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INLINE CYCLE FUSE

BACKGROUND
[0001] Pressure vessels are commonly used for containing a variety of gases or fluids under
pressure, such as hydrogen, oxygen, natural gas, nitrogen, propane and other fuels, for example.
Generally, pressure vessels can be of any size or configuration. The vessels can be heavy or
light, single-use (e.g., disposable), reusable, subjected to high pressures (greater than 50 psi, for
example), low pressures (less than 50 psi, for example), or used for storing fluids at elevated or
cryogenic temperatures, for example.
[0002] Suitable pressure vessel shell materials include metals, such as steel; or composites,
which may be formed of laminated layers of wound fiberglass filaments or other synthetic
filaments bonded together by a thermo-setting or thermoplastic resin. A liner or bladder is often
disposed within a pressure vessel shell to seal the vessel, thereby serving as a fluid permeation
barrier.
[0003] Generally, pressure vessels have limited lifetimes, and it is desirable to remove a
pressure vessel from service before it fails, as failures can be catastrophic and cause damage or
injury. Both cyclic fatigue and static fatigue (stress rupture) contribute to the fatigue load, and
thus the failure, of pressure vessels. The calendar life of a pressure vessel, or the number of
fatigue cycles over a specific pressure range (for example, from near empty to full), is commonly
used to determine when to remove a vessel from service. However, in some applications, the
pressure ranges and number of cycles applied to the pressure vessel are inconsistent and/or
unknown. In addition, the interaction between cyclic fatigue life and static fatigue life is not well
understood. The effects of cycling combine in unknown ways with the effects of the duration the
pressure vessel spends at full pressure without cycling.
[0004] Mathematical projections of vessel lifetime are commonly used to evaluate the
fatigue life of a pressure vessel. This requires that the number of cycles be counted or estimated,
then sorted by mean stress levels and stress range. These cycles are combined into an equivalent
number of full-range cycles to estimate the remaining vessel life. It must then be determined

how to combine this information with static fatigue. Uncertainties are inherent in the calculation
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and estimation of cycles, in combining cycle effects, and in assessing the total and remaining life

of the pressure vessel.

SUMMARY

[0005] In one aspect, this disclosure describes a system including a pressure vessel, a fluid
source, a line coupled to the pressure vessel and to the fluid source, an apparatus, a sensor and a
controller. The apparatus includes a conduit and a containment structure. The conduit has a
conduit wall, wherein the conduit is configured for fluid connection to the line. The containment
structure includes a cavity separated from an interior of the conduit by a portion of the conduit
wall. The sensor is configured to determine a value of a physical property in the cavity. The
controller is in signal communication with the sensor and configured to detect a change in the
value.

[0006] In another aspect, this disclosure describes a method of predicting impending failure
of a pressure vessel. The method includes fluidly connecting the pressure vessel to a source of
pressurized fluid via a line and fluidly connecting an apparatus to the line between the pressure
vessel and the source. The apparatus includes a conduit and a containment structure. The
conduit has a conduit wall, wherein the conduit is configured for fluid connection to the line.
The containment structure includes a cavity separated from an interior of the conduit by a portion
of the conduit wall. The method further includes determining a first value of a physical property
in the cavity of the containment structure, experiencing a failure of the conduit wall that permits
the fluid to flow from the interior of the conduit into the cavity, determining a second value of
the physical property in the cavity, and detecting a difference between the first and second
values.

[0007] This disclosure, in its various combinations, either in apparatus or method form, may

also be characterized by the following listing of items:

1. A system including:

a pressure ves sel;
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a fluid source;
a line coupled to the pressure vessel and to the fluid source;
an apparatus including:
a conduit having a conduit wall, wherein the conduit is configured for fluid
connection to the line; and
a containment structure including a cavity separated from an interior of the
conduit by a portion of the conduit wall;
a sensor configured to determine a value of a physical property in the cavity; and
a controller in signal communication with the sensor and configured to detect a change in

the value.
2. The system of item 1 wherein the physical property is selected from the group consisting
of pressure, temperature, acoustic emission, conductivity, resistance, capacitance, optical, and

substance concentration.

