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(57) Abrege/Abstract:
Methods and apparatus to charge accumulators are described An example system to charge an accumulator apparatus (100)
Includes a piston (104) disposed within a housing (102) to define a first chamber adjacent a first side (106) of the piston and a
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(57) Abrege(suite)/Abstract(continued):

second chamber adjacent a second side (108) of the piston. A fill probe (202) having a body and a passageway between a first
end (306) of the fill probe and a second end (308) of the fill probe removably couples to the piston to fluidly couple to the
passageway of the fill probe to the second chamber of the housing when the accumulator is in a charging condition. A valve (142)
s fluidly coupled to the piston to enable fluid flow to the second chamber of the housing via the piston (104) when the fill probe Is
coupled to the piston (104).
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ple system to charge an accumulator apparatus (100) includes a piston (104) disposed
within a housing (102) to define a first chamber adjacent a first side (106) of the piston
and a second chamber adjacent a second side (108) of the piston. A fill probe (202)
having a body and a passageway between a first end (306) of the fill probe and a sec-
ond end (308) of the fill probe removably couples to the piston to fluidly couple to the
passageway of the 1ill probe to the second chamber of the housing when the accumula-
tor 1s in a charging condition. A valve (142) is fluidly coupled to the piston to enable
fluid tlow to the second chamber of the housing via the piston (104) when the fill probe
is coupled to the piston (104).
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METHODS AND APPARATUS TO CHARGE ACCUMULATOR APPARATUS

FIELD OF THE DISCLOSURE
[0001] The present disclosure relates generally to accumulators and, more

particularly, to methods and apparatus to charge accumulator apparatus.

BACKGROUND
[0002] Hydraulic power units such as, for example, accumulator apparatus, are often
employed 1n hydraulic systems to provide, for example, energy storage, fluid
compensation, energy accumulation, pulsation damping, etc. For example, when
employed as energy storage units, accumulator apparatus may be used to provide
pressurized control fluid (e.g., hydraulic oil) to equipment (e.g., hydraulic equipment)
such as cylinders, valve actuators, or other machinery requiring high pressure fluid to
operate. For example, an accumulator may be used to store pressurized hydraulic
fluid provided by a hydraulic pump when the hydraulic system demand is low (e.g., a
hydraulic actuator is not being actuated) and to supply the previously stored
pressﬁrized hydraulic fluid to the system to provide additional energy when the
demand of the hydraulic system increases (e.g., the hydraulic actuator is being
actuated).
[0003] Accumulator apparatus such as, for example, hydraulic accumulator apparatus
typically include a housing or cylinder having two chambers separated by a piston. A
first chamber may be fluidly coupled to a hydraulic system to receive pressurized
hydraulic tluid. A second chamber is typically filled or pre-charged or, more
generally, charged with an inert gas such as, for example, a dry nitrogen gas. A seal
surrounds the piston to prevent leakage of the hydraulic fluid and/or the inert gas
across the piston between the first and second chambers.
[0004] In operation, pressurized hydraulic fluid is stored in the first chamber via a
pump. The hydraulic fluid acts on a first side of the piston via the first chamber to
cause the piston to move toward the second chamber to a stored position. As the
piston moves toward the stored position, the volume of the second chamber is
reduced, thereby compressing the gas in the second chamber. As a result, the pressure
of the gas in the second chamber increases until a force exerted on the first side of the

piston by the pressure of the hydraulic fluid in the first chamber is substantially equal
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to a force exerted on a second side of the piston by the pressure of the compressed gas
in the second chamber. During operation, accumulators can remain in the stored
position for a relatively long period of time. Thus, the gas in the second chamber may
be subjected to high pressure levels for a relatively long period of time.

[0005] When the demand of the hydraulic system increases, the pressure of the
hydraulic fluid in the first chamber decreases. When the pressure of the hydraulic
fluid decreases below the pressure of the compressed gas, the gas expands and drives
the piston toward the first chamber and exerts a force on the hydraulic fluid via the
piston. As aresult, the accumulator apparatus supplies the hydraulic system with
previously stored pressurized hydraulic fluid. The pre-charged pressure of the gas in
the second chamber determines the minimum system pressure provided by the
accumulator apparatus.

[0006] Some known accumulator apparatus have a housing that includes a pre-charge
port or connection (e.g., a threaded port, a threaded connector) fluidly coupled to the
second chamber to pre-charge or charge the accumulator apparatus. An inert gas such
as a dry nitrogen gas may be supplied from a tank or vessel to the second chamber via
the pre-charge port or connection. However, the gas may leak slowly from the second
chamber to the environment via the pre-charge port or connection. For example, pre-
charge ports or connections of some known accumulator apparatus exposed to
relatively high vibration environments may loosen and cause leakage of the gas. Such
leakage typically occurs when the piston is at the stored position because the pressure
of the gas i1s relatively high in this position. Leakage of gas from the second chamber
reduces the operating pressures of the system and may substantially impair the ability
of the accumulator to provide hydraulic fluid at a desired pressure to the hydraulic
system when the demand of the hydraulic system increases.

10007] Furthermore, in some applications, process systems may be located in remote
locations such as, for example, off-shore drilling wells, mining operations, oil fields,
etc. Such remote locations make it difficult and costly to access accumulator
apparatus for maintenance and/or to re-charge the accumulator apparatus with a gas.
Also, having to charge accumulator apparatus with a fluid significantly increases

maintenance costs.
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SUMMARY
[0008] In one example, an example system to charge an accumulator apparatus
includes a piston disposed within a housing to define a first chamber adjacent a first
side of the piston and a second chamber adjacent a second side of the piston. A fill
probe having a body and a passageway between a first end of the fill probe and a
second end of the fill probe removably couples to the piston to fluidly couple to the
passageway of the fill probe to the second chamber of the housing when the
accumulator 18 in a charging condition. A valve is fluidly coupled to the piston to
enable fluid flow to the second chamber of the housing via the piston when the fill
probe 1s coupled to the piston.
[0009] In another example, an example method to charge an accumulator apparatus
includes removing a plug from a first bore adjacent a first side of a piston disposed
within a housing of the accumulator apparatus. The method includes coupling a first
portion of a fill probe to the first bore to engage a valve fluidly coupled to the piston
to enable fluid flow through the piston when the accumulator apparatus is in a
charging condition. The method further includes fluidly coupling a second portion of
the f1ll probe to a fluid supply source to enable a first pressurized fluid from the fluid
supply source to flow to a first chamber adjacent a second side of the piston via the
fill probe and the valve.
[0010] In yet another example, an example system to charge an accumulator
apparatus includes first means for fluidly coupling a first chamber of an accumulator
housing and a gas supply source such that the first means for fluidly coupling is to be
coupled to a first side of a piston disposed within the housing adjacent a second
chamber when the accumulator apparatus is in a charging condition. A second side of
the piston, an end cap, and the housing define the first chamber. The system also
includes second means for fluidly coupling the first chamber and the first means for
fluidly coupling via the piston when the first means for fluidly coupling is coupled to
the first side of the piston.
[0011] In yet another example, an example accumulator apparatus includes a piston
disposed within a housing to at least partially define a first chamber adjacent a first
side of the piston and a second chamber adjacent a second side of the piston. A valve
1s fluidly coupled to the piston and moves between an open positioh to enable fluid

