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FI ELD OF THE | NVENTI ON [ 0001] The present invention relates generally to
pressure wogui2amsmsa within a system More particul arly, PChaSpriesesse1
invention relates to a novel pressure-regulating device for such systens
that exhibits inproved sensitivity and deadband perfornmance. BACKGROUND

[ 0002] This section is intended to introduce the reader to various aspects
of art that nay be related to various aspects of the presently described
enbodi nents. This discussion is believed to be helpful in providing the
reader with ba i Bh [ hib rnyAinder st andi ng of
t he vari ous asgﬁgﬁgggﬁﬁ E‘ﬁ@é‘mm&@ﬂ%@ﬁ%@%?ﬁ&@ it should be
understood that these statenents are to be read in this light, and not as
adm ssions of prior art. [0003]As will be appreciated, supplies of oil and
nat ur #AIEGBSORANHE INVEMTIIONcant ef fect on nodern econom es and
civilizations. Devices and systens that depend on oil and natural gas are
ubi qui . Far instance il and natural gas are used for fuel in a w de
var | od§OFT \ohhe PR ReRPh rERfeLGrialy BBrgsir BBl Bl g lsed t o
heat RQBRM .dNIJrePartidii sy, thé peesedt AvenBbR félated toYa néWdl préssTRELEGGRYREG 2

wi de array of everyday products. [0004]In order to neet the denand for

t hese deyio@dot 84ch systpaNsi that exhibits kprioNed sengitivity sagdeadband pefformarceand
noney searching for and extracting oil, natural gas, and other subterranean
resources fromthe earth. Particularly, once desired resources are

di scovered bel ow the surface of the earth, drilling systens are often

enpl oyed to access and extract the resource. These drilling systens may be
| ocat BACKSROUND of fshore depending on the | ocation of a desired
resource. Further, such systens WD 2012/ 125254PCT/ US2012/ 025521 include a
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system T0005]In sonme such s?/ste.ms, a hydraulic pressure regulator is used
to pr cisalssionfis hietiewad © be helpdtlda proudingribe readriwith backgreunt driemaatiorsuch
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pressure within the regulator. As the functionality of an entire drilling

syst e@NREPt@SRABISEIPNSIA3 PEIRr 8Per at i on of the hydraulic pressure regul ator,
it is generally desirable to enploy a pressure regulator that is both
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undesirable. Additjonally, nman ressuyre requl ators have, excessi ve deadband
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ill-suited for certain applications. SUMARY [0006] Certain aspects of sone
enmbodidusingsvidies clooganerater eleetrigity, anst tof mantfastireva wide amayibtievrsydayler st ood
that the etaspects are presented nerely to provide the reader with a brief
sumraﬂ'fo {C%ertain forms the invention ni ght take and that these aspects
are not intended to limt the scope of the invention. Indeed, the invention
may erfoeosias sinfordar teineedthaadgdmahd fohtkeserysortedecomapariies bliehepend a

[ 0007] Emhodi nents of the present invention generally relate to a novel
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pressure regulator contigured for use in control’ling components of a

dri | | iogrovesdcebelovnthersurfach aditme shrth, Ml $dteR24ré REBNUSAPILYE026521 t he

pressure regulator jncludes a nsi ng. pi ston and suppl eal rings that
bper asoess AR eniipe! IR SRERHTCR. dderaltlSSYRETAIRAY Re IGreled QP8 O8I at or
and t Rgrshatd @e;féndiﬁ% ofl tRETS @htioRTof e dhictilri@BoliRe! FurtHem Qlch fistéthgnet ers of
the supply seal rings is greater than 0.50. The pressure redulator may al so
i ncl ude one or nore seal plates having an aperture that is partially shaped
in accordance with the geonmetry of a respective portion of a mating seal
ring to further inprove sensitivity of the pressure regulator. Additional
enbodi mrents may al so i nclude various conbi nati ons of the features noted
above. [0008] Various refinenents of the features noted above may exist in
relation to various aspects of the present enbodi nents. Further features
may al so be incorporated in these various aspects as well. These
refinements and additional features may exist individually or in any
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enbodi nent; WO 2012/ 125254PCT/ US2012/ 025521 [0012]FIG 3 is a
cross-sectional view of the pressure regulator of FIG 2, illustrating

i nternal worgprnesdss of the pressure regul ator in accordaoctaseih2zoe

enbodi ment; [0013]FIG 4 is a detailed sectional view of a portion of the
pressure regulator of FIG 3, depicting a position of an internal piston in
whi ch supply ports of the pressure regul ator are open and vent ports of the
pressure regul ator are closed in accordance with one enbodi nent; [0014] FI G
5 is another sectional view of the pressure regulator of FIG 3, generally
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view of the pressure regulator of FIG 3, %enerally depi cting novenent of

t he i ryeaphan, picstasmthet eravigrd by gividoaulisrcantial systeBl.a position in which the
supply ports are closed and the vent ports are open in accordance wth one
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any such actual inplenentation, as in any engineering or design project,
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el enent's of various e nments,“the article t
ar e i sudeddar cartaimapplidetionshere are one or nore of the elenents. The terns

