Inoculum R.F. Inoculum R.F. Inoculum R.F.
(Log10 (Log10 (Log10
cfu/ml) cfu/ml) cfu/mil)
1 PENTAX® 8.49 5.04 7.44 7.36 8.06 5.01
EG-2910
2°  PENTAX® 8.45 4.79 7.79 7.79 8.02 5.31
EG-2910
3>  PENTAX® 8.30 6.62 8.03 8.03 7.86 5.73
EG-2910
4c PENTAX® 8.71 5.78 8.27 8.13 7.44 4.82
EG-2910
5 PENTAX® 8.71 6.12 8.27 8.13 7.44 5.02
EG-2910
6° PENTAX® 8.51 5.28 7.70 5.62 7.94 5.30
EG-2910
7t PENTAX® 8.60 7.03 8.22 8.22 7.84 6.49
EG-2910
89 OLYMPUS® 8.30 4.71 8.28 4.56 7.18 4.84
CF-Q160L
9" OLYMPUS® 8.38 4.75 8.48 5.15 7.28 478
~ CF-Q160L
10' OLYMPUS® 8.23 5.10 8.91 7.20 7.90 5.86
~ CF-Q160L
117 OLYMPUS® 8.57 6.33
CF-Q160L
Average: 8.48 5.60 8.14 7.02 7.70 5.32

Standard 0.16 0.82 0.42 1.38 0.33 0.56
Deviation:
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Table 9 — Continued

Test  Endoscope L2 - Air/Water (Flush/Flush)
No. Model
E. faecalis P. aeruginosa C. albicans
Inoculum R.F. Inoculum R.F. Inoculum R.F.
(Log10 (Log10 (Log10
cfu/ml) cfu/ml) cfu/ml)
1 PENTAX® 8.49 4.64 7.44 5.43 8.06 5.33
EG-2910
2° PENTAX® 8.45 4.66 7.79 7.46 8.02 6.06
EG-2910
3° PENTAX® 8.30 5.89 8.03 7.41 7.86 5.73
EG-2910
4c PENTAX® 8.71 6.02 8.27 8.22 7.44 4.94
EG-2910
59 PENTAX® 8.71 6.30 8.27 6.84 7.44 5.37
EG-2910
6° PENTAX® 8.51 4.58 7.70 6.10 7.94 5.78
EG-2910
7 PENTAX® 8.60 7.7 8.22 8.22 7.84 7.80
EG-2910
8% OLYMPUS® 8.30 5.59 8.28 6.12 718 5.14
CF-Q160L
o" OLYMPUS® 8.38 4.88 8.48 5.72 7.28 4.98
' CF-Q160L
10' OLYMPUS® 8.23 6.71 8.91 7.65 7.90 7.07
_ CF-Q160L
11 OLYMPUS® 8.57 6.40
CF-Q160L
Average: 8.48 5.76 8.14 6.92 7.70 5.82
Standard 0.16 1.01 0.42 1.02 0.33 0.94
Deviation:
Notes

a) Two RDF cycles

b) No water filter/cold water/2 hr. drying time (March 2005)
c) With water filter/cold water

d) Without water filter/cold water

e) Flush/Brush/Flush Method of Recovery (July 2005)

f) Hot tap water (September 2005)

g) Cold tap water (April 2008)

h) Cold RO water (April 2008)
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i) Cold RO water with continuous rinse (May 2008)
j)10 Tap water with continuous rinse (September 2008)

EXAMPLE 15

Cleaning Of Organic Soils From Endoscopes With RDF Flow Regime

One criteria cleaning effectiveness used in the pharmaceutical industry is
based on measuring the level of organic soil removal from surfaces of equipment
and devices. Transfer of contamination from one drug to another due to the use
of the same equipment can lead to serious consequences which requires
adhering to cleaning protocols approved by FDA. To apply these principles, two
artificial soils, red soil (ISO 15883-5 Annex R) and black soil (ISO 15883-5 Annex
P), were chosen to simulate patient soils encountered during various endoscopic
procedures. These two soils were used to contaminate the endoscopes by
applying the soil and allowing it to dry for at least one hour following application.

The commercial endoscopes tested were OLYMPUS® TJF-160VF
duodenoscope and a PENTAX® ED-3470 duodenoscope. These endoscopes
were chosen to represent some of the most difficult challenges for the cleaning
system, with lumens ranging from 0.8-mm to 4.2-mm ID, and a total length in
excess of three meters. Endoscope cleaning was performed using the apparatus
described in Example 1 and shown diagrammatically in FIG 23.

The cleaning efficacy was evaluated by testing water extracts from the
cleaned lumens for residual total organic carbon (TOC) and protein. The
following protocol was employed. Endoscope lumens were contaminated with
black or red soils at a level given within Table 10. Contamination levels were
based on recommendations contained within “Worst-case soiling levels for
patient-used flexible endoscopes before and after cleaning,” published by
Michelle Alfa et al., in Amer. J. Infect. Control. 27:392-401, 1999. Total lumen
lengths and internal diameters listed in the table were used to calculate total
surface area. Cleaning tests included a 5-min cleaning cycle and 5-min rinse
cycle with filtered tap water.
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Table 10: Lumen Test Conditions

Length ID . Dose .
Endoscope Channel mm) | (mm) Soail (mi) Trials
Suction /
Biopsy 3048 42 | Control | 0.0 3
Air / Water 3048 2.7 Control 0.0 3
OLYMPUS® | Elevator Wire 1537 0.9 Control 0.0 3
TJF-160VF Suction /
Biopsy 3048 4.2 Black 6.5 3
Air / Water 3048 2.7 Red 1.0 3
Elevator Wire | 1537 0.9 Red 0.18 3
Suction /
Biopsy 3105 4.2 Control 0.0 3
PENTAX® Air / Water 3105 2.5 Control 0.0 3
ED-3470 Suction /
Biopsy 3105 4.2 Black 6.6 3
Air / Water 3105 2.5 Red 1.0 3
Suction /
Biopsy 3048 4.2 Control 0.0 1
OLYMPUS® Air / Water 3048 2.7 Control 0.0 1
TJF-160VF | Suction/ | 5048 | 42 | Black | 65 | 3
Biopsy
Air / Water 3048 2.7 Red 1.0 3
Suction/ | s405 | 42 | Control | 0.0 | 1
Biopsy
PENTAX® Air / Water 3105 2.5 Control 0.0 1
ED-3470 Suction/ | 3405 | 42 | Black | 66 | 3
Biopsy
Air / Water 3105 2.5 Red 1.0 3

Three method controls (blanks) were performed in every test. These
blanks were subjected to the RDF cleaning process (5-min) and rinsing with
distilled water (5-min) prior to extraction of residual organic soil. Extraction was
performed using deionized water and lumens with larger lumen dimensions (>
1.6-mm) were brushed with lumen brushes per a validated method. Extracts
were collected in clean glass vials and were analyzed for total organic carbon
(TOC) and protein residues. Total organic carbon was determined using a Total
Organic Carbon (TOC) analyzer model 1010 from Ol Analytical, while protein was
determined using a Fluorescence Spectrophotometer model RF 5301 from
Shimadzu according to standard methods. The operational parameters included:
1) Air pressure for all lumens 28 psig; 2) Cleaning liquid: Composition 10A in
Table 5; 3) Liquid flow rates as per flow mode maps and Example 2-7. Black soil
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was introduced into the biopsy port near the control handle area of the
endoscopes using a syringe. Black soil was introduced into the suction port
located at umbilical end of the endoscopes. Red soil was injected into the
air/water channel port located at the umbilical end of the endoscopes. All soils
were well distributed into their respective channels with multiple injections of air.
Table 11 below details extractable residues recovered from endoscope lumens.

