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LIGHTWEIGHT LOW PERMEATION PISTON-IN-SLEEVE ACCUMULATOR

CROSS-REFERENCE TO RELATED APPLICATION
This application claims priority from U.S. Provisional Application No.

60/551,271, of the same name, filed on March 8, 2004.

BACKGROUND OF THE INVENTION

Tield of the Favention

This invention relates generaliy to accumulators for high pressure applications,
and more particularly to h1gh pressure accumulators of the piston-in-sleeve (or “piston
and sleeve”) type. This invention further relates to the potential use of such accumulators
in conjunction with fuel efficient hydraulic hybrid motor vellicles.'

Description of the Related Art

1. Hydraulic Hybrid Vehicles
Hybrid powertrains are an increasingly popular approach to improving the fuel

utilization of motor vehicles. "Hybrid" refers to the combination of one or more

conventional internal combustion engines with a secondary power system. The secondary

power system typically serves the functions of receiving and stofing excess energy’
produced by the engine and energy recovered from braking events, and redelivering this
energy to supplement the engine when necessary. This frees the internal combustion
eﬁgine to operate more efficiently, while the secondary power system acts in concert with
it to make sure that enough power is avaﬂaﬁle to meet road load demands and @y excess

power is stored for later use.
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Several forms of secondary power systems are known in the art. For example,
various electrical systems, such as batteries and electric motor/generators, are becoming
popular in commercial applications. Recently, however, hydraulic power systems have
been demonstrated to have comparable or even better efficiency, while offering potential
advantages in power density, cost, and service life. A hydraulic power system takes the
form of one or more hydraulic accumulators for energy storage and one or more
hydrauli.c pumps, motors, or pump/motors for power transmission. Hydraulic
accumulators operate on the principle that. energy may be stored by compressing a gas.
An accumulator’s pressure vessel contains a captiv‘e charge of gas,‘ typically nitrogen,
which becomes compressed as a hydraulic pump pumps liquid into the vessel. The liquid
thereby becomes pressurized and when released may be u_sed to drive a hydréulic motor.
A hydraulic accumulator thus utilizes two distinct working media, one a compressible gas |
and the other a relatively incompressible liquid. Throughout this document, the .term
"gas" shall refer to the gaseous medium and the term “fluid" shall refer to ’Ehe liquid
working medium, as is customary in the art.

U.S. Patent No. 5,495,912 (“Hybrid Powertrain Vehicle™) énd U.S. Patent No.
6,719,080 (“Hydraulic Hybrid- Vehicle”) provide additional context on the role of
hydraulic accumulators in hydraulic hybrid powertrains, as well as detailed descriptions
on the preferred series and parallel hydraulic hybrid motor vehicle configurations for use
with the accumulator of the present invention, and are therefore incorporated herein by
reference in their entirety.

2. High Pressure Accumulator Design Considerations — Permeation

Care must be taken in the design of a high pressure accumulator to minimize the
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extent to which the gaseous medium mixes with and dissolves within the hydraulic fluid.
The dissolution of gas molecules in hydraulic fluid may cause several significant
problems, particularly in a hydraulic hybrid vehicle application. For example, when
highly pressurized fluid is discharged from the accumulator to drive a hydraulic motor,
the fluid pressure will drop rapidly and dramatically (e.g., from 5000 psi to 100 psi in less
than one second) as the fluid flows through the motor. Such a pressure drop causes any
dissolved gas present in the fluid to immediately come out of solution and form small
bubbles or gas pockets. As the depressurized fluid is discharged from the motor, the gas
travels with it, generally into a low pressure accumulator (or reservoir) where the fluid is
stored until needed again. A significant quantity of gas may thus over .time become
trapped 111 the low pressure accumulator. Although it is possible to develop means to vent
the gas after it collects at the fluid surface in thé low pressure accur;u;lator, the Iossl of
this gas would nevertheless also represent a gradual depletion of the gas pre.—charge of the
high pressure accumulator and thus would lead to the need for occasional gas recharging
(which would 'not be a desirable result for consumers, particularly for use in a motor
vehicle application). In addition, such gas in the'low pressure aécumulator may also
become entrained as bubbles or gas pockets in fluid that is later pumped back out,
causing the pump to experience potentie\tlly damaging effects such as cavitation or torque
fluctuations. Further, the accumulating volume of gas reduces the effective fluid capacity
of lthe low pressure accumulator.