3. The system of any of items 1-2 further including an indicator in signal communication

with the controller.

4. The system of any of items 1-3 further including a valve disposed between the fluid

source and the pressure vessel.

5. The system of item 4, wherein the valve is in signal communication with the controller.
6. The system of any of items 1-5 further including a weakness located on the portion of the
conduit wall and configured such that the conduit wall fails at the weakness to permit the fluid to

flow from the interior of the conduit into the cavity of the containment structure.

7. A method of predicting impending failure of a pressure vessel, the method including:



8.
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fluidly connecting the pressure vessel to a source of pressurized fluid via a line;
fluidly connecting an apparatus to the line between the pressure vessel and the source, the
apparatus including:
a conduit having a conduit wall, wherein the conduit is configured for fluid
connection to the line; and
a containment structure including a cavity separated from an interior of the
conduit by a portion of the conduit wall;
determining a first value of a physical property in the cavity of the containment structure;
experiencing a failure of the conduit wall that permits the fluid to flow from the interior
of the conduit into the cavity;
determining a second value of the physical property in the cavity; and

detecting a difference between the first and second values.

The method of item 7 further including determining whether the difference exceeds a pre-

determined threshold difference.

9.

10.

11.

The method of item 8 further including:
determining that the difference exceeds a pre-determined threshold difference; and

relaying a signaling to a user.
The method of any of items 8-9 further including:
determining that the difference exceeds a pre-determined threshold difference; and

closing a valve between the source and the pressure vessel.

The method of item 10 wherein closing the valve is accomplished automatically by a

controller.
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12. The method of any of items 7-11 wherein the physical property is selected from the group
consisting of pressure, temperature, acoustic emission, conductivity, resistance, capacitance,

optical, and substance concentration.

13. The method of any of items 7-12 further including calibrating the failure of the conduit

wall to occur at a pre-determined percentage of an estimated useful life of the pressure vessel.

[0008] This summary is provided to introduce concepts in simplified form that are further
described below in the Detailed Description. This summary is not intended to identify key
features or essential features of the disclosed or claimed subject matter and is not intended to
describe each disclosed embodiment or every implementation of the disclosed or claimed subject
matter. Specifically, features disclosed herein with respect to one embodiment may be equally
applicable to another. Further, this summary is not intended to be used as an aid in determining
the scope of the claimed subject matter. Many other novel advantages, features, and
relationships will become apparent as this description proceeds. The figures and the description

that follow more particularly exemplify illustrative embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] The disclosed subject matter will be further explained with reference to the attached
figures, wherein like structure or system elements are referred to by like reference numerals
throughout the several views.
[0010] FIG. 1 shows a schematic view of an exemplary system including a pressure vessel and
an exemplary fuse coupled in series to a fluid source.
[0011] FIG. 2 is a perspective view of an exemplary fuse.
[0012] FIG. 3 is a perspective cross-sectional view of the fuse taken along line 3—3 of FIG. 2
[0013] FIG. 4 is a perspective cross-sectional view of a second exemplary embodiment of a

conduit of a fuse of the present disclosure.
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[0014] FIG. 5 is a perspective cross-sectional view of a third exemplary embodiment of a
conduit usable in the disclosed fuse.

[0015] FIG. 6 is a perspective cross-sectional view of a fourth exemplary embodiment of a
conduit for use in the disclosed fuse.

[0016] While the above-identified figures set forth one or more embodiments of the disclosed
subject matter, other embodiments are also contemplated, as noted in the disclosure. In all cases,
this disclosure presents the disclosed subject matter by way of representation and not limitation.
It should be understood that numerous other modifications and embodiments can be devised by
those skilled in the art which fall within the scope and spirit of the principles of this disclosure.
[0017] The figures may not be drawn to scale. In particular, some features may be enlarged
relative to other features for clarity. Moreover, where terms such as above, below, over, under,
top, bottom, side, right, left, etc., are used, it is to be understood that they are used only for ease

of understanding the description. It is contemplated that structures may be oriented otherwise.