Table 11: Protein and TOC Residues Following RDF Cleaning of Soiled Lumens

Protein TOC
Endoscope Channel
P : (g/em?) (ug/cm?)
Suction
OLYMPUS® oy ND, ND, 0.02 | 0.06, 0.04, 0.05
TJF-160VF Air / Water 0.02.ND,ND | 0.05.ND, ND
Elevator Wire 0.97,0.46,1.40 | 2.44,1.17,3.36
Suction /
PENTAX® | ND, 0.19, 0.04 | ND, 0.15, 0.09
ED-3470 Biopsy
Air/Water | _0.08. 0.04. ND | 0.23,0.06, ND
OLYMPUS® Suction / 0.04,0.12,ND | 0.09,0.03, ND
TJF-160VF Biopsy
Air / Water ND. ND, ND 0.01, ND, ND
PENTAX® Sé‘icot";“/ ND, ND, 0.10 ND, ND, ND
ED-3470 pSy

Air / Water 0.08, 0.14, ND 0.23, 0.25, ND

ND = Non-Detect / Below the Limit of Detection

The results of this example demonstrate that RDF cleaning provided
excellent cleaning capability for suction/biopsy and air/water channels of two
commercially available endoscopes representing the range of standard lumen
challenges. The RDF method also provided adequate cleaning capability for the
elevator-wire channel of the OLYMPUS® TJF-160VF. These experiments
demonstrate that the RDF method achieves high level removal organic soils
recommended for testing endoscopes. This also confirms that RDF can meet
and exceed the 6.2 ug/cm2 cleaning criteria set by Alfa et al for organic soils
cleaning. These results are significantly better that liquid cleaning methods
reported by Alfa et al. The above tests were repeated using ATS soil with similar
results as in Table 11.
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EXAMPLE 16
Devices For Flow Sequencing For Cleaning Endoscopes

This example illustrates devices to produce two flow sequences used for
applying rivulet-droplet flow (RDF) and for discharging waste liquids during
reprocessing. The two flow sequences are discussed below:

Scheme A. RDF cleaning through handle ports of the endoscope -
Custom fabricated adapters are used to connect the endoscope internal channels
to the fluid distribution manifold. The rivulet-droplet flow is introduced using two
main flow paths: i) the first flow path is dedicated to the suction control port V3
and the biopsy channel inlet V1, and ii) the second flow path directs the RDF into
the air-water feeding valve V2. Two separate single flow paths are dedicated to
the forward water jet port V6 and elevator wire channel V7, as shown in FIG 16a.
To enhance the cleaning for the air/water channel, V4 is closed during one step
of cleaning, thus forcing all the RDF directly towards the distal end.

Scheme B. TPF cleaning connected to the umbilical end - A second flow
path is designed to introduce the RDF to the suction port and air/water inlet port
at the umbilical end. RDF is introduced using two main flow paths: i) the first
flow path is dedicated to the suction port Vb and the biopsy channel inlet V¢, and
i) the second flow path directs the fluid into the air/water inlet Va. Exhaust fluids
during reprocessing steps are discharged from the distal end, air/water feeder
valve Vd, and suction control valve Ve, as shown in FIG 16b. Each cleaning step
is associated with an ON and OFF cycle to ensure that the dead spaces in the
biopsy channel inlet, air/water feeder valve and suction control valve are cleaned
and rinsed. In the “ON” cycle, valves Ve, Vd and Ve are open. In the “OFF”
cycle, these valves are closed. Cleaning can also be performed with both Vd and
Ve closed.
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EXAMPLE 17
Determination of Treatment Number of Water

Analysis of high-speed images reveals that there is usually rivulet
meandering and that such meandering mainly provides treatment of the inlet
portion of tube. Sub-rivulets and sub-rivulets fragments (various cylindrical
bodies, and droplets) are seen on the bottom of tube when this is not covered by
the rivulet at certain moment. A set of sliding flow entities provides additional
cleaning of the bottom half of tube.

Equation 5 (below) can be used to quantify treatment number of the upper
half of tube because variations in the subrivulet fragment diameter are usually
small for the images obtained at 30 psi air pressure and at a range of liquid flow
rates. As a consequence, the variation in sliding velocity is not large as well
because the sliding velocity depends on the fragment diameter, while its
dependenée on fragment length is weaker. Taking altogether into account, 5
takes form for treatment number by subrivulet fragments

NT=2tg day’ Uay Nay/ S (27)

where N, is the averaged number of subrivulet fragments per image, Ua" is the
average velocity of the fragment, ty is the cleaning time (time over which the
experiment was carried out) and da" is the average diameter of the rivulet
fragment observed. Since only the upper half of tube is inspected, the multiplier
2 appears because S/2 is used instead of S, where S is the area of tube section

of the visual area under microscope at the magnification used.

Treatment number of pure water: This example illustrates a method for

calculating the treatment number (NT) based on image analysis for the case of

pure water. A tube with diameter 2.8 mm, length 200 cm was examined at 30 psi
air pressure and water flow rate 20 mL/min. Images were obtained at 3 positions
along tube length corresponding approximately to the beginning, middle and end

of the tube. At the beginning of tube (28-cm position) there was no meandering.
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The bottom rivulet was well visible and occupied the entire bottom of tube.
Meandering rivulet was visible at the middle (118-cm position) and at the end
(208-cm position). The meandering occurs mainly across the lower half of tube.
The rivulet is seen either in the bottom middle, left side, or right side of the tube.

In the case of water, sub-rivulets were present on 2 among 8 images at tube
middle. No sub-rivulets were present on 8 images at tube end. Sub-rivulet
fragments were present at the middle and the end of the tube. These sub-rivulet
fragments were almost of the same diameter, about 100 um, while their length
varies within a broad range.

The diameter of droplets was approximately one half of the diameter of sub-
rivulet fragments, namely about 50 micron. The averaged values for the number
of sub-rivulet fragments and droplets per image at the middle and end viewing
areas of the tube are collected in Table 12.

TABLE 12
~ Tube section  Na" Nayv™
Middle 6 2
End 6 2

For tube with diameter 2.8 mm, $=0.7 cm? per image. The substitution of
these values and treatment time t;=300 seconds into Eq 15 yields the following
treatment numbers arising for rivulet fragments and droplets:

Middle Section: NT==800 (6102U, T +102U,™)  (28)
End Sectuion:  NTx=800 (6102U,+102Us") (29)

This yields NT,y for rivulet fragments of 48.U,,. The NT term for droplets
in this example is very small and can be ignored.
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[00369] If the sub-rivulet cross section does not change along and its axis, it is
straight and moves along tube axis, its role in cleaning is negligible. However,
the sub-rivulet cross section was found to change more than about twice per
image. Apart from weak meandering, no large kinks in its shape were found in
the sub-rivulets. Taking into account about 4 kinks or meandering waves per
images and the presence of wider section in the sub-rivulets, the treatment by
sub-rivulet may be estimated with

da**°~3.410%cm, while N»,*°=0.25. This yields:

NTeup=800 3102U,, S = 24 U, P (30)

[00370] The sum of NT terms for rivulet fragments (rf), droplets (dr) and sub-
rivulets (sub) yields total treatment number for water. In order to compute the
above terms, the sliding velocity of the corresponding surface flow elements (rf,
dr and sub) must be known. The average velocity of was found to 7 cm/sec for
rivulet fragments, 4 cm/sec for droplets and 0.7 cm/sec for sub-rivulets.
Substitution of these values for the sliding velocity of the appropriate surface flow
entity gives an overall Treatment Number for water of 385 in this experiment, i.e.,
the channel are viewed is swept 385 times during the 300 second cleaning time.