flow through the piston when the accumulator apparatus is in a charging condition

23 -



CA 02766270 2011-12-21
WO 2011/002552 PCT/US2010/033761

and a closed position to prevent fluid flow through the piston when the accumulator
apparatus 1s not in the charging condition. A plug is removably coupled to the piston

between the valve and the first chamber of the housing.

BRIEF DESCRIPTION OF THE DRAWINGS
10012] FIG. 1 illustrates an example accumulator apparatus described herein.
[0013] FIG. 2 illustrates an example pre-charge or charging system operatively
coupled to the example accumulator apparatus of FIG. 1.
[0014] FIG. 3 illustrates the example accumulator apparatus of FIGS. 1 and 2 and an
example fill probe of the example system of FIG. 2.
[0015] FIG. 4 illustrates the example fill probe of FIG. 3 coupled to the accumulator
apparatus of FIGS. 1-3 and illustrates a satety collar of the example system of FIG. 2.
[0016] FIG. 5 illustrates the example fill probe of FIG. 3 and the example safety
collar of FIG. 4 coupled to the accumulator apparatus of FIGS. 1-4.
10017] FIG. 6 illustrates a bleed valve and a coupling member coupled to the example
fill probe of FIGS. 2-3.
[0018] FIG. 7 illustrates an example manifold assembly that may be used to fluidly
couple a tank to the example till probe of FIGS. 2-6.
[0019] FIG. 8A illustrates another example accumulator apparatus described herein.
10020] FIG. 8B 1llustrates another example pre-charge or charging system operatively
coupled to the example accumulator apparatus of FIG. 8A.
[0021] FIG. 9 illustrates yet another accumulator apparatus described herein shown in
a pre-charge condition with another example pre-charge or charging system described
herein.

10022] FIG. 10 illustrates yet another example accumulator apparatus described

herein.

DETAILED DESCRIPTION
10023} Hydraulic power units such as, for example, hydraulic accumulator apparatus
that utilize a compressible fluid to store energy are typically filled, pre-charged, or
charged with an inert gas such as dry nitrogen. The example accumulator apparatus
described herein may be used with fluid powered systems to provide energy storage,

fluid compensation, energy accumulation, pulsation damping, etc. The example
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accumulator apparatus described herein may be fluidly coupled to a fluid powered
system such as a hydraulic fluid system to prevent a rapid decrease in tluid pressure
when the demand of the hydraulic system increases. The tluid powered system may
provide pressurized hydraulic fluid to operate or actuate a control device such as a
hydraulic actuator downstream from the example accumulator apparatus described
herein.

[0024] A hydraulic fluid system may include a pump upstream from the accumulator
apparatus to provide pressurized hydraulic fluid to the example accumulator apparatus
when the demand of the hydraulic fluid system is low. In other words, the example
accumulator apparatus may be used to accumulate energy by storing pressurized
hydraulic fluid when the output capacity of the pump exceeds the demand of the
hydraulic system. The accumulator apparatus can provide or release the accumulated
energy as a quantity of the pressurized fluid in response to an increased demand of the
hydraulic system. Thus, the example accumulator apparatus described herein may be
used to supplement a hydraulic fluid pump by providing pressurized hydraulic fluid at
a relatively greater flow rate than can be supplied by the pump alone when the
demand of the hydraulic system increases. Additionally, if the hydraulic pump fails
due to, for example, a power outage, the example accumulator apparatus can provide
an auxiliary fluid source to maintain a minimum pressure (e.g., as determined by a
pre-charge pressure of the gas in the accumulator) of a hydraulic tluid 1n a hydraulic
fluid system.

[0025] The example methods and apparatus described herein substantially reduce or
prevent leakage of a pressurized fluid (e.g., an inert gas) from an accumulator to the
atmosphere. Further, in contrast to conventional or known accumulator pre-charging
or charging methods and apparatus, the example accumulator apparatus described
herein is configured to enable an accumulator charging system to couple to an internal
gas storage chamber of the accumulator via a piston of the accumulator. Thus, in
contrast to known accumulator apparatus, the example accumulator apparatus
described herein do not require an ancillary port or connector (e.g., a threaded
coupling) coupled to the accumulator housing to fluidly couple a gas storage chamber
of the accumulator apparatus to a gas supply source such as a tank. Instead, the

example accumulator apparatus described herein employ a fill probe that removably
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couples to the piston of the accumulator apparatus to charge the gas storage chamber
of the accumulator apparatus with a pressurized fluid such as a dry nitrogen gas.
10026] As described in greater detail below, an example accumulator apparatus
includes a housing having a piston disposed therein to define a first or fluid chamber
(e.g., a hydraulic fluid) and a second or gas storage chamber. The first chamber 1s to
receive, for example, an incompressible fluid, such as a hydraulic fluid or oil, via a
fluid port coupled to the accumulator housing. The second chamber may be pre-
charged or charged with a compressible fluid such as an inert gas via a passageway of
flow path through the piston and the hydraulic fluid port.

[0027] As noted above, in contrast to some known accumulators having a port or
connection to fluidly couple a gas chamber of the accumulator to a gas supply source,
the examples described herein use a fill probe to fluidly couple the gas supply source
and the gas chamber of the housing via the hydraulic port and the piston. This
configuration enables a second end of an example accumulator housing described
herein to include an end cap that 1s fixed to (e.g., via welding) or integrally formed
with the accumulator housing. In this manner, the end cap, the piston and the housing
provide a remarkably tighter seal to contain the gas within the gas storage chamber
than possible with the above-noted known accumulator apparatus. Thus, the end cap
provides a seal to prevent or substantially reduce leakage of gas from the gas storage
chamber and the atmosphere.