DETAILED DESCRIPTION
[0018] The disclosure recognizes that it is desirable to anticipate vessel failure, allowing
preemptive removal of a vessel from service before it fails. In an exemplary embodiment, a fuse
is positioned in-line with a fluid flow, for instance, along a flow line into or out of a pressure
vessel. The fuse is constructed to safely indicate a maximum-allowed cycle load. In one
embodiment, a fuse includes a containment cavity and a small conduit that is scored or machined
to have a weakness such as a notch- or divot-like flaw in the portion of the conduit that runs
through the containment cavity. In another embodiment, a fuse includes a conduit that is formed
with a material and/or structure designed to fail before expected failure of a connected pressure
vessel. Fluid flows into and out of the pressure vessel through the conduit. After exposure to a
maximum-allowed cycle load, stresses due to pressure cycling cause the conduit to fail, such as
at the location of the flaw. When the conduit is breached, it vents into the containment cavity
until a physical property such as the internal pressure of the cavity matches that of the conduit.

The increased pressure in the cavity may be used to trigger alarms indicating that the maximum
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cycle load has been reached. Further, the leak may be safely routed to a vent system.
Accordingly, the disclosed systems and methods allow a user to predict impending failure of a
connected pressure vessel. In an exemplary embodiment, the fuse is calibrated to fail at a
predetermined percentage of a pressure vessel’s estimated useful life.

[0019] FIG. 1 shows a schematic illustration of an exemplary embodiment of a pressure vessel
failure indicator system 10, which includes pressure vessel 12 coupled (e.g., in fluid
communication) to a conduit such as source line 14. Source line 14 may be, for example,
metallic and/or polymer conduit or tubing. Pressure vessel 12 is configured to contain a liquid or
gaseous fluid under pressure and include metallic and/or composite construction. Suitable
metals include, for example, stainless steel and nickel alloys. Suitable composite materials
include, for example, fiberglass or carbon fiber. Source line 14 allows fluidic communication of
pressure vessel 12 with a source of pressurized fluid 16, which provides the fluid with which
pressure vessel 12 is filled. Valve 34 is disposed on source line 14 between fluid source 16 and
pressure vessel 12. When valve 34 is open, pressure vessel 12 and fluid source 16 are in fluid
communication. Conversely, when valve 34 is closed, no flow occurs between fluid source 16
and pressure vessel 12.

[0020] In the illustrated embodiment, the fuse 18 is disposed in series with pressure vessel 12
with respect to the source 16. However, other arrangements may also be suitable. Typically,
pressure vessel 12 is coupled to line 14 via boss 13 of pressure vessel 12, but any coupling
mechanism that allows fluid in line 14 to selectively flow into and out of pressure vessel 12 may
be used. Details relevant to the formation of an exemplary pressure vessel 12 are disclosed in
U.S. Patent No. 4,838,971, entitled “Filament Winding Process and Apparatus;” and U.S. Patent
No. 4,369,894, entitled “Filament Wound Vessels;” both of which are incorporated herein by
reference.

[0021] In an exemplary embodiment of system 10, an apparatus such as fuse 18 may be designed
to have a predetermined time-to-failure (e.g., life expectancy duration) that is less than the
expected time-to-failure of pressure vessel 12 by an amount that allows fuse 18 to signal an

impending failure of pressure vessel 12. The expected life duration of pressure vessel 12 may be
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defined by a number of pressure cycles and/or a time duration at one or more static pressures, for
example, before structural integrity of pressure vessel 18 is compromised enough to cause
failure.

[0022] As shown in FIG. 3, an exemplary embodiment of fuse 18 includes conduit 36a
configured for fluid connection to conduit 14 such that fluid flowing through conduit 14 also
flows through conduit 36a. While conduit 36 is illustrated as a cylindrical conduit in FIGS. 3-5,
it is contemplated that other pipe forms and shapes may also be used. In an exemplary
embodiment, conduit 36a has a conduit wall 44a. At least one weakness 20, such as a notch or
divot, may be located on conduit wall 44a. Thus, mechanical failure initiates at weakness 20
before occurring at another location on fuse 18. In an exemplary embodiment, weakness 20 is
scored or machined into conduit 36 at a precise depth in a metallic conduit wall 44. Weakness
20 is calibrated so that conduit wall 44a breaks before pressure vessel 12 fails, such as at a pre-
determined percentage of the pressure vessel’s estimated useful life. It is contemplated that any
weakness 20 may be employed, such as, for example, an area of conduit wall 44a having a
different thickness, composition, structure, susceptibility to corrosion, or other property,
rendering the weakness more susceptible to failure than a remainder of fuse 18.