EXAMPLE 18
Influence of Surfactants on Treatment Number

[00371] Many surfactants were tested to assess their influence on sub-rivulet
formation and further fragmentation to other surface flow entities and on
treatment number. The measurement technique and analysis was similar to that
described in Example 16. The conditions employed were: Tubing: 2.8 mm ID, 2
m long; Air Pressure: 30 psig; Liquid Flow Rate: 19.6 ml/min; Treatment Time:
300 sec. All the surfactant solutions (liquid cleaning medium) included: sodium
metasilicate (1.3%); sodium triphosphate (SPT) (8.7%) and tetrasodium

pyrophosphate (2.0%) and were prepared with deionized water.
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The results are summarized in Table 13. The measured sliding velocities

for the surface flow elements used to calculate the Treatment Numbers according

to Eq 5 are Rivulet Fragments - 7 cm/sec; Droplets - 4 cm/sec; Sub-Rivulets - 0.7

cm/sec
Table 13
Rivulet Overall
Fragments Droplets Sub-rivulets Treatment
Liquid/ Surfactant Conc. (rf) (dr) {sub) Number (

(%) NT:+ (a) NTqr (a) NTsub (a) ENT
Pure Water 336 32 17 385
Tallow amine 2EO ethoxylate
(Surfonic T-2) 0.05 392 15 10 417
EO-PEOQ copolymer -HLB = 10.5
(Pluronic L43) 0.05 266 92 175 533
Octyl suifate
(NAS-8) 0.05 504 32 17 553
Tallow amine 5 EO ethoxylate
{Surfonic T-5) 0.05 490 208 17 715
Butyl-terminated C12 alcohol
ethoxylate
(Dehypon LT-54) 0.1 560 131 245 936
Tallow amine 15EQ ethoxylate
(Surfonic T-15) 0.05 700 248 20 968
Acetelynic ethoxylate (HLB 17)
(Surfynol 485) +
Alkoxylated ether amine oxide 0.036+
(AO-455) 0.024 1260 512 20 1792

[00373]

Inspection of Table 13 indicates that the tallow amine 2EO ethoxylate

(Surfonic T-2) which has a low HLB and is insoluble tends to form annular films

(receding contact angle close to or equal to water) and provides a Treatment

Number again comparable to water. Increasing the degree of ethoxylation to

5EQ increases the Treatment Number somewhat while an increase in

ethoxylation to 15 EO (Surfonic T-15) provides a much more effective cleaning

medium exhibiting a 2.5 fold increase in Treatment Number.

[00374]

It should be noted that the concentration of surfactant employed is also

important parameter governing its ability to generate an optimal flow regime. For

example, the Tallow 15 EO ethoxylated (Surfonic T-15) used in this experiment

was 0.05%. However, when the concentration is increased to 0.1% the solution

generates significant foam and the Treatment Number is found to decrease.
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[00375] Table 14 also demonstrates mixed surfactant system composed of the
Acetelynic ethoxylate (Surfynol 485) and the Alkoxylated ether amine oxide (AO-

455) provides provides vastly increased Treatment Number that is 4.6 time more
effective than water.

[00376] These results indicates that the proper selection of the surfactant and its
concentration so as to meet the surface tension, wetting and foaming
requirements described above is critical to its performance in the cleaning
method of embodiments of the present invention.

EXAMPLE 19

Channel cleaning with Discontinuous Plug Droplet Flow (DPDF)

[00377] To test the cleaning effectiveness of the Discontinuous Plug Droplet Flow
flow regime (DPDF), we performed cleaning experiments using 2.8 mm diameter
Teflon channel (2 meter long) contaminated with the black soil as described in
Example 15. After contamination the channel was allowed to dry in the channel
for 24 hour before cleaning. The cleaning conditions used were: 28 psig air;
19.6 mL/min liquid flow; cleaning liquid included Surynol 485 and AO-455
(designated Composition 10A in Table 5); treatment time 300 seconds; air and
liquid used @ room temperature.

[00378] The cleaning procedure was based on introducing the cleaning liquid into
the channel for 2-3 seconds without air and then introducing the air for 6
seconds. This mode of cleaning first resulted in creating a moving meniscus that
swept the entire perimeter of the channel from the inlet to outlet. Almost
concurrently, introducing the air transformed the cleaning liquid into surface flow
entities including rivulets, sub-rivulets, rivulet fragments and droplets which
covered the entire surface of channel during a portion of the time. The latter part
of the air pulse resulted in complete dewetting and drying of the surface of the
channel. The channel becomes ready to receive effective cleaning with the
moving contact line during the next step. The above cleaning step was repeated
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for the 300 seconds or about 43 times. At the conclusion of cleaning with this
mode, the channel was rinsed with water.

[00379] Sections were then cut at the beginning, middle and end of the channel for
examination by electron microscopy. Representative scanning electron
micrographs (SEMs) were acquired at 1000X and 5000X magnifications.
Analysis of SEMs revealed that the DPDF flow regime is effective in achieving a
high-level cleaning of similar quality as when air and cleaning liquid used in the
RDF mode. This mode of cleaning allows better distribution of surface flow
entities with three phase contact on the ceiling and bottom of the channel. It can
be used alone or can be combined with other RDF mode to ensure achieving
high treatment number for all parts of channel surface. High-speed images also
indicated that the surface of the channel specially at both inlet and outlet portions
of the channel receive more effective treatment and more uniform coverage with
surface flow entities during cleaning with the DPDF. The results of this example
support that periodic dewetting and drying of channel surface prevents adverse
effects of liquid film formation on the surface of the channel which has been
found to impede the cleaning with surface flow entities according the instant
invention. The selection of the period of time for introducing the liquid, liquid flow
rate, air pressure, air duration and surfactant type need to be selected to achieve
effect effective cleaning. This cleaning mode is also effective during rinsing and
pre-cleaning of endoscopes since it provides more uniform coverage of surface
and minimizes incidents of low treatment number in some parts of the channels
specially the bottom section and both inlet and outlet sections.

EXAMPLE 20

Controlling Parameter for Endoscope Cleaning According to the Current
Invention

[00380] Tables 14-16 provide the suggested liquid and gas flow rates at different
pressures for generating optimal RDF flow regimes for cleaning the channels of
most endoscopes currently available. The liquid cleaning used included 0.036%
Surfynol-485W and 0.024% AO-455.
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EXAMPLE 21
Eductor System and Basin Design with Eductor on Two Sides of Basin

[00381] To investigate the effectiveness of the eductor system design, an
experiment was performed using a simple plastic container of dimensions 24 inch
length by 24 inch width by 12 inch depth to test the efficiency of eductors having
different nozzle sizes (0.125 inch to 0.375 inch). The eductors were mounted on
two sides of the basin as illustrated in Figure 22b. The preliminary eductor
system was driven by a 1/3 Horsepower pump 840 and was controlled with two
manual ball valves in a circulation system. These initial test results indicated that
eductors with a 0.25" nozzle diameter are the most effective size for cleaning the
exterior surfaces of endoscopes. Each eductor delivered up to 3.5 gallons per
minute (gpm) of cleaning solution from the driven pump 840 and pulled up to12.7
gpm additional flow from the surrounding liquid to create a total flow rate of
approximately 16.2 gpm that impinged onto the endoscope surface.