"conprising,” "including,” and "having" are intended to be inclusive and
mean that there may be additional elenents other than the |listed el enents.
Mor eover, any use of "top," "bottom" "above," "below " other directional

ternms, and variations of these terns is made for conveni ence, but does not
requi rsUMMARYrticular orientation of the conmponents. [0021] Turning now to
the present figures, a drilling system10 is illustrated in FIG 1 in

accordance with one enbodi nent. Notably, the system 10 facilitates
ext r ad®9QRl of Certridsanests ok3pme genkadimgptsdiseipaed §aeein ere gehiofkl belay. lirhe

te i i i i | udi i nt 14,
1 ser Dol € LS idbd ot flobe ol B ipseh U HEIP I HOARFIRTURBEEN.
from twith awbtief d@mmaay af eeftdindadn the iflvenBgrs reghti@keaydlikateinpseysdects a

variety of drilli or. extraction applicatian i ncl udi ng. onshore and

of f sheFe nof Msended Bylini T seaeng! BEINYeLErora0eed: BrINSIBOR Pes our ce
ext r aGhicmRRBld GAdtP Bl abhects Widtarsy ROLbEEBBMorthddiswmounted to a drilling
rig above the surface of the water,” the stack equipnent 18 is coupled to

the wel | head 20 near the sea floor, and the various equipnment 14 and 18 is
coupl 4800d onEmbesiments\afdhe peesens évestion geseatallyselqie o anayehpressuee

appr ecj iy i : i >.a varl . of devices and
systeﬁ%@ﬁ@8%ﬁ5®§M@ﬂ%%%ﬁﬁsgag?aggﬁé@%@é&ﬁ%aﬁggééﬁﬁmﬁgs36F%@%gl contro

uni t s endbstiimentssthe prefistibategutatepisie spriagubddesl hydtgulicpmskard negutdier ri ser
equi pment. 16 may WO 2012/ 125254PCT/ US2012/ 025521 al so i nclude a variety of
conporkenfiguresifenugs in ceriFoling peponents of A ¢iding sysiero| Inne embadiment,
pressure-tenperature transducer, to nanme but a few. The riser equipnent 16
facilitates transm ssion of the extracted resource to the surface equi prment
14 fromthe stack equi pnment 18 and the well 12. [0023] The stack equi pnent
18 may al so include a nunber of conponents, such as bl owout preventers,
production trees (al so known as "Chrigtnmas" trees), and the |like for
extracting the desired resource fromthe well head 20 and transmtting it to
t he surface equi pnent 14 and the riser equipnment 16. In the presently
illustrated enbodi nent, operation of the stack equipnent 18 is controlled
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that, in other enbodi nents, the pressure regulator 24 may be disposed in

ot her portions of the system 10, such as a conponent of the surface

equi prentwbd4p1nsisal | accordance with the present technipquas201A@delsei onal |y,
certain enbodinents may include nultiple pressure regulators 24, which may
be configured to receive and transmt control fluid at the same respective
pressure |l evels as each other or, alternatively, such that two pressure
regul ators 24 each receive or transmt fluids at pressure levels that are
different between the two regulators 24. [0025] An exanpl e of a pressure

regul [ is 11 [ i ] ar ce W th éﬁg? irent.
e pra€brebuE iRl WBitesf shugha Pa AEERMEBRG TR os R AR v g
an uppegulaeBow@f 3Zontdl MddAMaNntdaHs ipRdsside regulaRread e aibigdse | nt er nal
conpone%ts as discussed in greater_égtail bel ow. Upper and | ower end caps
36 andliageter of frepistan tootheesugn of thesdiametiersPfdihe sHPRIYISEBEENGF tSHIrepkE | ower
housi , I I ;
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enbodiapenture that iopafiatiy shbpédén ecabrdanse ¥h ainel g88metrys @uresgettive pertibawer
housing 34 via a pluraljty of fasteners 42. ile fastene 42 / b
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techni@c?ﬁ%s 2 gﬁgs ”'%xeca[kfﬁ‘é’;““%[‘g%z > e pﬁggés}ﬁé?%ﬁtﬁggg aE%SF Héa?tdftﬁ so includes a
pair of supply assenblies 44 di sposed on opposite sides of the | ower

housi 160@8], aMdrieuspedfineofenis of thesteatdres aotetbaboe alayaaxdstan selatios fwsed on
opposi te sides aof the |ower, housing 34 from one .another. The supply and
vent* welelpreasd s Dieb e g lletRed PR e AR AR AR B35 5 any