Systems that operate at very high pressures are particularly vulnerable to all of
these difficulties because high pressures encourage greater dissolution of gas in the fluid,

and the greater degree of pressure drop increases the rate at which gas comes out of
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solution.

f’rior art high pressure accumulator designs therefore go to gfeat lengths to
minimize gas dissolution and ensure physical separation of the charge gas from the fluid.
Several separation means are known, including the use of an elastic bladder or
diaphragm, a flexible bellows, or a piston in a cylinder. However, thus far prior art
separation means do not minimize gas dissolution to the degree that would be preferred in
a commercially acceptable hydraulic hybrid vehicle. Such an application calls for a high
pressure system that is preferably "closed," that is, capableV of operating indeﬁnitély
without frequent adjustment of gas or fluid levels in the accumulator.

3. High Pressure Accumulator Designs in the ?resent State of the Art

In the present state of the art, most commonly available accumulators employ an
elastic bladder. Although the preSsure in the hydraulic fluid on one side of the bladder is
generally the same as the pressure of the compressed gas on the other side of the bladder,
molecules of gas tend to permeate through the bladder and diséolve in the fluid, seeking
an equilibrium concentration. Some elastic bladder materials have properties that
minimize permeation, but due to the molecular nature of elastomers, permeation cannot
be eliminated completely. In addition, permeation resistant,.flexible coatings such as
poly-vinyl alcohol can be used on the gas side of the bladder, but even with such coatings
the permeation level is still unacceptable at high pressures.

Some success has been achieved'by replacing the elastic bladder with a flexible
metallic or metallic-coated bellows structure. For example, the inventions disclosed in
U.S. Patents 5,771,936 granted to Sasaki et al. (1998) and U.S. Patent 6,478,051 to

Drumm et al. (2002) depict such a béllows. However, a principal shortcoming of this
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approach lies in the potential for the 'bellows to experience stresses and longitudinal
disorientation that would soon lead to failure under a severe duty cycle, such as would be
present in an automotive power system application.

Séandard piston accumulators are also well represented in the art. In a standard

piston accumulator, the hydraulic fluid is separated from the compressed gas by means of

a piston which seals against the inner walls of a cylindrical pressure vessel and is free to

move longitudinally as fluid enters and leaves and the gas compresses and expands.
Because the piston does not need to be flexible, it may be made of a gas impermeable
material such as steei. However, the interface between the piston and the inner wall of the
cylinder must be controlled tightly to ensure a good seal,‘and the degree of dimensional
tolerance necessary to ensure a good seal increases the cost of manufacturing. It also
réquires that the pressure vessel be extremely rigid and resistant to expansion near its
center when pressurized, which would otherwise dgfeat the seal by widening the distance
between the piston and cylinder wall. This has eliminated the consideration of composite
rﬁaten'als for high pressure piston accumulator vessels, as composite materials tend to
expand significantly under pressure (e.g., about 1/10 of an inch diametrically for a 12
inch diameter vessel at 5,000 psi pressure). Furthermore, the need to assemble the
cylinder with a piston inside traditionally requires that the cylinder have‘ at least one
removable end cap for use in assembly and repair, rather than the integral rounded ends
that are more structurally desirable in efficiently meeting pressure containment demands.
Compoéite pressure vessels are not constructed effectively with removable end caps.'

As a result of the foregoing, standard piston accumulator vessels tpnd to be made

of thick, high strength steel and are very heavy. Standard piston accumulators have a
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much higher weight to energy storage ratio than either steel or composite bladder
accumulators, which makes them undesirable for mobile vehicular applications (as such
increased weight would, for example, reduce fuel economy for the vehicle). More
specifically, piston accumulators for the same capacity (i.e., size) and pressure rating are
many times heavier (e.g., by up to 10 times) than an accumulator with a lightweight
composite pressure vessel design, as would be preferred in such applications where
accumulator weight is an issue. Therefore, despite their potentially superior gas
impermeability, piston accumulators are largely impractical for vehicular applications.

4. Prior Art Regarding Piston-in-Sleeve Accumulator Designs

One piston accumulator concept, considered, for exampie, for military aircraft
applications, utilizes a piston and sleeve assembly, in which the piston resides within and
seals against a gylindrical sleeve that is separate from the inner wall of the pressure
vessel. This piston-in-sleeve approach provides at least two benefits over the prior art for
high pressure accumulators, namely (i) separating the pressure containment function of
the vessel wall from its piston sealing function, allowing an effective seal to be pursued
with a sleeve independently of issues relating to pressure vessel construction, and (i)
providing an intervening (aka “interstitial”) volume between the sleeve and vessel Wall
which may be filled with the charge gas to provide a safety factor against explosion in the
event of puncture of the pressure vessel (e.g., by a builet in military combat). U.S. Patent
2,417,873 (Huber 1947), U.S. Patent 2,703,108 (McQuistion. 1955), U.S. Patent
Re24,223 (Ford 1956), ahd later U.S. Patent 4,714,094 (Tovagliaro 1987) each teach the
use Qf a piston and sleeve gssembly on a. high pressure accumulator. Such designs