EXAMPLE 22
Eductor System and Basin Design with Eductors in Corners of Basin

[00382] An experimental basin was designed and constructed to test the flow
pattern and fluid dynamics generated by multiple eductors placed in corners of
the basin, with an objective to closely simulate the case for cleaning two
endoscopes. This is illustrated in Figure 22c. The basin was constructed from
acrylic plates glued together and measured was 30 inch wide x 28 inch deep x 6
inch high. Internal slopes were added to the bottom plates to reduce the total
volume needed for both cleaning and disinfection while still achieving full
immersion of the endoscopes. Two eductors were installed at each corner of the
basin and each eductor was connected with a manual ball valve for testing the
effect of different combinations on the flow pattern created in the basin. The
eductor system was connected with a 1/3 Horsepower pump to circulate the
cleaning liquid at a source pressure of approximately 15~20 psig. In this design,
when the eductors were placed about 0.5 inch beneath the cleaning solution
level, we observed very strong flow patterns that covered most exterior surfaces
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of endoscopes, especially when three or four eductors were operated
simultaneously, one at each corner. The cleaning liquid level in this experiment
was about 3 inch to 4 inch from the bottom of the basin. With this setting, a
strong scrubbing and agitation was found to be generated in the spaces near the
bottom of the basin, whereas the earlier top spray design could not reach
endoscope surfaces facing the basin. A favorable arrangement for cleaning
endoscopes was found when two eductors were installed at each front corner
(total of 4 in the front of the basin) and one at each back corner of the basin (total
of 2 at the bottom of the basin. It is also possible to have two eductors at each
corner of the basin.

EXAMPLE 23

Eductor System and Basin Design for Entrainment of Air in Fluid Moved by
Eductors

[00383] We have also discovered that if part of the entrained liquid pulled into the
eductor 800 comprises air such as in the form of air bubbles, then the
impingement and agitation forces impacting the exterior surfaces of endoscopes
can further enhance the cleaning process. This can be achieved, for example, by
placing the eductor 800 close to the level of the surface of the liquid in the basin
850, so that some air can be pulled into the eductor 800 in addition to liquid. This
is illustrated in Figure 22d.

[00384] Another way of accomplishing this is with a design as shown in Figure
22e. This design, which resembles what was shown in Figure 13d, further
includes an air intake tube 862 suitable to provide air from the head space of the
basin apparatus to the suction region 822 or mixing region 824 of the eductor
800. The fluid leaving the eductor 800 may thereby include air bubbles as well as
liquid.

Example 24

RDF Cleaning Using an Alcohol-water Solution

[00385] It was attempted to perform cleaning using rivulet droplet flow using a

liquid which was a solution of alcohol and water. In general, it is easy to adjust
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the composition of an alcohol-water solution to achieve a desired surface tension,
and of course, alcohols are simple readily-available compounds. Experiments
were conducted using ethanol and also using methanol, n-butanol and t-butanol.
The surface tension of these solutions was adjusted to a value of about 40
dynes/cm, which with other surfactant compositions was found to be a desirable
value. None of these alcohol-water solutions produced good cleaning, apparently
because of liquid film remaining and the surface hot becoming completely dry.

Example 25
RDF Cleaning Using a Higher-viscosity Liquid

[00386] An experiment was performed to investigate cleaning using a liquid having
a viscosity larger than the viscosity of water. The liquid was a solution of water
containing 0.05% by weight of polyvinyl pyrrolidone (a thickener). It was found
that such a liquid resulted in formation of films which prevented achieving a dry
surface and led to a significant decrease in the formation of desired surface flow
entities. So, this was undesirable for cleaning, even if the surface tension of the
liquid was within the desirable range. It may be considered that it is desirable for
the liquid to have approximately the viscosity of pure water. |

[00387] In many applications the passageways have a uniform circular cross
section (circular), in which case the “average” diameter is the actual physical
internal diameter of the channel. However, the described method can also be
used for passageways that are neither circular in cross section nor of uniform
diameter, i.e., the passageways may have kinks, restrictions, bends, etc.

[00388] It has mostly been described herein that the passageway being cleaned is
in a horizontal orientation. However, in general any orientation is possible,
including combinations of orientations. For example, the passageway could be
vertical, or diagonal (with flow either upward or downward), or any combination of
these or any other orientations. For example, bronchoscopes could be cleaned
in a vertical orientation.
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[00389] It is further possible to use the described rivulet droplet flow in processes
that are not the actual step which is described herein as the cleaning step. For
example, rinsing may be performed at a certain stage of an overall cleaning
cycle, and rinsing could be performed using rivulet droplet flow either partly or
completely. Similarly, there is a step labeled pre-cleaning which is oriented
toward removing macroscopic contaminants from channels. This step also could
be performed using rivulet droplet flow either partly or completely. It is possible
that some cleaning could be accomplished during these steps even if that is not
the primary purpose of these steps. In general, it is possible that cleaning could
be accomplished during steps other than the main cleaning step. A pre-cleaning
step could involve use of a surfactant composition, which may or may not be the
same surfactant composition used in any other step of the process. Use of rivulet
droplet flow in any of these steps could be either rivulet droplet flow with steady-
state supplied fluid flows, or rivulet flow with unsteady (time-varying) supplied
flow of either liquid or gas or both. For example, it is possible that if rivulet
droplet flow is used during a step that involves flowing alcohol or alcohol-water
through the passageway (a rinsing or drying step), it may be possible to use less
alcohol and still accomplish the desired objective.

[00390] It is furthermore possible to clean passageways whose cross-sectional
shape is other than circular or even annular as described. For example,
passageway cross-sectional shapes capable of being cleaned by the described
method and apparatus include elliptical and rectangular, and also include other
combinations of co-existing shapes beyond the described circular wire in a
circular channel. It may be possible to clean something that does not have the
geometry of a passageway, using the described method or apparatus, by
enclosing it in a passageway or by placing something adjacent to the article so
that together the article and the extra thing form a passageway.

[00391] Although the cleaning methods have been disclosed for passageways
having an inside diameter of the order of 6 mm or less, the usefulness of the
method is not limited to such relatively small passageways. It is believed that the
method could similarly be applied to passageways having inside diameters at
least of the order of centimeters or inches. It is believed that for such
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extrapolation, a useful scaling parameter may be the perimeter-normalized liquid
flowrate as discussed elsewhere herein. It is also possible that the described
method or apparatus could be used for passageways smaller in diameter than
those investigated, such as for cleaning microfluidic articles.

[00392] It is still further possible that the described method or apparatus could be
used for still other industrial or household cleaning. Liquid entities could be
moved by moving gas even in the absence of a defined passageway, and
operations could be sequenced so as to achieve repeated dryout and re-wetting
as described elsewhere herein.

[00393] It can again be mentioned that the presence of a dry surface encountering
a moving liquid entity is believed to contribute to cleaning, and that apparatus and
methods of embodiments of the present invention can be arranged so as to
create or ensure that dry surface between encounters with moving liquid entities.
The dryness can be achieved by evaporation of liquid into the flowing gas, or by
hydrophobicity of the surface, or by any combination thereof. In the plug mode of
operation, gas flow can be continued between liquid plugs for a time duration
sufficient to achieve de-wetting such as by evaporation. It can be appreciated
that, in contrast, much of classical two-phase liquid-gas flow never achieves
dryness of the wall in between encounters with liquid entities.

[00394] Although much of the discussion herein has been about cleaning
passageways that have a horizontal orientation, the applicability of this method
and apparatus is not limited thereto. It is possible that the method and apparatus
described herein could be used to clean passageways that have a horizontal
orientation, a vertical orientation, a diagonal orientation, or any combination of
any of these orientations. Different portions of the passageway could have
different orientations. As described, the driving force for the motion of rivulets
and other liquid entities has been motion of gas. However, it is possible that the
driving force could be gravity, or a combination of gravity and gas flow.

[00395] It is believed that performing the cleaning process a generally somewhat
elevated temperature enhances the effectiveness of the cleaning. It is to this end
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that pre-heating of the liquid and pre-heating of the gas are provided for, as
described elsewhere herein.