[0023] One or more sensors 24 may be located in, on, or connected to fuse 18 and be configured
to detect one or more conditions of fuse 18. For example, sensor 24 may be configured to detect
one or more physical conditions in fuse 18, such as temperature, pressure, acoustic emissions,
conductivity, or any other indicator of failure of conduit wall 44, such as at weakness 20. Sensor
24 may be connected to controller 26 via signal communication line 32.

[0024] For ease of discussion, reference will be made to computer controller 26, which can
include known processors, microprocessors, microcontrollers, and programmable logic
controllers (PLC), for example. In an exemplary embodiment, controller 26 runs software and
thereby communicates with external devices, such as sensor 24, indicator 28, valve 34 and any
other external devices, via signal communication lines 32. In an exemplary embodiment, such
signal communication can be performed via interfaces (not shown), such as one using a standard

RS-485/Modbus protocol, using hard wired and/or wireless communication means.
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[0025] Controller 26 receives a signal from a sensor 24 regarding one or more sensed values of a
physical condition and runs software (not shown) to determine whether failure of conduit 36 has
occurred, as a function of the sensed value(s). In an exemplary embodiment, one or both of
indicator 28 and valve 34 are in signal communication with controller 26 via signal
communication lines 32. Controller 26 is configured to respond to a failure of source line 14,
for example, by triggering indicator 28 to relay a signal to a user and/or removing pressure vessel
12 from service. In one example, triggering indicator 28 includes sending a signal from
controller 26 to actuate a visible and/or audible signal or alarm to users of breach of source line
14 at conduit 36. In another example, removing pressure vessel 12 from service includes
disconnecting pressure vessel 12 from fluid source 16, such as by sending a signal from
controller 26 to automatically close valve 34 between pressure vessel 12 and fluid source 16,
thereby stopping fluid flow between fluid source 16 and pressure vessel 12. In addition or
alternatively, pressure vessel 12 may be manually dismounted or otherwise removed from
service, either before or after an alert of failure, for inspection.

[0026] Referring to FIGS. 2 and 3, in some embodiments, fuse 18 is formed integrally with
source line 14. In other embodiments, fuse 18 is formed as a separate component that can be
connected to segments of source line 14, such as at fasteners 22, which include nuts and washers
threadably attached to shaft 30 in an exemplary embodiment. As shown in FIG. 3, in an
exemplary embodiment, fuse 18 includes conduit 36a having weakness 20 formed on conduit
wall 44a. Gas flowing through source line 14 also flows through conduit 36. The configuration
of weakness 20 and the material of conduit 36a are calibrated so that conduit 36a breaks at
weakness 20 at a pre-determined pressure cycle load passing through source line 14, wherein
such a pre-determined pressure cycle load is calculated to be reflective of an expected life
duration of pressure vessel 12 attached to source line 14. Upon failure of conduit 36a at
weakness 20, the gas flowing in source line 14 escapes from an interior of conduit 36a into
cavity 38 of containment structure 40. As shown in FIGS. 1 and 2, sensor 24 is connected to
cavity 38 of fuse 18, such as via a connection at aperture 42, to sense one or more values of

physical conditions in cavity 38. While a particular configuration of containment structure 40 is
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illustrated, it is contemplated that containment structure 40 may differ in size and shape from the
illustrated embodiment. However, whatever the configuration of containment structure 40, fluid
communication between source line 14 and cavity 38 is provided by the rupture of conduit 36a,
such as at weakness 20. While it appears in FIGS. 2 and 3 that containment structure 40 is open
at aperture 42, in an exemplary embodiment, sensor 24 is attached to fuse 18 at aperture 42, such
as by a coupler or other known connection.