comprise a generally thickwalled strong cylindrical pressure vessel constructed of a steel
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alloy, and a metal sleeve which is thin relative to the vessel walls. The sleeve is
permanently attached to the inner surface of one end of the pressure vessel near -its
circumference, creating (with the piston) a closed or h"inside’" chamber for the working
fluid. The other end of the sleeve extends toward the other end of the vessel and is
generally left open to create an "outside" chamber that consists of the open volume of the
sleeve,v the remaining volume of the pressure vessel, and the intervening/interstitial space
between the outer wall of the sleeve and the inner wall of the pressure vessel, each filled
with the gaseous medium of the accumulator.

In operation of these prior art piston-in-sleeve accumulator designs, the sleeve
must be tightly retained and centered within the vessel to prevent radial movement, for
example, due to vibrations in use with mobile (e.g. aircraft) applications. Sleeve
movement would fatigue the rigid fixed end of the sleeve possibly leading to leakage due

to cracking, distortion, or wear of the sealing gasket if one is present. This requires the

sleeve to either be stiffened by connecting it at points to the vessel wall, or requires the

" sleeve to be thicker than the minimum that would be necessary to withstand the small

pressure differentials normally encountered in charging and discharging. Further, the
outer walls of the vessel must' be thicker than would be necessary for pressure
cc;ntainment alone because the walls must be prevented from expanding and thus
loosening the sleeve or distorting it from the true circular form necessary for piston
sealing.

Prior art piston-in-sleeve designs also uniformly contain the fluid within the
closed (inside) chamber, with the charge gas residing on the other side of the piston and

in the interstitial space between the sleeve and vessel wall. This fluid-inside, gas-outside
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arrangement is used in the prior art for at least two reasons. First, as mentionéd above, the
prior inventors sought a resistance to structural split-ting if a bullet or shrapnel were to
enter the fluid side during military combat. With the charge gas residing in the interstitial
space -at the cyliﬁdrical peﬁphery of the vessel, the displacement caused by the bullet
would be largely absorbed by compression of the gas in this space. Second, this
arrangement is naturally preferable because it maximizes the fluid capacity and hence
energy capacity of the device. That is, the working medium that resides inside the sleeve
may be discharged completely, while some portion of the medium outside the sleeve will
always remain trapped in the interstitial space; because working capacity is determined
by how much fluid may be discharged, it is a naturﬂ choice to have the fluid reside on
the inside of the sleeve and gas on the outside.

Like standard piston accumulators discussed above, these prior art piston-in-
sleeve accumulators are unacceptably heavy for a hjldraulic hybrid motor vehicle
application or other application where accumulator weight is a signiﬁcant‘ issue. Notably,
U.S. Patent 4,714,094 (Tovagliaro 1987) attempts to reduce the weight of such pistoﬁ-in—
sleeve accumulators through the use of lightweight composite mateﬁéls in place of steel
for the pressure containment ﬁmctioﬁ in the vessel wall. However, the Tovagliaro device
still requires an internal metallic core to the vessel wﬁll (in addition to the composite
envelope, likely at least in part to resist permeation of the gas under pressure out through
the composite vessel wall) and a thickened metal area at one (flat) end of the accumulator
(to enable providing a reﬁlovable end cap and to tightly retain and center the sleeve, as
discussed above). As such, the Tovagliaro device would still remain undesirably heavy

for a hydraulic hybrid motor vehicle application, and would also entail significantly
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greater manufacturing cost than desired (e.g., because of complexity of the design and
entailing vessel construction with both a composite envelope and metallic core and end).
In addition, the internal metallic core‘(or liner) used in conjunction with composite
materials would be unacceptable for use in hydraulic hybrid vehicles, ~The intense duty
cyde experienced by the accumulator (i.e., the extremely large number of charge-
discharge cycles, in some cases exceeding one million cycles) and the significant radial |
expansion of composite materials (about 1/10 of one inch diametrically for a 12 inch
diameter vessel at 5,000 psi pressure) together would result in expected fatigue failure of
the metal core or liner.

In addition, the flat end coﬁstruction (on at least one end) of prior art piston
accumulators also adds significantly to the complexity, weight and cost of the
accumulator.