[00396] Most of the experimental data reported herein has been taken using
passageways made of polytetrafluoroethylene (Teflon ®), which is a relatively
hydrophobic material. However, the apparatus and methods could also be used
for cleaning passageways made of other materials, possibly with adjustment of
the composition of the liquid.

[00397] It is possible to record of parameters experienced during the cleaning
cycle. Such information may be stored in any form of computer memory or
written onto a storage device. The apparatus may comprise User Interface
features designed with the device which may include a display, a keyboard, a
barcode reader and data transition connectors that will allow the operator to
select and set process parameters and document cleaning results for

reprocessing different types of endoscopes.

[00398] As described, embodiments of the invention can be used in any orientation
of passageway, such as horizontal or vertical or sloping orientations or
combinations thereof. The achievement of a dry or substantially dry passageway
interior surface, prior to being swept by a liquid entity, can be achieved by
evaporation or by the inherent hydrophobicity of the surface, or through the use
of a surfactant additive in the liquid which increases the hydrophobocity of the
surface, or by any combination thereof. It can be appreciated that a flow of liquid
which enters a passageway as a plug of liquid might not maintain exactly that
geometry during an entire passage through the passageway; however, that can
be acceptable because a plug which is developing some irregularities during its
passage through the passageway can still sweep the internal surface of the
passageway so as to remove contaminants, and if the plug breaks up into other
liquid entities, there may be even more sweeping than with an intact plug. Plug
flow can refer to Discontinuous Plug Flow (DPF) and Discontinuous Plug Droplet
Flow (DPDF), as described elsewhere herein. In plug flow, which may be
achieved by supplying liquid for a period of time followed by supplying gas for a
period of time, it is possible that the plug may be accelerated to a fairly large
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velocity. i.e., larger than the velocity of a sliding liquid entity, while still remaining
within an overall maximum pressure of gas supplied to the passageway inlet. For
example, if the plug only occupies a small fraction such as 10% of the overall
length of the passageway, the plug can reach a velocity significantly larger than
the velocity of a liquid filling the entire length of the passageway, for the same
driving pressure difference, as described elsewhere herein. This can produce
correspondingly larger viscous shear at the walls of the passageway. The same
is true if there are a number of such plugs having a combined total length that is a
small fraction such as 10% of the overall length of the passageway. A flow
regime can be rivulet droplet flow, plug flow, or meandering rivulet flow, or still
other flow regime. It is believed that use of rivulet droplet flow or plug flow or
other flow regimes involving liquid and gas during rinsing can produce rinsing just
as can be provided by a flow of water only, and it is further believed that some
additional cleaning occurs thereby during the rinsing step. It may be viewed that
the entire treatment number during the cleaning/reprocessing cycle is the sum of
treatment number components arising from the application of the above flow
regimes (RDF, DPF, DPDF) during pre-cleaning, cleaning, rinsing after cleaning
and rinsing after disinfection. It is also believed that rinsing with water only
according to the above flow regimes may be considered as a portion of the entire
cleaning cycle.

[00399] Unsteady flow can be provided in a manner which either could be periodic
(repeating in a defined pattern) or could be non-periodic, i.e., time-varying in a
more irregular manner. A periodic pattern could, for example, comprise at least
10 repeated periods. In general, for various purposes, any timewise pattern of
liquid supply (on/off or pulsatile or a more gradual variation) could be combined
with any timewise pattern of gas supply (on/off or pulsatile or a more gradual
variation). If two passageways or two endoscopes are being cleaned
simultaneously, steps in one passageway or endoscope can in general be done
in any timewise relationship with steps in the other passageway or endoscope.
Mass flux is mass flow per unit cross-sectional flow area per unit time. In the use
of eductors for cleaning external surfaces of an endoscope, it is possible to have
any time sequence of operating specific eductors. This can provide different flow
patterns of liquid in the basin at different times.
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[00400] An embodiment of the present invention is related to special ability of the
rivulet droplet flow and associated three phase contact line and menisci to
interact with the organic soils inside the endoscope resulting in their effective
removal from the channels. These special abilities may be due to interaction of
the organic soil with the three phase contact line and menisci generated during
RDF, PDF and DPDF. The higher plug velocities generated in the case of a short
plug (compared to channel length) by the gas flow and its associated three phase
contact line and menisci were found to be specially effective in dislodging and
removing bulky pieces of soil (for example, feces from endoscope channels)
compared to liquid flow cleaning.

[00401] The apparatus may comprise a tray or similar apparatus for holding an
endoscope or other luminal medical device in a desired orientation.

[00402] It is found that cleaning with the methods and apparatus described herein
may actually provide better results than manual cleaning of endoscopes such as

with a brush, and likely more consistent results.
[00403] All cited references are incorporated by reference herein in their entirety.

[00404] Although embodiments and examples have been given, modifications are
possible, and it is desired that the scope be limited only by the scope of the
attached claims.
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We claim:

1. A method of cleaning a passageway, comprising:
causing a flow of a gas lengthwise along said passageway; and
causing a flow of a liquid lengthwise along said passageway, the liquid
comprising a surfactant;
wherein said flow of said liquid has a perimeter-normalized liquid flowrate of
between approximately 1 and approximately 5 milliliters per minute per
millimeter of perimeter of said passageway;
wherein said liquid has an advancing contact angle on an internal surface of
said passageway greater than approximately 50 degrees and has a receding
contact angle greater than O degrees;
wherein said gas flow has a velocity at least somewhere along said
passageway of between approxmately 2 m/s and approximately 80 m/s; and
wherein said surfactant has a Ross Miles foam height measured at a
surfactant concentration of 0.1% that is less than 50 mm.

2. The method of claim 1, wherein said flow of said gas has a velocity
everywhere in said passageway of between approximately 2 m/s and

approxmately 80 m/s.

3. The method of claim 1, wherein said liquid has a surface tension of
between approximately 33 dynes/cm and approximately 50 dynes/cm.

4. The method of claim 1, wherein said liquid has a surface tension of
between approximately 35 dynes/cm and approximately 45 dynes/cm.

5. The method of claim 1, wherein said liquid has a receding contact angle
between approximately 10 degrees and approximately 30 degrees.

6. The method of claim 1, wherein said surfactant has an average
Hydrophilic Lipophilic Balance greater than about 9.2

7. The method of claim 1, wherein said surfactant is a nonionic surfactant.
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8. The method of claim 1, wherein said surfactant comprises a substance
selected from the group consisting of: polyethylene oxide-polypropylene oxide
copolymers such as PLURONIC® L43 and PLURONIC® L62LF, and reverse
PLURONIC® 17R2, 17R4, 25R2, 25R4, 31R1 sold by BASF; glycidyl ether-
capped acetylenic diol ethoxylates (designated acetylinic surfactants such as
SURFYNOL® 465 and 485 ; alcohol ethoxylates such as TERGITOL®
MINFOAM 1X® AND MINFOAM 2X®; tallow alcohol ethoxylates such as
Surfonic T-15; alkoxylated ether alkoxylated ether amine oxides such as AO-455
and AO-405 alkyldiphenyloxide disulfonates such as DOWFAX®; ethoxylated
amides, ethoxylated carboxylic acids; and alkyl or fatty alcohol PEO-PPO
surfactants.

9. The method of claim 1, wherein said surfactant mixture is an aqueous
mixture of an acetylinic surfactant and an alkoxylated ether amine oxide at a total

surfactant concentration of about 0.06%.

10. The method of claim 1, wherein said liquid cleaning medium further
comprises one or more ingredients selected from the group consisting of: pH
adjusting agents; builders; sequestering agents; cloud point antifoams;
dispersants; solvents; hydrotropes; oxidizing agents; and preservatives.