[0027] In an exemplary embodiment, “failure” of conduit 36 includes rupture thereof or a
smaller breach that results in fluid leakage therefrom of a larger than threshold amount. Such a
threshold amount may be set by a user and/or determined by software run by controller 26 that
takes into account factors including, for example, the sensed physical conditions whose values
are determined by one or more sensors 24. Sensor 24 is configured to determine a value of a
physical property in cavity 38. Exemplary values of physical properties include, for example, a
temperature reading, a pressure value, a conductivity value, an acoustic emission wavelength or
frequency, and electrical capacitance or resistance value, an optical value, and a substance
concentration percentage. Controller 26 is in signal communication with sensor 24 via signal
communication line 32. Controller 26 receives multiple readings from sensor 24, such as at
timed intervals, for example, and is configured to detect a change in the values detected by
sensor 24.

[0028] In one example, the pressurized fluid in system 10 is a cryogenic fluid. Sensor 24 returns
a first temperature value of the cavity 38 and a second temperature value of the cavity 38.
Controller 26 calculates a difference between the first and second values. Controller 26 may run
software or otherwise be programmed to determine that rupture of the conduit wall 44 at
weakness 20 has occurred if the difference is above a pre-determined threshold difference. In
another method, even more simply, controller 26 may determine that failure at fuse 18 has
occurred if any of the sensed temperature values is below or above pre-determined one or more
threshold temperature values.

[0029] In another example, if the pressurized fluid in system 10 is hydrogen, controller 26 may

determine that failure of source line 14 has occurred if sensor 24 returns a concentration value of
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hydrogen in the cavity 38 of containment structure 40 that is above a pre-determined threshold
hydrogen concentration, or that a difference in substance concentration values exceeds a pre-
determined threshold difference. In yet another example, controller 26 may determine that
failure of source line 14 has occurred if sensor 24 returns a pressure value of gas in the cavity 38
of containment structure 40 that is above a pre-determined threshold pressure, or that a
difference in measured pressure values exceeds a pre-determined threshold difference. Software
run by controller 26 may also be programmed to take into consideration any combination of
physical condition values returned by sensors 24 to determine whether failure of source line 14
has occurred.

[0030] FIGS. 4-6 illustrate exemplary embodiments of other configurations of conduits 36 that
can be used in fuse 18. As shown in FIG. 4, in an exemplary embodiment, conduit 36b includes a
conduit wall 44b that may be formed of a material such as a polymer. Overwrap layer 46 formed
surrounding conduit wall 44b may be formed as a filament-wound composite material, which
may be similar in composition and construction to a composite shell material of the protected
pressure vessel 12. The overwrap layer 46 is configured in its composition and/or structure to fail
before an expected failure of the pressure vessel 12. Unlike conduit 36a of FIG. 3, conduit 36b of
FIG. 4 does not have a discrete point of weakness, but rather could fail at any point along conduit
wall 44b and/or overwrap layer 46. Accordingly, a containment structure 40 for use with conduit
36b may include a larger cavity 38 that envelops all portions of conduit 36b between fasteners
22. A conduit 36b as shown in FIG. 4 may be most useful for predicting a static fatigue limit on
the composite shell of pressure vessel 12. In contrast, conduit 36a of FIG. 3, having a discrete
machined weakness 20 on a conduit wall 44a, may be most useful for predicting failure with
respect to a predetermined number of pressurization cycles.

[0031] Conduit 36¢ of FIG. 5 combines the features of conduit 36a of FIG. 3 and conduit 36b of
FIG. 4. A containment structure 40 for use with conduit 36b would, in an exemplary
embodiment, include a cavity 38a that encompasses the entire conduit 36¢ between the outer
fasteners 22. It is expected that in use, conduit wall 44b would be breached when a static fatigue

limit of overwrap layer 46 is reached, which is calibrated to be before a point of failure of a
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composite shell of pressure vessel 12. Moreover, it is expected that conduit wall 44a would be
breached at weakness 20 when a set number of cycles of pressurization have been experience at
conduit wall 44a. Thus, the combination conduit 36¢ is effective to protect the pressure vessel 12
against expected static fatigue and pressurization cycle limits.