5. Disadvantages of the Prior Art

In summary, as has been explained above, despite the many years of development
for accumulator designs, the prior art has thus far failed to provide a high préssure
accumulator design that is lightweight, low cost, durable under stresses, and does not
have permeation dif:ﬁculties at high fluid pressures. Prior art bladder accumulators have
unacceptable permeation. Prior art metal bellows accumulators are not sufficiently
durable under stresses. Prior art piston accumulators of all types are unacceptably heavy
and 'costly. As a result, the prior art has failed to provide a high pressure accumulator
that is satisfactory for hydraulic hybrid motor vehicle applications, as is desired for the

present invention.
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SUMMARY OF THE INVENTION

The object of the present invention is to provide a high pressure piston and sleeve
accumulator design that is lightweight, adaptable to service in mobile vehicles, and can
be mass produced at low cost, while maintaining or exceeding the superior low gas
permeability properties of stz;te of the art prior art piston accumulators.

The present inventionr utilizes a piston and sleeve design, but through various
means enables use of a thorougl;ly lightweight and easy to manufacture compc;site
pressure vessel therewith, thereby providing a lightweight low permeation high pressure
accumulator and satisfying a long felt need for such an aécumulétor in the art. As will be
described in greater detail hereafter, applicant meets these needs through one or more of
various modifications from the piston accumulator prior art, including placing working
fluid instead of charge gas between the sleeve and vessel vs‘/all, assembling and using the
piston-in-sleeve device with domed vessel ends and without the aid of ‘removable end
caps, using fatigue-resistant plastic internal liner material, and/or providing means to

withstand harmful effects of radial flexing of the composite vessel wall at high pressures.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a sectional view of a preferred embodiment of the invention.

Figure 2 depicts an alternate embodiment of the invention, in which the piston has
an oil- or grease-filled double seal that is pressure balanced by means of a pressure
balancingAchannel filled with grease.

Figure 3 dépicts another embodiment of the invention, in which the double seal is

pressure balanced by a channel that contains an inline free piston instead of grease.

10
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Figure 4 shows an alternative piston embodiment for the present invention, with
both bearings on the same (oil) side of the piston seal.
Figure 5 presents an alternative embodiment for the piston sleeve of the present

invention, utilizing S-shaped transitions through areas of stress on the piston sleeve.

DETAILED DESCRIPTION OF THE INVENTION

With referencé to Figure 1, depicting a preferred embodiment of the invention, a
lighmeight composite cylindripal outer pressure vessel 10 with rounded ends is
presented. Suitable mateﬁals for vessel 10 comprise carbon fiber wrap, E-glass, or one of
many othel; strong and lightweight materials, such as may be found for high pressuré
bladder accumulators of the prior art. Suitable materials for vessel 10 may include
materials that are gas-permeable at high pressures (e.g., 5000 psi). Vessel 10 is preferably
lined with a thin liner 12 made of fatigue—resistani plastic, but may also be made of
HDPE or other suitable material, as will also be understood in the art. Metal end bosses
12a and 12b reside at the ends of the vessel‘ 10 to provide accéss to the interior of the
vessel and are preferably emﬁedded within liner 12, if liner 12 is provided. |

Non—pérmeable sleeve unit 13 resides within vessel 10 (and liner 12 if provided),
and is thin relative to the wall of pressure vessel 10. Sleeve unit 13 is preferably welded
to metal end boss 12a by means of a weld joint such as that depicted in the position of

weld 15, or at a similar location such as at other points on the interior of metal end boss

- 12a. Other joining means (for example, a threaded connection with an appropriate sealing

means) may alternatively be employed.

Charge gas port 23 communicates with inner working medium chamber 24.

11
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Hydr&ﬁlhd flugd ﬁért 26 egitntitunicates with outer working medium chamber 25, which
Aincludie‘s intemaﬁi}:ial volume 16'befween sleeve 13 and liner 12 (or if no liner, between
sleeve: 13 and cylinder wall 10). Shutoff valve 27 resides in port 26 and acts to close port
26 as tthe fluid 'volu;ne approaches zero. Piston 14 is slidably contained within sleeve 13.
The iizner working me&ium chamber 24 formed by piston 14 and sleeve 13 is filled with
charge: gas at s pressure typical of the art. Chémber 24 may also contain foam 40 to avoid
heat imcrease #n chamber 24 as the charge gas is compreésed, as will i)e understood in the
art. The additzion of foam 40 in chamber 24 may also be utilized to provide structural

suppart for slewve 13 if desired. Outer chamber 25 is filled with hydraplic fluid.