11.  The method of claim 1, wherein said composition has a pH of above 8.0 .

12. The method of claim 1, wherein said composition has a pH of between
approximately 9.5 and approximately 11.5 .

13. The method of claim 1, wherein said flow of said gas has a velocity at least
somewhere along said passageway of between approximately 5 m/s and

approximately 15 m/s.

14. The method of claim 1, wherein said passageway has an orientation that is
substantially horizontal.
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15. The method of claim 1, wherein said passageway has an orientation that is
substantially vertical.

16. A method of cleaning a passageway, said method comprising:
supplying a gas and a liquid simultaneously to said passageway;
wherein said liquid and said gas flow in said passageway so as to achieve
rivulet droplet flow on at least some portion of an internal surface of said
passageway.

17.  The method of claim 16, wherein said rivulets undergo fragmentation into
sub-rivulets.

18.  The method of claim 16, wherein said liquid an advancing contact angle on
an internal surface of said passageway greater than approximately 50 degrees

and has a receding contact angle greater than 0 degrees.

19. The method of claim 18, wherein said supplying said liquid accomplishes a
cleaning step.

20. The method of claim 18, wherein said supplying said liquid accomplishes a

pre-cleaning step.

21.  The method of claim 16, wherein said liquid comprises an alcohol.

22. The method of claim 16, wherein said liquid consists of substantially pure

water.

23.  The method of claim 22, wherein said supplying said liquid accomplishes

rinsing.

24.  The method of claim 16, wherein said liquid is introduced into said
passageway in a non-atomized manner.
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25. A method of cleaning a passageway, comprising:
supplying a gas and a liquid simultaneously to said passageway;
wherein said gas and said liquid achieve moving three-phase contact
interfaces on at least some internal surface of said passageway.

26. A method of cleaning a passageway, comprising:
supplying a gas and a liquid simultaneously to said passageway;
wherein said gas and said liquid achieve meandering rivulets on at least some

internal surface of said passageway.

27. A method of cleaning a passageway, comprising:
supplying a gas and a liquid simultaneously to said passageway;
wherein said gas and said liquid achieve,on at least some internal surface of
said passageway, rivulets that fragment into sub-rivulets.

28. A method of cleaning a passageway, comprising:
supplying a gas and a liquid simultaneously to said passageway;
wherein said liquid is supplied in a non-atomized manner at an inlet of said
passageway, and wherein at an exit of said passageway said liquid is not
foamy and no more than 10% of said liquid is atomized.

29. The method of claim 28, wherein internal surfaces of said passageway are
alternately wetted and dried.

30. The method of claim 28, wherein said liquid forms rivulet droplet flow on at
least some internal surfaces of said passageway.

31. A method of cleaning a passageway, comprising:
pre-cleaning said passageway;
cleaning said passageway; and
rinsing said passageway,
wherein said pre-cleaning comprises simuitaneously flowing liquid and gas
through said passageway.
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32. The method of claim 31, wherein said flowing said liquid and said gas
through said passageway comprises rivulet droplet flow.-

33. A method of cleaning a passageway, comprising:
pre-cleaning said passageway,
cleaning said passageway; and
rinsing said passageway;
wherein said rinsing comprises simultaneously flowing liquid and gas through

said passageway.

34. The method of claim 33, wherein said flowing said liquid and said gas
through said passageway comprises rivulet droplet flow.

35. A method of cleaning a passageway, comprising:
supplying liquid into said passageway so as to form a plug of liquid at least at
an inlet of said passageway;
supplying gas into said passageway so a to push said plug of said liquid
through said passageway,
wherein said gas flow is continued for a sufficient time to substantially dry or
de-wet an internal surface of said passageway before introduction of more of

said liquid into said passageway.

36. The method of claim 35, wherein said supplying said liquid into said
passageway is performed so as to create a plug or a series of plugs having a
total plug length along a longitudinal direction of said passageway, such that said
total plug length is less than approximately 10% of a length of said passageway.

37. The method of claim 35, wherein said gas flow is steady with respect to

time.

38. The method of claim 35, wherin said gas flow is unsteady with respect to
time.
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39.

The method of claim 35, wherein said gas flow is continued for at least

approximately 5 seconds.

40.

The method of claim 35, wherein said gas flow is continued for at least

approximately 15 seconds.

41.

42.

A method of cleaning a passageway, comprising:
supplying to said pasageway a first flow regime; and
supplying to said p'assageway a second flow regime;
wherein one of said flow regimes comprises rivulet droplet flow and a second

of said flow regimes comprises plug flow.

A method of cleaning a medical instrument or instruments having at least a

first passageway and a second passageway, said method comprising:

43.

supplying to said first passageway a first chronology of gas flow and liquid
flow that is appropriate for said first passageway; and

supplying to said second passageway a second chronology of gas flow and
liquid flow that is appropriate for said second passageway;

wherein said second chronology is different from said first chronology.

A method of cleaning a medical instrument or instruments having at least a

first passageway and a second passageway, said method comprising:

44,

supplying to said first passageway a first fluid flow condition that is
appropriate for said first passageway; and

supplying to said second passageway a second fluid flow condition that is
appropriate for said second passageway;

wherein said second fluid flow condition is different from said first fluid flow

condition.

The method of claim 43, wherein said first flow condition and said second

flow condition differ in a ratio of a gas flow to a liquid flow.

45.

The method of claim 43, wherein said first flow condition and said second

flow condition differ in a supplied gas pressure.
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46. The method of claim 43, wherein said first flow condition comprises a first
flow regime and a second flow condition comprises a second flow regime.

47. A method of cleaning a passageway, comprising:
supplying to said passageway a first fluid flow condition appropriate for
cleaning a first portion of said passageway; and
supplying to said passageway a second fluid flow condition appropriate for
cleaning a second portion of said passageway;
said second fluid flow condition being different from said first fluid flow
condition.

48. The method of claim 47, wherein said first flow condition and said second
flow condition differ in a ratio of a gas flow to a liquid flow.

49. The method of claim 47, wherein said first flow condition and said second
flow condition differ in a supplied gas pressure.

50. The method of claim 47, wherein said first flow condition comprises a first
flow regime and a second flow condition comprises a second flow regime.

51. The method of claim 47, wherein said first portion of said passageway is
upstream of said second portion of said passageway, and said first flow condition
is supplied earlier than said second flow condition.

52.  Apparatus for cleaning a first passageway and a second passageway, said
apparatus comprising:
a gas supply for supplying gas to said first passageway and said second
passageway;
a liquid supply for supplying liquid to said first passageway and said second
passageway; and ‘
a controller for controlling operation of said gas supply and said liquid supply;
wherein said controller causes liquid and gas to be supplied to said first
passageway in a first liquid/gas ratio appropriate for said first passageway

and causes liquid and gas to be supplied to said second passageway in a
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second liquid/gas ratio appropriate for said second passageway, wherein said
second liquid/gas ratio is different from said first liquid/gas ratio.

53. The apparatus of claim 52, wherein said apparatus causes said liquid and
said gas to be supplied to said first passageway simultaneously with supplying
said liquid and said gas to said second passageway.

54. The apparatus of claim 52, wherein said apparatus causes said liquid and
said gas to be supplied to said first passageway in sequence with supplying said
liquid and said gas to said second passageway.

55. The apparatus of claim 52, wherein said apparatus causes said liquid and
said gas to be supplied to said first passageway both simultaneously and in
sequence with supplying said liquid and said gas to said second passageway.

56. The apparatus of claim 52, wherein said first passageway and said second

passageway are in different endoscopes.