10028] FIG. 1 illustrates an example accumulator apparatus 100 described herein. As
shown in this example, the example accumulator apparatus 100 includes a housing
102 (e.g., a cylindrical body or cylinder) having a length L. A piston 104 is disposed
within the housing 102 and defines a first chamber or a fluid side 106 of the
accumulator apparatus 100 and a second chamber (i.e., a gas storage chamber) or a
gas side 108 of the accumulator apparatus 100. The first chamber 106 may receive an
incompressible fluid and the second chamber 108 may receive a compressible fluid.
In this example, the first chamber 106 is to receive a hydraulic fluid (e.g., hydraulic
oil) and the second chamber 108 is to receive a pressurized gas (e.g., an nert gas).
[0029] The piston 104 has a cylindrical body 110 that 1s sized to fit closely within a
bore 112 of the housing 102. A seal 114 (e.g., a T-seal) is disposed within a gland
116 (e.g., formed on the periphery of the body 110) of the piston 104 to provide a

tight seal and prevent unwanted leakage of fluid and/or gas across the piston 104
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between the first and second chambers 106 and 108. The piston 104 moves in a
rectilinear manner along a longitudinal axis 118 between a first position at which the
second chamber 108 has a maximum volume and a second position (e.g., a stored
position) at which the second chamber 108 has a minimum volume.

10030] In the illustrated example, a first end 120 of the housing 102 receives a port or
connection 122 (e.g., a hydraulic port) depicted as an end cap 123 that removably
couples (e.g., threadably couples) to the first end 120 of the housing 102. In this
example, the port 122 1s adjacent the first chamber 106 and fluidly couples the first
chamber 106 to a fluid powered system such as, for example, a hydraulic system or
component. In this example, the end cap 123 includes a seal 124 (e.g., an O-ring) to
provide a tight seal between the first chamber 106 and the housing 102.

[0031] As depicted in FIG. 1, the end cap 123 includes a cap screw 126 that
threadably couples to a threaded bore 128 of the end cap 123. The cap screw 126
includes an opening 130 to provide a fluid flow passage between a hydraulic system
and the first chamber 106 of the housing 102 when the port 122 is fluidly coupled to
the hydraulic system. In other examples, the end cap 123 may be coupled to the
housing 102 via any other suitable fastening mechanism(s). As shown, the cap screw
126 includes a seal 132 (e.g., an O-ring) to provide a tight seal between an outer
surface 134 of the cap screw 126 and the end cap 123 to prevent fluid leakage
between the first chamber 106 and the environment via the bore 128.

10032] In this example, a second end 136 of the housing 102 includes an end cap 138
that 1s coupled or fixed to the housing 102 via, for example, welding. However, in
other examples, the end cap 138 may be integrally formed with the housing 102 as a
unitary piece or structure. The end cap 138 (e.g., via a welded joint) provides a tight
seal to prevent leakage of pressurized gas between the second chamber 108 and the
environment. In general, the end cap 138, the piston 104 and the housing 102 provide
a substantially tight seal to contain a pressurized fluid (e.g., a pressurized gas) in the
second chamber 108 and prevent leakage of the pressurized gas to the atmosphere.
[0033] In the 1illustrated example, as described in greater detail below in connection
with FIGS. 2-7, the example piston 104 includes an opening or aperture 140 having a
valve 142 coupled to the piston 104 to enable fluid (e.g., gas) to flow to the second
chamber 108 when the accumulator apparatus 100 is being charged with pressurized

fluid. In other words, the valve 142, which may be implemented with a check valve,
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enables fluid flow between a first side 144 of the piston 104 and a second side 146 of
the piston 104 when the accumulator apparatus 100 is being charged with gas. The
valve 142 has a first end or inlet 148 adjacent the first chamber 106 or the first side
144 of the piston 104 and a second end or outlet 150 adjacent the second chamber 108
or the second side 146 of the piston 104.

[0034] In this example, the valve 142 includes a poppet 152 (e.g., a ball) disposed
between the inlet 148 and the outlet 150. The poppet 152 is biased (¢.g., via a biasing
element) toward a valve seat 154 when the accumulator apparatus 100 is in operation,
and moves away from the valve seat 154 to allow fluid flow between the inlet 148 and
the outlet 150 when the accumulator apparatus 100 is being charged with gas. For
example, the poppet 152 is biased to sealingly engage the valve seat 154 when a pre-
charge or charging system is not coupled to the accumulator apparatus 100 (e.g. when
the accumulator is in operation) to prevent fluid flow between the inlet 148 and the
outlet 150. In other examples, the valve 142 may be any other suitable valve to allow
fluid tlow through the piston 104 during charging and prevent fluid flow through the
piston 104 when the accumulator apparatus 100 is not in a charging condition as
shown mn FIG. 1.

[0035] Additionally, in this example, the piston includes a threaded bore 156 adjacent
the inlet 148 of the valve 142 or the first side 144 of the piston 104 and coaxially
aligned with the opening 140 of the piston 104. A plug 158 removably couples to the
bore 156 to further prevent fluid and/or gas flow between the first and second
chambers 106 and 108 via the valve 142 when the accumulator apparatus 100 is not in
a charging condition (FIG. 1). The plug 158 may include a seal 160 (e.g., an O-ring)
to provide a tight seal to turther prevent fluid and/or gas flow between the first and
second chambers 106 and 108 via the valve 142 when the plug 158 is coupled to the
bore 156.

[0036] In operation, in this example, the accumulator apparatus 100 provides
pressurized hydraulic fluid to a hydraulic fluid system such as, for example, a
hydraulic actuator downstream from the accumulator apparatus 100. A pump, for
example, upstream of the accumulator apparatus 100 provides pressurized hydraulic
fluid to the tirst chamber 106 via the port 122. In some examples, pressurized

hydraulic fluid 1s received by the first chamber 106 via the port 122 when the pressure
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of the hydraulic fluid increases due to a decrease 1n demand of the hydraulic fluid
system.