'As is kznown in the art, as hydraulic fluid enters and exits vie; port 26, piston 14
will mwove longgitudinally within sleeve 13 in reaction to forces resulting from the
balanciing of mxeésure between the gas in chamber 24 and the fluid in chamber 25. Charge
gas is preventssd from contacting the fluid by means of piston seal 19. .Slider bearings 31
and 32 preferaibly encircle piston 14 and act to facilitaté its longitpdinal movement within

sleeve: 13.

Fleximg of the composite pressure vessel causes si:ressAon the aréa of the sleeve
near its attachument to the pressure vessel. Using gas within the closed chamber 24 within
the sleeve 13, instead of fluid as in prior art piston/sleeve acoumulators, reduces this
stress because of the lighter weight of gas than fluid. Sleeve 13 of the present invéntion
additiomally preferably contains a finite element analysis (FEA) engineered fatigue
resistant, fleximg end-dome section between the cylindrical portion of sleeve 13 and its
attachment to metal end boss 12a, to assure fatigue resistance associated with sleeve

radial movement in response to vibrations (e.g., in vehicle travel). The preferred example

2
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of such an end-dome uses classic “S shape” transitions 35 through areas of high stress for
the sleeve, as shown in Figure 5 and as will be known and understéod in the art.

A preferred method to prepare the accumulator for operation begins by
intréduci‘ng fluid working medium into chamber 25 through fluid port 26 so as to cause -
interstitial space 16 and chamber 25 (which may be larger or smaller than depicted
depending on the position of piston 14) to fill entirely with fluid to the exclusion of any
residual gases that may be present from manufacturing and assembly. A charge gas such
as nitrogen is then introduc;ed through gas charge port 23 at a designated pre-charge
pressure, perhaps for example 1000 psi. The pressure of the initial gas charge will cause
piston 14 to move longitudinally toward the opposite end of the vessel, expelling fluid
from chamber 25 as the piston sweeps through it. Valve bumper 29 will eventually exert
pr:assure on shutoff valve stem 27 causing fluid péﬂ 26 to close and fluid to cease exiting.
Fluid will continue to be present in interstitial space 16 and represents a voluxﬁe of non-
working fluid that will always be present in this space. To retain the charge éas, charge
port 23 is sealed by conventional gas valve means as is known in the art. In this manner
the accumulator is brought to its proper pre-charge pressure. To store energy in the
accumulator, ﬁuid is pumped into chamber 25 through valve port 26 by a hydraunlic
pump/motor or other means as is known in the art. Also as known in the art, this causes
charge gas in chamber 24 to become compréssed as fluid causes piston 14 to move into it.

As pressure inside the accumulator increases to very high levels in operation,
perhaps 5000 psi, 70400 psi, Or more, tile pressure vessel 10 will exhibit a natural tendency
to expand slightly in diameter, particularly near its center. This causes the interstitial

volume 16 between pressure vessel/liner wall 12 and sleeve 13 to increase. In résponse,

13
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fluid will flow into interstitial space 16 causing pressure to balance across sleeve 13.
Because pressure is balanced among interstitial space 16, gas chamber 24, and fluid
chamber 25, little if any force is exerted on sleeve 13. Also, because sleeve 13 is not
radially connected to pressure vessel wall 10 or liner 12, and the fluid in the interstitial
space is relatively incompressible (as opposed to a compressible gas), the vessel’s radial
expansion does not exert any distortive force on sleeve 13 or result in any change of
position of sleeve 13. In this way sleeve 13 maintains a good seal with piston 14 despite
the vessel’s moderate radial expansion under pressure. |
Utilizing oil instead of gas in the interstitial space 16 outside of the sléeve 13 in
the present invention avoids gas loss problems that would otherwise occur from an

attempted use of composite pressure vessel 10 in a high pressure accumulator of this

- type, as the gas is thus contained solely within 24 surrounded by non-permeable sleeve

13 and piston 14. Fluid (unlike gas) will not permeate from interstitial space 16 through

composite pressure vessel 10 at high pressures, thus also eliminating the necessity for a

non-gas-permeable metallic barrier between space 16 and | composite vessel 10.
Maintaining gas on the inside of sleeve 13 away from vessel wall 10 also reduces heat
transfer from the compressed gas to outside of the vessel, therefore providing some
reduction in overall energy loss for the system. |

As an additional embodiment, supposing that sleeve 13 is made of a deformable
material such as (for example) a semi-rigid plastic, piston 14 may take on the additional
role of shaping the cross sectional area of sleeve 13 so és to cause it to conform to the
shape of piston 14, thus ensuring a gqod seal regardless of any local deformations in the

sleeve at points not in contact with the piston.