57. The apparatus of claim 52, wherein said first passageway and said second
passageway are in a common endoscope.

58. The apparatus of claim 52, wherein said first passageway and said second
passageway have different inside diameters.

59. The apparatus of claim 52, wherein said apparatus causes a first
perimeter-normalized liquid flowrate appropriate for said first passageway and a
second perimeter-normalized liquid flowrate appropriate for said second
passageway.

60. The apparatus of claim 52, wherein said apparatus causes a first gas

mass flux appropriate for said first passageway and a second gas mass flux
appropriate for said second passageway.

149



WO 2010/039736 PCT/US2009/058861

61. The apparatus of claim 52 wherein, in said first passageway there is
delivered a first combination of gas mass flux and perimeter-normalized liquid
flowrate appropriate for said first passageway, and in said second passageway
there is delivered a second combination of gas mass flux and perimeter-

normalized liquid flowrate appropriate for said second passageway.

62. An apparatus for cleaning a first passageway and a second passageway,
said apparatus comprising:
a gas supply for supplying gas to said first passageway and said second
passageway,
a liquid supply for supplying liquid to said first passageway and said second
passageway; and
a controller for controlling operation of said gas supply and said liquid supply;
wherein said controller causes liquid and gas to be supplied to said first
passageway in a first chronology appropriate for said first passageway and
causes liquid and gas to be supplied to said second passageway in a second
chronology appropriate for said second passageway, wherein said second
chronology is different from said first chronology.

63. The apparatus of claim 62, wherein said apparatus causes said liquid and
said gas to be supplied to said first passageway simultaneously with supplying
said liquid and said gas to said second passageway.

64. The apparatus of claim 62, wherein said apparatus causes said liquid and
said gas to be supplied to said first passageway in sequence with supplying said
liquid and said gas to said second passageway.

65. The apparatus of claim 62, wherein said apparatus causes said liquid and
said gas to be supplied to said first passageway both simultaneously and in
sequence with supplying said liquid and said gas to said second passageway.

66. The apparatus of claim 62, wherein said first passageway and said second
passageway are in different endoscopes.
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67. The apparatus of claim 62, wherein said first passageway and said second
passageway are in a common endoscope.

68. The apparatus of claim 62, wherein said first passageway and said second
passageway have different inside diameters.

69. The apparatus of claim 62, wherein said first passageway and said second
passageway have different lengths.

70.  Apparatus for cleaning a passageway, said apparatus comprising:
a gas supply for supplying gas to said passageway; and
a liquid supply for supplying liquid to said passageway;
wherein said gas suply supplies said gas at flow velocity at least somewhere
along said passageway of between approxmately 2 m/s and approximately 80
m/s; ‘
wherein said liquid supply supplies said liquid at a perimeter-normalized liquid
flowrate of between approximately 1 and approximately 5 milliliters per minute
per millimeter of perimeter of said passageway;,
wherein said liquid has an advancing contact angle on an internal surface of |
said passageway greater than approximately 50 degrees and has a receding
contact angle greater than O degrees; and
wherein said surfactant has a Ross Miles foam height measured at a
surfactant concentration of 0.1% that is less than 50 mm.

71.  The apparatus of claim 70, wherein said apparatus comprises a controller
to supply flow of said liquid in a substantially steady-state manner.

72. The apparatus of claim 70, wherein said apparatus comprises a controller
to supply flow of said gas in a substantially steady-state manner.

73.  The apparatus of claim 70, wherein said apparatus supplies said gas to an
inlet of said passageway at a pressure of not more than approximately 30 psig.

74. The apparatus of claim 70, wherein said liquid comprises a surfactant.
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75. The apparatus of claim 70, wherein said apparatus causes dryout of at
least some internal surfaces of said passageway when said internal surfaces of
said passageway are not covered by said liquid.

76.  The apparatus of claim 70, wherein flow of said gas has a velocity at least
somewhere in said passageway of between approximately 5 m/s and
approximately 15 m/s.

77. The apparatus of claim 70, wherein flow of said gas has a velocity at least
somewhere in said passageway of between approximately 2 m/s and
approximately 80 m/s.

78. The apparatus of claim 70, wherein flow of said gas has a velocity
everywhere in said passageway of between approximately 2 m/s and
approxmately 80 m/s.

79. Apparatus for cleaning a passageway, said apparatus comprising:
a gas supply for supplying gas to said passageway; and
a liquid supply for supplying liquid to said passageway;
wherein said apparatus delivers said liquid and said gas to said passageway
so as to achieve rivulet droplet flow on at least some portion of an internal
surface of said passageway.

80. The apparatus of claim 79, wherein said liquid comprises an aqueous
solution comprising a surfactant.

81. The apparatus of claim 79, wherein said liquid comprises an alcohol.

82. The apparatus of claim 79, wherein said liquid consists of substantially
pure water.

83. The apparatus of claim 79, wherein said apparatus causes dryout of at
least some internal surfaces of said passageway when said internal surfaces of

said passageway are not contacted by said liquid.
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84. Apparatus for cleaning a passageway, said apparatus comprising:
a gas supply for supplying gas to said passageway;
a liquid supply for supplying liquid to said passageway; and
a controller for controlling operation of said gas supply and said liquid supply;
wherein at some periods of time said controller causes both said liquid and
said gas to be supplied to said passageway in a substantially steady-state
manner; and
wherein at some other periods of time said controller causes said liquid and
said gas to be supplied to said passageway such that at least one of said
liquid and said gas is supplied to said passageway in a non-steady-state

manner.

85. The apparatus of claim 84, wherein during operation at said non-steady
state manner, at least some of said operation is unsteady in a periodic manner.

86. The apparatus of claim 85, wherein said periodic manner comprises at
least 10 repeated periods.

87. The apparatus of claim 84, wherein during operation at said non-steady
state manner, at least some of said operation is unsteady in a non-perodic

manner.

88. The apparatus of claim 84, wherein said liquid is supplied in a non-steady-
state manner.

89. The apparatus of claim 84, wherein said gas is supplied in a non-steady-
state manner.

90. Apparatus for cleaning a passageway, said apparatus comprising:
a gas supply for supplying gas to said passageway;
a liquid supply for supplying liquid to said passageway; and
a controller for controlling operation of said gas supply and said liquid supply;
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wherein for at least some period of time, said controller causes said gas to be
supplied to said passageway without any of said liquid being supplied to said
passageway; and

wherein at some other later period of time said controller causes said liquid to
be supplied to said passageway.

91.  The apparatus of claim 90, wherein said gas is supplied for a sufficient
duration to cause dryout or de-wetting of at least some of an internal surface of

said passageway.

92. The apparatus of claim 90, wherein said gas is supplied for at least
approximately 5 seconds.

93. The apparatus of claim 90, wherein said gas is supplied for at least
approximately 15 seconds.

94. The apparatus of claim 90, wherein said apparatus comprises a
dehumidifier for dehumidifying said gas, or a heater for heating said gas, or both

a dehumidifier and a heater.

95. The apparatus of claim 90, wherein said liquid is supplied to said
passageway concurrently with supplying gas to said passageway.

96. The apparatus of claim 90, wherein when said liquid is supplied to said

passageway, no gas is supplied to said passageway.

97. The apparatus of claim 90, wherein said liquid comprises a surfactant.

98. The apparatus of claim 90, wherein said liquid comprises an alcohol.

99. The apparatus of claim 90, wherein said liquid consists of substantially
pure water.
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100. An apparatus for cleaning a passageway, said apparatus comprising:
a gas supply for supplying gas to said passageway;
a liquid supply for supplying liquid to said passageway; and
a controller for controlling operation of said gas supply and said liquid supply;
wherein said controller causes gas to be supplied to said passageway at a
substantially constant flowrate and causes liquid to be supplied to said
passageway in a pulsatile manner.