[0037] In the first chamber 106, the hydraulic fluid exerts a force on the first side 144
of the piston 104. A force exerted by the pressurized hydraulic fluid on the first side
144 of the piston 104 that i1s greater than a force exerted on the second side 146 of the
piston 104 by a gas 1n the second chamber 108 causes the piston 104 to move toward
the second chamber 108. As a result, the volume of the second chamber 108
decreases and causes the gas in the second chamber to be compressed. At the same
time, the volume of the first chamber 106 increases as the first chamber 106
accumulates a greater volume of pressurized hydraulic fluid. As the volume of the
second chamber i1s reduced, the pressure of the gas in the second chamber 108
increases, thereby increasing a force exerted on the second side 146 of the piston 104
by the gas in the second chamber 108. The pressure of the gas in the second chamber
108 increases to a maximum pressure that 1s substantially equal to a maximum
pressure of the hydraulic fluid 1n the first chamber 106.

[0038] As noted above, as the demand of the hydraulic system increases, the pressure
of the hydraulic system decreases. When the pressure of the hydraulic fluid in the
first chamber 106 exerts a force on the first side 144 of the piston 104 that is less than
the force exerted on the second side 146 of the piston 104 by the compressed gas in
the second chamber 108, the pressurized gas in the second chamber 108 expands and
causes the piston 104 to move in a second direction toward the first chamber 106. As
a result, the piston 104 supplies the pressurized hydraulic fluid in the first chamber
106 to the hydraulic system via the port 122. Thus, the example accumulator
apparatus 100 may be used to store and then provide pressurized hydraulic fluid to the
hydraulic system when the demand of the hydraulic system increases.

10039] FIG. 2 illustrates the example accumulator apparatus 100 of FIG. 1 being
charged with pressurized gas. Referring to FIG. 2, to charge the accumulator
apparatus 100 of FIG. 1 (i.e., to fill the second chamber 108 with a gas), the example
accumulator apparatus 100 may be coupled to a charging system 200. In the
illustrated example, the charging system 200 includes a fill probe 202, a safety collar
204, a manifold assembly 206, and a gas supply source 208 (e.g., a gas bottle, a tank).
The charging system 200 may be used to pre-charge or charge the accumulator

apparatus 100 with, for example, a dry nitrogen gas.

_ Q.



CA 02766270 2011-12-21
WO 2011/002552 PCT/US2010/033761

[0040] To charge the accumulator apparatus 100, hydraulic fluid is removed from the
first chamber 106 so that the piston 104 is at the first position (i.e., the second
chamber 108 has a maximum volume). In this manner, because the gas 1s at a
minimum pressure when the second chamber has a maximum volume (i.e., when the
piston is at the first position), a minimum desired hydraulic system pressure to be
provided by the accumulator apparatus 100 can be set or pre-determined. In other
words, the minimum gas pressure in the second chamber 108 may be used to set or
determine the minimum hydraulic system pressure.

[0041] As described in greater detail below, after the hydraulic fluid 1s removed from
the first chamber 106, the fill probe 202 and then the safety collar 204 are removably
coupled to the accumulator apparatus 100. Tubing 210 (e.g., a hose) fluidly couples
the gas supply source 208 to the second chamber 108 of the accumulator apparatus
100 via the manifold assembly 206 and the fill probe 202. A relief valve 212 and/or a
regulator 214 are disposed between the gas supply source 208 and the manifold
assembly 206 to regulate or adjust the pre-determined or desired pre-charge or
charging pressure of the gas (i.e., the minimum desired pressure of the hydraulic
system) from the gas supply source 208. A valve 216 is moved between an open
position and a closed position to allow and/or prevent gas flow from the gas supply
source 208 to the regulator 214.

[0042] Referring also to FIG. 3, the fill probe 202 removably couples (e.g., threadably
couples) to the piston 104 to fluidly couple the gas supply source 208 to the second
chamber 108. In this example, the fill probe 202 includes a cylindrical body 302
having a passage or aperture 304 to fluidly couple a first end 306 of the body 302 and
a second end 308 of the body 302. The first end 306 includes a tip or probe 310 and a
threaded portion 312. In this example, the threaded portion 312 threadably couples to
the bore 156 of the piston 104. As shown, the body 302 of the fill probe 202 includes
a collar or protruding lip 314 adjacent the threaded portion 312 of the body 302. As
depicted in this example, the second end 308 includes a hex-shaped portion 316 to
receive, for example, a tool to couple and/or remove (e.g., thread and/or unthread) the
fill probe 202 to and/or from the bore 156 of the piston 104.

[0043] FIG. 4 illustrates the example accumulator apparatus 100 of FIGS. 1-3 and the
example safety collar 204. Referring also to FIG. 4, in this example, the safety collar

204 includes a body 402 having an opening or aperture 404 through which the body
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302 of the fill probe 202 extends when the fill probe 202 1s coupled to the piston 104
as shown 1n FIG. 4. In this example, a first end 406 of the safety collar 204 includes a
threaded portion 408 to threadably couple the safety collar 204 to the bore 128 of the
end cap 123. The first end 406 also includes a recessed bore 410 to form a shoulder
412 that 1s sized and/or shaped to engage the collar 314 of the fill probe 202 to
prevent inadvertent removal of the fill probe 202 from the piston 104 and/or the
housing 102 of the accumulator apparatus 100 during charging operations. In this
example, a second end 414 of the safety collar 204 1s hex-shaped to receive, for
example, a tool to couple and/or remove (e.g., thread and/or unthread) the safety
collar 204 to and/or from the housing 102.

[0044] FIG. 5 illustrates the fill probe 202 and the safety collar 204 coupled to the
accumulator apparatus 100 of FIGS. 1-4. As noted above, the piston 104 includes the
valve 142 to enable gas flow through the piston 104 when the fill probe 202 is
coupled to the piston 104. As shown in FIG. 5, the tip 310 of the fill probe 202
engages the poppet 152 to move (e.g., unseat) the poppet 152 away from the valve
seat 154 when the fill probe 202 1s coupled to the piston 104. The safety collar 204
couples to the bore 128 of the end cap 123 via the threaded portion 408. When the fill
probe 202 1s coupled to the piston 104 during a charging operation, the fill probe 202
extends through the opening 404 of the safety collar 202. Additionally, during a
charging operation, the collar 314 of the fill probe 202 is spaced away from and does
not engage the shoulder 412 of the safety collar 204. The opening 404 of the safety
collar 204 1s sized to enable the fill probe 202 to rotate (e.g., in a clockwise and/or
counter-clockwise direction about an axis 502) relative to the safety collar 204.
Likewise, the safety collar 204 can rotate (e.g., in a clockwise and/or counter-
clockwise direction about the axis 502) relative to the fill probe 202. As noted above,
the fill probe 202 and/or the safety collar 204 may be coupled to the accumulator
apparatus 100 via, for example, a tool (e.g., a wrench) that engages the respective
second ends 308 and 414 of the fill probe 202 and the safety collar 204.