14
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Figure 2 depicts an alternative embodiment of the piston used with the invention,
employing a dual seal design for the piston. Piston 14 is encircled »by seals 19 and 20,
which are separated by an oil- or grease-filled space 21 that also encircles the piston. The
dual seals provide additional anti-permeation sealing above that of the single seal of the
previous embodiment. Because the oil in oil-filled space 21 must be pressure balanced
with the other working media in order not to exert pressure on the sealing interface,
pressure balancing passage 22 is provided to allow pressure communicétion between
space 21 and fluid chamber 25. A non-flowing but pressure transmitting viscous medium
such as (for example) a highly viscous grease is interposed in passage 22 in order that
space 21 and chamber 25 do not physically communicate, but only reach a pressure
balance via the interposed column of viscous medium.

Figure 3 depicts yet another embodiment that employs a similar pressure

balancing dual seal. In this embodiment, pressure balancing piston 30 is interposed in

paésage 22 instead of the viscous medium means employed in the previous embodiment,
and sim;xlarly acts to prevent physical contact between mgdia in space 21 and chamber 25
while providing for pressure balancing between the two. |

Figure 4 dcpic;ts a third embodiment of the piston for use with the present
invention. In this embodiment, bearings 31 and 32 are both loca‘ted on the same side of
the piston seal 19, preferably toward the fluid (oil) chamber’s side of piéton seal 19. By
placing both bearings on the oil side of piston seal 19, both bearings will stay fully
lubricated by the fluid (oil) from chamber 25 in operation, and therefore may reduce wear
and debris forﬁation that can otherwise result over time with use of a dry bearing.

. The arrangements for the present invention set forth above provide several

15
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advantages over the prior art as discussed above, and as additionally explained below.
Because relatively incompressible fluid rather than gas now resides in the
interstitial space 16 between the sleeve 13 and the vessel wall 10 in the present invention,
the forces exerted on the sleeve 13 as fluid flows around it in this restricted space will be -
smaller and more uniform. In the prior art, due to the compressibility of gas relative to
liquid, having gas reside on the outside of the sleeve increased the forces likely to act on
the piston and sleeve assembly as gas flows through the interstitial space around the
sleeve in response to rapid charging and discharging of the device, again leading to the
need to make the sleeve thicker and more rigid than would otherwise be required for
piston sealing only. This is avoided in the present inventiqn: a smaller and more urﬂforin
volumetric flow is generated in such conditions. This reduces the required rigidity of the
sleeve, allowing consideration of previgusly unsuitable materials for the sleeve, such as
moldable polymefs that are lower in cost, easier to manufacture, or provide superior
sealing properties over the metal sleeves existing in the prior art. |
The reduced stress acting on the sleeve 13 also alleviates the problem of retaining

and centering the sleeve 13 within the vessel 10. Previous designs rigidly attach the fixed

- inner end of the cylindrical sleeve to the inner surface of one end of the vessel, thereby

forming a cantilever-style connection with the end surface. This was done to provide

sufficient retention and centering for the sleeve, and also causes the surface of the inner

end of the vessel to serve as one wall of the chamber that will contain working medium

within the sleeve. Because the present invention reduces stress on the sleeve, such a rigid
connection is no longer necessary. Instead the sleeve 13 may be formed integrally with its

own chamber end dome section and also integrally with the gas port 23 that supplies the
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chamber 24. This enables the sleeve 13 to be fixed within the vessel by inserting the
sleeve unit within the socket for gas port 23, and reduces manufacturing effort and cost.
Because the integral sleeve unit 13 does not need to be physically joined with an inner
end surface of the vessel, it also helps enable use of vessels with a thoroughly composite
construction. The effect of unit vibration on the fixed end of the sleeve 13 may also be
reduced by allowing the thinner necked end portion of the sleeve unit to flex somewhat,
thereby accommodating these forces without causing fatigue to a rigid joint,

In the present invention, the aforementioned reduced stresses on the sleeve also
obviate the need to involve the pressure vessel walls 10 in the function of centering or
reinforcing the sleeve 13. The use of composite materials for the pressure vessel
construction now becomes more practical, because effective sleeve centering and
retefition is no longer dependent on resisting pressure-related changes in. the vessel
diameter. |

These developments leaa to additional advantages in design and fabrication. For

example, the inner sleeve 13 may be very thin, because it need not support any

- substantial differential pressure, and thus may be inexpensively manufactured. The sleeve