101. The apparatus of claim 10‘0, wherein said pulsatile manner comprises
alternating periods of greater liquid flowrate and lesser liquid flowrate.

102. The apparatus of claim 100, wherein said pulsatile manner comprises

alternating periods of a finite liquid flowrate and periods of zero liquid flowrate.

103. The apparatus of claim 102, wherein said periods of zero liquid flowrate
are of a duration such that internal surfaces of said passageway to essentially
completely dry out before a next one of said periods of said finite liquid flowrate.

104. A method of cleaning a passageway, comprising:

creating moving liquid entities having three-phase contact interfaces with an
internal surface of said passageway, wherein each patch of said internal surface
of said passageway is swept by one of said three-phase contact interfaces at

least once during cleaning.

105. The method of claim 104, wherein each patch of said internal surface of
said passageway is swept by one of said three-phase contact interfaces at least

5 times during said cleaning.

106. The method of claim 104, wherein each patch of said internal surface of
said passageway is swept by one of said three-phase contact interfaces at least
25 times during said cleaning.

107. Apparatus for cleaning a passageway of an endoscope, said apparatus

comprising:
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a fluid supply for supplying fluid to said passageway;

a first connector for connecting to a first access point of said endoscope
establishing a first flow connection, said first flow connection having a first
valve;

a second connector for connecting to a second access point of said
endoscope establishing a second flow connection, said second flow
connection having a second valve; and

a controller for directing flow either in a first direction through said
passageway by opening said first valve and closing said second valve, or in a
second direction by closing said first valve and opening said second valve.

108. Apparatus for cleaning a first passageway and a second passageway of
an endoscope or endoscopes, comprising:
a gas supply for supplying gas to said passageways;
a liquid supply system for supplying liquid to said passageways; and
a controller for controlling said gas supply such that when a maximum gas
flowrate required for said first passageway is being supplied to said first
passageway, a gas flowrate being supplied to said second passageway is
less than a maximum gas flowrate required for said second passageway, and
when said a maximum gas flowrate required for said second passageway is
being supplied to said second passageway, a gas flowrate being supplied to
said first passageway is less than said maximum gas flowrate required for
said first passageway.

109. An apparatus for cleaning a passageway, said apparatus comprising:
a gas supply system for supplying gas to said passageway;
a liquid supply system for supplying liquid to said passageway; and
a controller for supplying disinfectant to at least some of said gas supply
system or said liquid supply system or both;
wherein said controller controls operation so as to produce rivulet droplet flow
in at least some of said gas supply system or said liquid supply system or
both, suitable to disinfect at least some of said apparatus.
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110. An apparatus for cleaning a first passageway, said apparatus comprising:
a gas supply for supplying gas;
a liquid supply for supplying liquid;
a first flowmeter for measuring a first flowrate of said gas to said first
passageway; and
a control system;
wherein said control system sets said first flowrate of said liquid responsive to
said measured first flowrate of said gas.

111. The apparatus of claim 110, wherein said flowmeter measures said
flowrate of said gas upstream of a confluence of said gas with said liquid.

112. The apparatus of claim 110, wherein said apparatus is also able capable
of cleaning a second passageway, and wherein said apparatus comprises a
second flowmeter for measuring a second flowrate of gas to said second
passageway, and wherein said control system also sets a second liquid flowrate

to said second passageway.

113. The apparatus of claim 112, wherein there is a first relation between said
first liquid flowrate and said first gas flowrate, and there is a second relation
between said second liquid flowrate and said second gas flowrate, and said first

relation and said second relation are identical.

114. The apparatus of claim 112, wherein there is a first relation between said
first liquid flowrate and said first gas flowrate, and there is a second relation
between said second liquid flowrate and said second gas flowrate, and said first

relation and said second relation are different from each other.

115. The apparatus of claim 112, wherein said first passageway is in a first

endoscope and said second passageway is in a second endoscope.

116. The apparatus of claim 112, wherein said first passageway and said

second passageway are in a common endoscope.
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117. The apparatus of claim 112, wherein said first liquid flowrate is provided by
a first liquid pump and said second liquid flowrate is provided by a second liquid

pump.

118. An apparatus for cleaning a first passageway and a second passageway,
said apparatus comprising:
a gas supply for supplying gas;
a liquid supply for supplying liquid;
a first flowmeter for measuring a first gas flowrate of said gas to said first
passageway;
a second flowmeter for measuring a second gas flowrate of said gas to said
second passageway; and
a control system;
wherein said control system sets a total liquid flowrate responsive to a total of
said first gas flowrate and said second gas flowrate; and
further comprising a proportional valve to divide said total liquid flowrate into a

first liquid flowrate and a second liquid flowrate.

119. The apparatus of claim 118, wherein said proportional valve is controlied

by said controller.

120. A connector for supplying cleaning fluid to an endoscope, said connector
comprising:
a first input flowpath; and
an actuator for adjusting a position of said first input flowpath between a first
position and a second position;
wherein in said first position said first input flowpath mates with a first channel,
and in said second position said input flowpath mates with a second channel.

121. The apparatus of claim 120, further comprising a second input flowpath,
wherein said actuator adjusts a position of said second input flowpath between a
third position and a fourth position, wherein in said third position said second
input flowpath mates with a third channel and in said fourth position said second

input flowpath mates with a fourth channel.
158



WO 2010/039736 PCT/US2009/058861

122. A connector for supplying cleaning fluid to an endoscope, said connector
comprising:
an input flowpath; and
an actuator for adjusting a position of said input flowpath between a first
position and a second position and a third position and a fourth position;
wherein in said first position said input flowpath mates with a first channel,
and in said second position said input flowpath mates with a second channel,
and in said third position said input flowpath mates with a third channel, and in

said fourth position said input flowpath mates with a fourth channel.

123. Apparatus for cleaning external surfaces of an endoscope, said apparatus
comprising:
a basin for containing said endoscope at least partially submerged under a
liquid; and
a flow system for directing liquid into said basin toward at least some of said
external surfaces of said endoscope;
wherein said flow system comprises an eductor for amplifying flow of said
liquid;
wherein said eductor discharges liquid containing bubbles.

124. The apparatus of claim 123, wherein said eductor is located sufficiently
close to a liquid level in said basin so as to entrain some gas along with said

liquid in said intake.

125. The apparatus of claim 123, wherein said eductor comprises an gas intake

into a suction region of said eductor.

126. Apparatus for cleaning external surfaces of an endoscope, said apparatus
comprising:
a basin for containing said endoscope at least partially submerged under a
liquid; and
a flow system for directing liquid into said basin toward at least some of said

external surfaces of said endoscope through a plurality of eductors;
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wherein at least one of said eductors carries a first flowrate at a time when at
least another one of said eductors carries a second flowrate different from

said first flowrate.

127. The apparatus of claim 126, wherein said second flowrate is zero.

128. The apparatus of claim 126, wherein a pattern of which of said eductors
carry said first flowrate and which others of said eductors carry said second

flowrate changes as a function of time.

129. The apparatus of claim 126, further comprising spray nozzles located so

as to direct spray at said endoscope.

130. The apparatus of claim 129, wherein said spray nozzles are located above

said endoscope.

131. A method of cleaning a passageway, comprising:
formulating a liquid comprising a surfactant suitable to raise a surface energy
of an internal surface of said passageway; and
flowing a gas and said liquid through said passageway so as to achieve
alternating wetting and de-wetting of said internal surface of said

passageway.

132. The method of claim 131, wherein said flowing comprises creating rivulet
droplet flow on at least a some of said internal surface of said passageway.
133. The method of claim 131, wherein said flowing comprises creating plug

flow on at least a some of said internal surface of said passageway.
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