[0045] Referring also to FIG. 6, n the 1illustrated example, a coupling member 602
such as, for example, a quick disconnect coupling member 1s coupled (e.g., threadably
coupled) to the second end 308 of the fill probe 202. The coupling member 602
fluidly couples the manifold assembly 206 to the passage 304 of the fill probe 202.
Also, as shown 1n this example, the second end 308 of the fill probe 202 1s fluidly

-11 -



CA 02766270 2011-12-21
WO 2011/002552 PCT/US2010/033761

coupled to a bleed valve 604. As described in greater detail below, the bleed valve
604 allows residual gas that may be trapped in the passage 304 of the fill probe 202 to
vent to the atmosphere after removing the fill probe 202 from the piston 104 when
charging 1s complete.

10046] FIG. 7 illustrates a schematic illustration of the example manifold assembly
206. Referring to FIG. 7, the manifold assembly 206 includes a coupling member
702, a block valve 704, a gauge 706, and a bleed valve 708. The coupling member
702 (e.g., a quick disconnect coupling member) fluidly couples to the coupling
member 602 of the fill probe 202 to fluidly couple the manifold assembly 206 to the
fill probe 202. The block valve 704 fluidly couples the gas supply source 208 to the
manifold assembly 206 via the tubing 210. The gauge 706 may be used to measure,
for example, the pressure of the gas in the second chamber 108 during charging to
determine if the pressure of the gas in the second chamber 108 is at a desired pressure
(e.g., a pre-charge pressure). In other examples, the manifold assembly 206 may
include only the coupling member 702, the block valve 704, the gauge 706, or the
bleed valve 708, or any combination thereof. In yet other examples, an end of the
tubing 210 may include a coupling member (e.g., a quick disconnect coupling
member) to tluidly couple the gas supply source 208 to the coupling member 602 of
the fill probe 202 and, thus, the second chamber 108 of the accumulator apparatus
100.

[0047] Referring to FIGS. 1-7, in this example, to charge the accumulator apparatus
100 with a pressurized gas, hydraulic fluid is removed from the first chamber 106 so
that the piston 104 1s in the first position and the second chamber 108 has a maximum
volume. The cap screw 126 (FIG. 1) and the plug 158 (FIG. 1) are removed from
their respective bores 128 and 156. The threaded portion 312 of the fill probe 202 is
threadably coupled to the piston 104 via the bore 156 and the bleed valve 604 is
moved to a closed position. As noted above, when the fill probe 202 is coupled to the
piston 104 via the bore 156, the tip 310 of the fill probe 202 moves the poppet 152
away from the valve seat 154. This allows pressurized gas to tflow through the piston
104 and into the second chamber 108.

10048] The satety collar 204 1s then coupled to the accumulator apparatus 100 as
shown in FIGS. 2, 5 and 6. The manifold assembly 206 is Coupled to the second end
308 of the fill probe 202 via the coupling members 602 and 702 and the block valve
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704 and the bleed valve 708 of the manifold assembly 206 are moved to their closed
positions. The gas supply source 208 1s then fluidly coupled to the manifold assembly
206 via the block valve 704 and the tubing 210.

[0049] The regulator 214 1s adjusted to regulate the pressure of the gas flowing from
the gas supply source 208 to a desired or predetermined pressure such as a pre-charge
pressure. In other words, the regulator 214 may be used to regulate the pressure of the
gas from the gas supply source 208 so that the gas tflowing to the second chamber 108
has a pressure to provide a desired or predetermined minimum hydraulic system
pressure. For example, the regulator 214 may be adjusted to provide a pressurized gas
having 1000 psi to provide a minimum system pressure of 1000 psi when the piston
104 is 1n the first position. Thus, in operation, to move the piston 104 to the second
position, hydraulic fluid in the first chamber 106 must have a pressure that is greater
than 1000 ps1. In this example, to achieve a desired minimum operating system
pressure, the accumulator apparatus 100 1s charged without hydraulic fluid in the first
chamber 106 (i.e., the piston 104 is at the first position).

[0050] When the regulator 214 1s adjusted to provide the desired pre-charge pressure,
the block valve 704 and the valve 216 are moved to open positions to allow gas flow
from the gas supply source 208 to the manifold assembly 206. The regulated,
pressurized gas from the regulator 214 flows through the manifold assembly 206 and
to the second chamber 108 via the passage 304 of the fill probe 202 and the valve 142.
In this configuration, the regulated, pressurized gas flows to the second chamber 108
via the valve 142 of the piston 104 because the tip 310 of the fill probe 202 has moved
the poppet 152 away from the valve seat 154. The second chamber 108 is filled with
the pressurized gas until a desired pressure in the second chamber 108 1s achieved. In
this example, an operator can determine when the pressure of the pressurized gas in
the second chamber 108 reaches a desired pressure via the gauge 706 of the manifold
assembly 206.

[0051] After the desired pressure 1s achieved, the block valve 704 may be moved to a
closed position to prevent further gas flow from the gas supply source 208 to the fill
probe 202. The valve 216 may be moved to a closed position to prevent gas flow
from the gas supply source 208 to the manifold assembly 206. The bleed valve 708

may be moved to an open position to vent any gas trapped between the valve 216 and
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the manifold assembly 206. The manifold assembly 206 may then be removed from
the fill probe 202 via the couplings 602 and 702.

|0052] The fill probe 202 may be removed (e.g., unthreaded) from the bore 156 of the
piston 104 via, for example, a tool (e.g., a socket wrench). The fill probe 202 is
removed from the piston 104 until the collar 314 of the fill probe 202 engages the
shoulder 412 of the safety collar 204. When the collar 314 of the fill probe 202
engages the shoulder 412 of the safety collar 204, the tip 310 of the fill probe 202
moves away (e.g., 1n an axial direction away) from the piston 104 (e.g., in a
downward direction in the orientation of FIG. 5) to release the poppet 152 of the valve
142. When the fill probe 202 is removed from the bore 156, the poppet 152 moves
into sealing engagement with or seats against the valve seat 154 to prevent gas flow
between the second chamber 108 and the first chamber 106.