13 may also be constructed of deformable material that is locally retained in a circular
shape for sealing by a circular piston 14 as it moves longitudinally within the sleeve.
Additionally, the inner sleeve 13 may be fit relatively tightly into the outer

pressure vessel 10 to maximize the potential storage space for the compressed gas and

. working volume for the accumulator size. Use of a thin sleeve fitting tightly within the

pressure vessel (i.e., with minimum slip clearance between the sleeve and the pressure

vessel’s inside wall) at atmospheric assembly pressure is not done-in the prior art. This is
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because gas is located on the outside of the sleeve in prior art, and a rapid discharge of oil
from the interior of the sleeve would fapidly drop the accumulator pressure, and as the
compressed gas in the annulus between the sleeve and pressure vessel wall dropped iﬁ
pressure and expanded (i.e., flowed from the annulus), a si;gniﬁcant pressure drop would
develop from tﬁe sealed end of the annulus to the open enci causing pressure loading on

the sleeve. A larger separation with spacers is instead used in prior art, which allows the

. expanding gas to flow with minimum restriction. Moving the oil to the outside of the

sleeve 13 as in the present invention avoids the need for spacing and spacers since oil is
essentially incompressible and little flow from the annulus would occur, thus enabling a
tight clearance and greater utilization of the inside volume of the pressure vessel.

As can be seen from the foregoing, various advantages may result from the
present invention. For exaﬁple, the invention is aciaptable to servic.e in mobile vel;icles,
is lightweight, and can be mass produced at low cost, while maintaining the low gas
permeability prpperties of prior art piston accumulators: While particularly usefui for
high pressﬁre accumulators fc;r the reasons as discussed above, it will also be understood
that the device of the present invention may be used for other purpbses as well, including,
for exaniple, as a lower pressure accumulator for a wide variety of applications.

From the foregoing it will also be appreciated that, although specific
embodiments of the invention have been described herein for purposes of illustratien,
various modifications may be made without deviating from the - spirit and scope of the

invention. Accordingly, the invention is not limited except as by the appended claims.
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CLAIMS

1. An accumulator, comprising: |

a composite vessel body, comprising a cylindrical composite vessel wall and
rounded composite vessel ends;

a closeable fluid port positioned within one end of the vessel body, for
communication with fluid sources external to tile accumulator;

a cylindrical nonpermeable sleeve, disposed within the vessel body and
substantially concentric with the cylindrical composite vessel wall; and

a piston slidably disposed within the cylindrical nonpermeable sleeve, separating
the interior of said sleeve into a first chamber, containing a gas adapted to be c;ompressed
under pressure, and a second chamber, containing pressurized fluid in communication
with the closeable fluid port and with an intervening volume .between the cylin(;ﬁcal
nonpermeable sleeve and the cylindrical vessel wall.

2. The accumulator of claim 1, wherein the cylindrical nonperméable sleeve is
configured to rest independeﬁtly of radial movement of the vessel wall.

3. The accumulator of claim 2, wilerein the cylindrical nonpermeable sleeve
additionally comprises a flexing, fatigue-resistant end dome.

4. The accumulator of claim 2, wherein the}cylindrical nonpermeable sleeve is
made of a thin,. non-metallic material. .

5. The accumulator of claim 4, wherein a minimum slip clearance is provided
between the cylindrical noﬁpermeable sleeve and the vessel wall. -

6. The accumulator of claim 4, wherein the cylindrical nonpermeable sleeve is

made of a deformable material and the piston is a circular shaping piston.
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7. The accumulator of claim 1, wherein the first chamber additionally contains a
foam.

8. The accumulator of claim 1, additionally comprising a fatigue-resistant plastic
liner immediately adjacent to an interior side of the vessel body.

9. The accumulator of claim 1, additionally comprising a charge gas port
positioned within a second end of the vessel body.

10.  The accumulator of claim 1, wherein the composite vessel body is gas
permeable at high pressures.

11.  The accjumulator of claim 1, additiqnally comprising a first annular seal on
the piston to minimize potential commuﬁication between the first chamber and the second
chamber'.

12.  The accumulator of claim 11, addiﬁonally corhprisiﬂg a second annular
seal on the piston to eliminate potential communication between -the first chamber and the
second chamber.

13? Thé accumulator of claim 12, additionally comprising a pressure-balancing
means for balancing pressure between the first annular seal and the second annular seal.

14. The accumulator of claim 11, additionally comprising two annular bearings
on the piston, both located between the first annular seal and the second chamber.