[0032] As shown in FIG. 6, conduit 36d is similar in composition as conduit 36b of FIG. 4.
However, the structural shape of conduit wall 44c and overwrap layer 46¢ are not limited to the
tubular structures shown in FIGS. 3-5. Rather, as shown in FIG. 6, a conduit 36d can have a
spherical geometry. Moreover, it is contemplated that conduits 36 having yet other geometrical
configurations may be suitable and the present disclosure is not limited to the particularly
illustrated embodiments. Moreover, as with FIG. 5, the conduit 36d of FIG. 6 can also be
combined with a pressure cycle predictive device similar to conduit wall 44a with weakness 20
formed therein. As with the other discussed embodiments, it is contemplated that a containment
structure 40 would surround conduit 36d and could be outfitted with other components such as
sensor 24, controller 26, indicator 28 and signal communication line 32 as discussed above.
[0033] In some embodiments, the geometry of a conduit 36 can be used to generate stress failure
locations in the conduit wall 44c and/or the overwrap layer 46¢ that perform similarly to the
weakness 20 of conduit wall 44a.

[0034] While the disclosed fuses 18 having different conduits 36 have been described as being
including a containment structure 40 configured to operate as described with reference to failure
indicator system 10 of FIG. 1, it is also contemplated that the disclosed conduits 36 could
additionally or alternatively be placed in fluid communication with a venting system. Such a
venting system could safely and controllable release the pressurized fluid from a pressure vessel
12 and/or fluid source 16 to prevent an uncontrolled release of fluid or rupture of the pressure
vessel.

[0035] Although the subject of this disclosure has been described with reference to several
embodiments, workers skilled in the art will recognize that changes may be made in form and
detail without departing from the scope of the disclosure. In addition, any feature disclosed with

respect to one embodiment may be incorporated in another embodiment, and vice-versa.
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CLAIMS:
1. A system including:
a pressure vessel;
a fluid source;
a line coupled to the pressure vessel and to the fluid source;
an apparatus including:
a conduit having a conduit wall, wherein the conduit is configured for fluid
connection to the line; and
a containment structure including a cavity separated from an interior of the
conduit by a portion of the conduit wall;
a sensor configured to determine a value of a physical property in the cavity; and
a controller in signal communication with the sensor and configured to detect a change in
the value.
2. The system of claim 1 wherein the physical property is selected from the group consisting
of pressure, temperature, acoustic emission, conductivity, resistance, capacitance, optical, and

substance concentration.

3. The system of claim 1 further including an indicator in signal communication with the
controller.
4. The system of claim 1 further including a valve disposed between the fluid source and the

pressure vessel.
5. The system of claim 4, wherein the valve is in signal communication with the controller.
6. The system of claim 1 further including a weakness located on the portion of the conduit
wall and configured such that the conduit wall fails at the weakness to permit the fluid to flow
from the interior of the conduit into the cavity of the containment structure.
7. A method of predicting impending failure of a pressure vessel, the method including:
fluidly connecting the pressure vessel to a source of pressurized fluid via a line;
fluidly connecting an apparatus to the line between the pressure vessel and the source, the

apparatus including:
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a conduit having a conduit wall, wherein the conduit is configured for fluid
connection to the line; and
a containment structure including a cavity separated from an interior of the
conduit by a portion of the conduit wall;
determining a first value of a physical property in the cavity of the containment structure;
experiencing a failure of the conduit wall that permits the fluid to flow from the interior
of the conduit into the cavity;
determining a second value of the physical property in the cavity; and
detecting a difference between the first and second values.
8. The method of claim 7 further including determining whether the difference exceeds a
pre-determined threshold difference.
9. The method of claim 8 further including:
determining that the difference exceeds a pre-determined threshold difference; and
relaying a signaling to a user.
10. The method of claim 8 further including:
determining that the difference exceeds a pre-determined threshold difference; and
closing a valve between the source and the pressure vessel.
11. The method of claim 10 wherein closing the valve is accomplished automatically by a
controller.
12. The method of claim 7 wherein the physical property is selected from the group
consisting of pressure, temperature, acoustic emission, conductivity, resistance, capacitance,
optical, and substance concentration.
13. The method of claim 7 further including calibrating the failure of the conduit wall to

occur at a pre-determined percentage of an estimated useful life of the pressure vessel.
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