[0053] The bleed valve 604 coupled to the second end 308 of the fill probe 202 is
then moved to an open position to allow any residual gas that may be trapped within
the passage 304 of the fill probe 202 to vent or bleed to the atmosphere. After the fill
probe 202 is vented, the satety collar 204 and the fill probe 202 are removed from the
housing 102. Then, the plug 158 1s coupled to the bore 156 and the cap screw 126 is
coupled to the bore 128.

[0054] In contrast to some known accumulator apparatus, the example accumulator
apparatus 100 does include conduit connections, fittings, tubing, gauge ports, isolation
fill valves, etc., coupled (e.g., threadably coupled) to the housing 102 to charge the
second chamber 108 of the accumulator apparatus 100. Instead, the second chamber
108 of the example accumulator apparatus 100 1is substantially sealed. In this manner,
the accumulator apparatus 100 substantially reduces or prevents unwanted leakage of
gas 1n the second chamber 108 to the atmosphere. The accumulator apparatus 100
sealingly contains the gas in the second chamber 108 of the housing 102 because the
end cap 138, as shown in this example, is welded to the housing 102. Also, the plug
158 and/or the cap screw 126 further prevent unwanted leakage of gas from the
second chamber 108 through the piston 104 and the port 122, respectively (e.g., the
plug 158 and/or the cap screw 126 provide redundant seals).

[0055] Additionally, 1n this example, although the seal 114 is exposed to both the first
and second chambers 106 and 108 of the accumulator apparatus 100, the seal 114 is in

a non-stressed condition when the accumulator apparatus 100 is in a stored position
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(the piston 104 is in the second position). As noted above, when the piston 104 i1s at
the stored position, the pressure of the hydraulic fluid in the first chamber 106 i1s
substantially equal to the pressure of the gas in the second chamber 108, resulting in a
substantially zero pressure differential across the seal 114 and the piston 104. As a
result, the gas in the second chamber 108 and/or the fluid in the first chamber 106 will
typically not migrate, flow, or leak between the first and second chambers 106 and
108. Thus, the example accumulator apparatus 100 provides a tight seal to
substantially reduce or prevent pressurized gas from leaking between the second
chamber 108 of the housing 102 and the environment or atmosphere, even when the
accumulator apparatus 100 is in a stored position and the pressure of the gas is at a
relatively high pressure for a relatively long period of time. As a result, the
accumulator apparatus 100 substantially reduces maintenance and/or the need to re-
charge, thereby significantly reducing costs.

[0056] FIG. 8A illustrates another example accumulator apparatus 800 described
herein. FIG. 8B illustrates the example accumulator apparatus of FIG. 8A in a pre-
charge or charging condition.

[0057] Referring to FIGS. 8A and 8B, in this example, the accumulator apparatus 800
includes a housing 802 having a removable plug 803 defining a port 804 (e.g., a
hydraulic fluid port) and an end cap 806 coupled to a second end 808 ot the housing
802 via, for example, a welded joint 810. A piston 812 1s disposed within the housing
802 to define a first chamber or a hydraulic fluid side 814 of the accumulator
apparatus 800 and a second chamber or gas side 816 of the accumulator apparatus
800. In this example, the piston 812 includes an aperture 818 to receive a valve 820
(e.g., a zero leakage check valve). The valve 820 enables gas to tlow to the second
chamber 816 when the accumulator apparatus 800 is in a pre-charge or charging
condition as shown in FIG. 8B and prevents gas flow between the first and second
chambers 814 and 816 when the accumulator apparatus 800 is not in a pre-charge or
charging condition as shown in FIG. 8A (e.g., during operation). The piston 812
includes a seal plug 822 coupled (e.g., threadably coupled) to a first side 824 of the
piston 812 adjacent the first chamber 814 to prevent gas flow and/or hydraulic fluid
flow between the first and second chambers 814 and 816 via the valve 820. The
piston 812 also includes a plug 826 coupled (e.g., threadably coupled) to a second
side 828 of the piston 812 adjacent the second chamber 816. In this example, the plug
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826 retains the valve 820 within the aperture 818 of the piston 812 and includes a
passage 829 to allow gas tflow to the second chamber 816 during a pre-charge or
charging operation.

[0058] As shown in FIG. 8B, an example pre-charge or charging system 830 is
employed to charge the accumulator apparatus 800. In this example, the example
charging system 830 includes a fill probe 832, a safety collar 834, a manifold
assembly 836, a gas supply source 838 (e.g., a tank), and tubing 840 (e.g., a hose). In
this example, the fill probe 832 and the safety collar 834 are differently shaped than
the fill probe 202 and safety collar 204 of FIGS. 2-7. The seal plug 822 and the plug
803 are removed from the piston 812 and the housing 802, respectively, during pre-
charge and the f1ll probe 832 and the safety collar 834 are coupled to the piston 812
and the housing 802, respectively.

[0059] In the illustrated example, the end cap 806 includes a coupling or connector
842 such as, for example, a socket welded tube connection. As depicted in FIGS. 8A
and 8B, the coupling 842 1s welded to the end cap 806 via a weld joint 844, Tubing
846 may be coupled to the coupling 842 via, for example, a weld joint 848. The
tubing 846 and the coupling 842 fluidly couple the second chamber 816 of the
accumulator apparatus 800 to, for example, a gas chamber of another accumulator of
the hydraulic system, a gas tank (e.g., a dry nitrogen gas tank), etc. For example, the
gas side of a plurality of accumulators of a hydraulic system may be fluidly coupled
(e.g., 1n series) via the coupling 842 and tubing 846. In this manner, for example,
during charging, the charging system 830 may only need to be coupled to a first
accumulator from a plurality of accumulators to charge the plurality of accumulators
with, for example, a dry nitrogen gas. Such a configuration substantially reduces
maintenance and costs because the plurality of accumulators of a hydraulic fluid
system that are fluidly coupled (e.g., in series) can be pre-charged by coupling the
pre-charge system 830 to a first accumulator from the plurality of accumulators.
[0060] The example accumulator apparatus 800 and the charging system 830 perform
similar functions and/or involve operations and/or functions that are substantially
similar to the operations and/or functions of the example accumulator apparatus 100
and the charging system 200 described above. Thus, for brevity, the operation and/or
functions of the accumulator apparatus 800 and the charging system 830 will not be

repeated. Instead, the interested reader may refer to the description of the operations
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and/or functions of the accumulator apparatus 100 and the charging system 200
described above in connection with FIGS. 1-7.