15. An hydraulic hybrid motor vehicle, comprising:

a vehicle frame;

drive wheels rotatably mounted on the vehicle frame;

a primary power source.mounted on the vehicle frame; for providing\a first source

of power for operation of the vehicle;
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a pump mounted on the vehicle frame, configured to rec;eive at least a portion of
the power provided by the primary power source and convert that portion of power to
storable energy in the form of pressurized fluid;

a piston-in-sleeve accumulator mounted on the vehicle frame, configured to
receive pressurized fluid from the pump and store the energy from the pressurized fluid
for use in operation of the vehicle, said piston-in-sleeve a@mulator cc;mprising a
composite vessel body with a cylindrical vessel wall, a closeable fluid port positioned
within the vessel bddy for transf?r of pressurized fluid to or from the accumulator, a
cylindrical sleeve concentrically disposed within the vessel body, and a piston slidabl);
disposed within the sleeve, éeparating thg interior of the sleeve into a first chamber,
containing a gas adapted to be compressed under pressure, and a second chamber,
containing the pressurized fluid,

an hydraulic motor mounted on the vehicle frame, configured to receive

-pressurized fluid from the piston-in-sleeve accumulator and use energy from the

pressurized fluid to provide power for operation of the vehicle; and

a mechanical connection for transmitting power from the hydraulic motor to the
drive wheels for rotation thereof.

16.  The hydraulic hybrid motor vehicle of claim 15, wherein the vessel body
of the piston-in-sleeve accumulator has two rounded composite vessel ends.

17.  The hydraulic hybrid motor vehicle of claim 15, wherein the sleeve of the
accumulator is nonpermeable to gas ﬁnder pressure.

18.  The hydraulic hybrid motor vehicle of claim 15, wherein the pressurized

fluid in the second chamber of the accumulator lies in communication with an
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_ intervening volume between the sleeve and the cylindrical vessel wall of the accumulator.

19.  The hydraulic hybrid motor vehicle of claim 15, wherein the sleeve of the
accumulator is configured to rest independently of radial movement of the vessel wall.

20.  The hydraulic hybrid motor vehicle of claim 19, whérein the sleeve
additionally comprises a flexing, fatigue-resi;stént eﬁd dome.

21.  The hydraulic hybrid motor vehicle of claim 19, wherein the sleeve is
made of a thin, non-metallic material. .

22.  The hydraulic hybrid motor vehicle of claim 21, wherein a minimum slip
clearance is provided between the sleeve and the vessel wall. |

23.  The hydraulic hybrid motor vehicle of claim 21, wherein the cylindrical
sleeve is made of a deformable material and the piston is a circuiar shaping piston.

24.  The hydraulic hybrid motor vehicle of claim 15, wherein the first chamber "
of the accumulator additionally contains a foam.

« 25.  The hydraulic hybrid motor vehicle of claim 15, additionally compﬂéing a
fatigue-resistant plastic liner imrhe(iiately adjacent to an interior side of the vessel body
of the accumulator.

26.  The hydraulic hybrid motor vehicle of claim 15, wherein the accumulator
additionally comprises a charge gas port positioned within a second end of the vessel
body.

27.  The hydraulic hybrid motor vehicle of claim 15, wherein the composite
vessel body of the accumulator is gas permeable at high pressures. |

28.  “The hydraulic hybrid motor vehicle of claim 15, additionally comprising a

first annular seal on the piston in the accumulator, to minimize potential communication
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between the first chamber and the second chamber.
| 29.  The hydraulic hybrid motor vehicle of claim 28, additionally comprising a
second annular seal on the piston to eliminate potential communication between the first
chamber and the second chamber of the accumulator.
30.  The hydraulic hybrid motor vehicle of claim 29, additionally comprising a
pressure-balancing means for balancing pressure between the first annular seal and the
second annular seal.

31.  The hydraulic hybrid motor vehicle of claim 28, additionally comprising

. two annular bearings on the piston, both located between the first annular seal and the

second chamber.
32. A method of precharging a high pressure piston-in-sleeve accumulator for
use, comprising; B
introducing low pressure fluid into a piston-in-sleeve accomulator through a fluid
port in a vessel body of the piston-in-sleeve accumulator, thereby filling with fluid a first
chamber and an interstitial space, between an internal piston sleeve and a vessel wall, of
the piston-in-sleeve accumulator;

filling with compressed gas a second chamber of the piston-in-sleeve accumulator

through a charge port in the vessel body of the accumulator, causing the fluid port to

" close responsive to the fluid in the first chamber falling to a predesignated level; and

closing the charge port.
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