[0061] FIG. 9 illustrates yet another example accumulator apparatus 900 having
another example charging system 902 coupled to the example accumulator apparatus
900. The accumulator apparatus 900 performs functions and/or operations similar to
those performed by the example accumulator apparatus 100 of FIGS. 1-7.

10062] In this example, the accumulator apparatus 900 includes a housing 904 having
a piston 906 disposed therein to define a first chamber 908 and a second chamber 910.
The piston 906 includes a valve 912 disposed within an aperture 914 of a piston body
916. The valve 912 includes a poppet 918 that is biased toward a valve seat 920 via a
biasing element 922 (e.g., a spring). Additionally, in this example, the piston 906
includes a seal 924 and piston rings 925 to prevent gas and/or fluid flow between the
first and second chambers 908 and 910. In this example, the housing 904 includes an
end cap 926 that is coupled to the housing 904 via, for example, welding. However,
in other examples, the end cap 926 may be coupled to the housing 904 via any other
suitable method or fastening mechanism(s). In yet other examples, the end cap 926
may be integrally formed with the housing 904.

[0063] As shown, the charging system 902 includes a fill probe 928, a safety collar
930, a manifold assembly 932, and a gas supply source 934. During pre-charge or
charging operations, the fill probe 928 engages the poppet 918 to move the poppet
918 away from the valve seat 920 to allow gas flow between a passage 936 of the fill
probe 928 and the second chamber 908. When the fill probe 928 is removed from the
piston 906, the biasing element 922 biases the poppet 918 toward the valve seat 920 to
prevent gas flow between the first and second chambers 908 and 910 via the valve
912.

[0064] The functions, operations, and methods to pre-charge or charge the
accumulator apparatus 900 via the charging system 902 are similar to the functions,
operations, and methods of pre-charging or charging the example accumulator
apparatus 100 via the charging system 200 of FIGS. 1-7. Thus, the functions,
operations, and methods of the example accumulator apparatus 900 and the charging
system 902 will not be repeated. Instead the interested ready may refer to the
functions, operations, and methods of pre-charging or charging the example

accumulator apparatus 100 described above in connection with FIGS. 1-7.
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[0065] FIG. 10 illustrates yet another example accumulator apparatus 1000 described
herein. The example accumulator apparatus 1000 includes a housing 1002 depicted
as a two-piece structure that couples together via a coupling member 1004 such as, for
example, threads, fasteners, welding, etc.

[0066] In this example, the housing 1002 has a first or upper body 1006 that
removably couples to a second or lower body 1008. The upper body 1006 includes an
elongated cylindrical body having a closed end 1010 and an open end 1012 (e.g., a
bore) to receive a piston 1014. The upper body 1006 includes a threaded portion 1016
adjacent the open end 1012 to threadably couple the upper body 1006 to the lower
body 1008. Likewise, the lower body 1008 of the housing includes a cylindrical body
having an opening 1018 between a first end 1020 and a second end 1022. The first
end 1020 includes a threaded portion 1024 to threadably couple the lower body 1008
to the upper body 1006. Although not shown, a seal (e.g., an O-ring) may be disposed
between the threaded portions 1016 and 1024 to prevent leakage of fluid through the
threaded portions 1016 and 1024. The second end 1022 receives a hydraulic port
1026 depicted as a removable plug 1028.

[0067] When the upper and lower bodies 1006 and 1008 are coupled together, the
piston 1014 is disposed therein to define a first chamber 1030 between a first side
1032 of the piston 1014 and the hydraulic port 1026, and a second chamber 1034
between a second side 1036 of the piston 1014 and the closed end 1010 of the upper
body 1006 of the housing 1002. The threaded portions 1016 and 1024 of the upper
and lower bodies 1006 and 1008 are arranged on the housing 1002 such that the
threaded portions 1016 and 1024 are spaced away from and are not exposed to a gas
in the second chamber 1034. For example, the threaded portions 1016 and 1024 are
not exposed to or do not contact the gas in the second chamber 1034 even when the
piston 1014 1s in a first position such that the second chamber 1034 has a maximum
volume. In this manner, a gas disposed in the second chamber 1034 is tightly sealed
within the upper body 1006 of the housing 1002 between the second side 1036 of the
piston 1014 and the closed end 1010 of the upper body 1006 (e.g., via seals and/or
piston rings coupled to the piston 1014) and prevented from migrating or leaking to
the environment.

[0068] The example fill probes 202, 832, and 928 and/or the example safety collars

204, 834, and 930 are not limited to the example configurations, shapes and/or sizes
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depicted in the respective FIGS. 2-7, 8A, 8B, and 9 and may have any other
configurations, shapes and/or sizes. Additionally or alternatively, the end caps 138,
306, and 926 may be coupled to the respective housing 102, 802, and 904 via any
suitable fastening mechanism(s) that provide a tight seal between the second chamber
and the environment.

[0069] Although certain example apparatus, methods, and articles of manufacture
have been described herein, the scope of coverage of this patent is not limited thereto.
On the contrary, this patent covers all methods, apparatus, and articles of manufacture

fairly falling within the scope of the appended claims,
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What is claimed is:

1. A system to charge an accumulator apparatus, comprising:

a piston disposed within a housing to define a first chamber adjacent a first side of the
piston and a second chamber adjacent a second side of the piston;

a fill probe having a body and a passageway between a first end of the fill probe and a
second end of the fill probe, wherein the fill probe removably couples to the piston to fluidly
couple the passageway of the fill probe to the second chamber of the housing when the
accumulator apparatus is in a charging condition; and

a valve fluidly coupled to the piston to enable fluid flow to the second chamber of the
housing via the piston when the fill probe is coupled to the piston,

wherein the valve is disposed within an opening of the piston.

2. A system of claim 1, wherein the first chamber is to receive an incompressible

fluild and the second chamber is to receive a compressible fluid.

3. A system of claim 2, wherein the incompressible fluid comprises a hydraulic fluid

and the compressible fluid comprises a gas.

4. A system of claim 3, wherein the gas comprises a dry nitrogen gas.

5. A system of claim 1, wherein the first end of the fill probe includes a threaded
portion that threadably couples to a first bore at the first side of the piston adjacent the valve

and the first chamber.

0. A system of claim 5, wherein the first end of the fill probe includes a tip that
engages a poppet of the valve to move the poppet away from a valve seat to allow fluid flow
between the passageway of the fill probe and the second chamber when the fill probe is
coupled to the piston, and wherein the poppet is in sealing engagement with the valve seat

when the fill probe ts removed from the first bore of the piston.

/. A system of claim 6, wherein the poppet Is biased toward the valve seat via a

spring.
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8. A system of claim 1, further comprising a safety collar that removably couples to
a second bore of a fluid port in fluid communication with the first chamber, wherein the safety
collar includes an aperture through which the fill probe extends when the safety collar is coupled

to the second bore.

9. A system of claim 8, wherein the safety collar includes a shoulder at a first end
of the safety collar that is to engage a collar of the fill probe when the fill probe is being removed

from the piston.

10. A system of claim 1, further comprising a manifold assembly to fluidly couple a

gas supply source to the passageway of the fill probe.

11. A system of claim 10, wherein the manifold assembly includes a first coupling
member to matably engage a second coupling member of the fill probe, a block valve to fluidly
couple the manifold assembly to the gas supply source, a gauge to measure the pressure of a

gas in the second chamber provided by the gas supply source, and a bleed valve.

12. A system of claim 1, further comprising an end cap adjacent the second chamber

and coupled to the housing via welding.

13. A system of claim 12, further comprising a connector fluidly coupled to the
second chamber of the housing via the end cap, wherein the connector is to fluidly couple the
second chamber of the accumulator apparatus to a third chamber of a second accumulator

apparatus.

14. A system of claim 1, wherein the housing comprises a first portion that removably
couples to a second portion via threads, wherein the first portion includes a closed end and an
open end to receive the piston, and wherein the first portion and the second side of the piston

define the second chamber.

15. A method to charge an accumulator apparatus, the method comprising:
removing a plug from a first bore adjacent a first side of a piston disposed within a

housing of the accumulator apparatus;
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coupling a first portion of a fill probe to the first bore to engage a valve fluidly coupled to
the piston to enable fluid flow through the piston when the accumulator apparatus is in a
charging condition;

fluidly coupling a second portion of the fill probe to a fluid supply source to enable a first
pressurized fluid from the fluid supply source to flow to a first chamber of the housing adjacent a
second side of the piston via the fill probe and the valve; and

removing a second pressurized fluid from a second chamber of the housing adjacent the

first side of the piston prior to removing the first plug.

16. A method of claim 15, further comprising removing a second plug from a second
bore of a port coupled to the housing adjacent the second chamber prior to removing the first

plug from the piston.

17. A method of claim 16, further comprising coupling a safety collar to the second

bore of the port.

18. A method of claim 17, further comprising coupling the second portion of the fill
probe to the fluid supply source via a manifold assembly, wherein the manifold assembly

Includes a first coupling member, a block valve, a gauge, and a first bleed valve.

19 A method of claim 18, further comprising moving the block valve of the manifold
assembly to an open position to enable fluid flow from the fluid supply source to the second
portion of the fill probe during charging, and moving the block valve to a closed position to

prevent fluid flow to the second portion of the fill probe when charging of the accumulator

apparatus Is complete.

20. A method of claim 19, further comprising removing the manifold assembly from

the second portion of the fill probe when charging is complete.

21. A method of claim 20, further comprising removing the fill probe from the piston
so that a collar of the fill probe engages a shoulder of the safety collar, and wherein removing
the fill probe from the piston causes the valve to move to a closed position to prevent fluid flow

through the valve.
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22. A method of claim 21, further comprising moving a second bleed valve fluidly
coupled to the fili probe to an open position to vent trapped pressurized fluid between the first

and second portions of the fill probe.

23. A method of claim 22, further comprising removing the fill probe and the safety
collar from the accumulator apparatus and coupling the first plug to the first bore of the piston

and the second plug to the second bore of the port.

24. A method of claim 15, further comprising fluidly coupling a third chamber of a
second accumulator apparatus to the first chamber of the accumulator apparatus via a
connector coupled to the housing and in fluid communication with the first chamber, wherein the
third chamber is to receive the first pressurized fluid from the fluid supply source when the

second accumulator apparatus is fluidly coupled to the first chamber.

25. A system to charge an accumulator apparatus, comprising:

first means for fluidly coupling a first chamber of an accumulator housing and a gas
supply source, wherein the first means for fluidly coupling is to be coupled to a first side of a
piston disposed within the housing when the accumulator apparatus is in a charging condition,
and wherein a second side of the piston, an end cap, and the housing define the first chamber;
and

second means for fluidly coupling the first chamber and the first means for fluidly
coupling via the piston when the first means for fluidly coupling is coupled to the first side of the
piston,

wherein the second means for fluidly coupling comprises a valve disposed within an

aperture of the piston.

20. A system of claim 25, wherein the first means for fluidly coupling comprises a fill
probe having a passage between a first end and a second end, and wherein the first end of the
fill probe includes a tip to cause the second means for fluidly coupling to be in an open position

to allow gas flow therethrough when the fill probe is coupled to the first side of the piston.
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27 A system of claim 26, wherein fill probe removably couples to a threaded bore
formed at a first side of the piston adjacent a second chamber and the second end of the fill

probe fluidly couples to the gas supply source.

28. A system of claim 25, wherein an inlet of the valve is adjacent the first side of the
piston and the second chamber and an outlet of the valve is adjacent the second side of the

piston and the first chamber.

29. An accumulator apparatus, comprising:

a piston disposed within a housing to at least partially define a first chamber adjacent a
first side of the piston and a second chamber adjacent a second side of the piston;

a valve fluidly coupled to the piston that moves between an open position to enable fluid
flow through the piston when the accumulator apparatus is in a charging condition and a closed
position to prevent fluid flow through the piston when the accumulator apparatus is not in the
charging condition; and

a plug removably coupled to the piston between the valve and the first chamber of the
housing,

wherein the valve is disposed within an aperture of the piston.

30. An apparatus as described in claim 29, wherein the piston includes a bore
adjacent the first side of the piston to receive the plug, and wherein the plug is removed from

the bore when the accumulator apparatus is in the charging condition.

31. An apparatus as described in claim 29, wherein the valve comprises a poppet
that sealingly engages a valve seat to prevent fluid flow through the piston when the

accumulator apparatus is not in the charging condition.

32 An apparatus as described in claim 31, wherein the poppet is biased toward the

valve seat via a spring.

33. An apparatus as described in claim 29, wherein the first chamber is to receive an

incompressible fluid and the second chamber is to receive a compressible fluid.
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