sui t abhsorpasiie®@h thede varisudvspastseizansll.4Zhedhté i ehishtd Raedidition@epi ct ed
pressure Fegulatot 24.include2.a pair of both supply pressure assenblies 44
and véﬁ@turﬁ%wuy%l%ts@@wﬂu?@som, any C@ﬁbtmlaéloﬁe_ E@tléﬂtaﬂﬁatVQt’IQﬂiSffﬁéW_éﬁ% nunmber
of S“‘i{i‘sc@%éﬁ&%‘e\o%inc%% %ﬁér?eagr Ror& BPIHYRGsttdled %'Aq&%%ﬁ%%%? pd th the
presen echniques. ring operation, a controfl nmediumat a first

( suppliygorpoested irto apydi tias abO@d-dpstribethasgatte of theeprpsesisdiscos@gldlahebr 24

t hrough the supply ports 48 of the suppl WO 2012/ 125254PCT/ US2012/ 025521
assentil ABY COMDIRA{Pr H%Q%Bnmeo@”%é!ﬁﬂﬂg&a%e%m@@t%mveﬁ infeagr®bRaly tPegul at ed
press oS aQth? S| i t 0
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i nsi devithoaeit tiengatian ¢ tHaiclexceskdgbjactrmattar.n t hr eshol d, the control nmedi um may
be vented fromthe regulator 24 through the vent ports 52 of the vent
assenblies 46. [0028]In the presently illustrated enbodi nent, the pressure
regulator 24 is a hydraulic pressure regulator and the control nedi um

i ncl udes hydraulic fluid. In other enbodi nents, however, the control nedium
may bEBRFEFBDESIWI_PITm_DNF(DFWHElDR]AﬂﬂNGS)F essuri ze_d gas. Consequently, while
the instant description of the illustrated enbodi ments may refer to a
contrql fluid, it will be appreciated that such description may apply to a

cont r dP009]qui fhese ang pihedeaitrey. aSPEELS. PRE A0NBBIA0RS O e PERESOE INMENHOBne
enbodi I : contro
o i ege AR Bre ot ASE KA o i RilR e Rnfin & BEERANT 7T he

r equl aef@reret toathelmccbatgamyingndramstgeoith wihich like fceaeaaterstrepfdsént Bke partsh i s a
secti gnal iGM{Of the requlator 24 illustrated in FIG 2. Notably, as
iIIustP%WSgophhﬁﬁﬁﬁwgpﬁy S®er housing 34 generally defines an internal
chanmber 60 that receives control fluid froma source. A sensing piston 62
i's di geesed WId Nistd1BIoeRIRFENPEF ARcsoerESBISadtiiosigerhNRiRPE bréswdiréap 36,
whi ch ‘general | y divides the chanber 60 from another” chanber 58 in the upper
housi mgg@ator|im aceerdgnee avith gng empodiragrid enbodi ment, the pressure regul at or
is spring-loaded in that a piston 62 is biased by one or nore springs

di spo N C - i 4 0 i din

ar oot SOOUE o TREE s BersHeEvEPighPh 4 Bresstrg Ry itop sPacordings REHEREL ;.

f or ce dnabddimept;st on 62 that acts agai nst the biasing force provided by
springs 64 and 66 to control opening and closing of the supply ports 48 and
vent ports 52. The biasing force supplied by springs 64 and 66 can be

nodi fied via a spring | oad adj ustnent nechani sm 68 di sposed at one end of

t he upper housing 32. The adjustnment nmechani sm 68 includes a screw that may
be rotated to cause axial WO 2012/125254PCT/ US2012/ 025521 novenent of a

pl unger within the upper housing 32 t® vary the biasing force, as
illustrated in FIG 3. As may be appreciated, the regulator 24 may al so

i ncl ude various seals or o-rings 70, disposed between the conponents to

mai ntain pressure within the regulator 24 and reduce or prevent |eakage.
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negatively inpact its ability to provide a reasonably steady desired output
pressure. For exanple, a pressure regul ator having a deadband of 400 psi
woul d notwoperamns2sef f ectively to provide a hydraulic fl eca/mbooesgul at ed
out put pressure of 300 psi-in such an instance the output pressure could
drop to zero without the pressure regul ator even responding due to its
deadband limtations. In the field of resource exploration and procurenent,
there has | ong been a need in the art for a spring-loaded, hydraulic
pressure regulator with the degree of sensitivity that would enable the

{ner o 109120 cElG o 4 FloR b Bty FE sSRRE S BT RREIC o alBReRETs (o

be naiiteadleBnifondntLufthediesiveasgdBbrig iackerdddbe Rih orldemboaireht; y
di scl osed pressure regulator nmeets this long-felt need and exhi bi ts

i ncreased sensitivity and decreased deadband. In sone enbodi nents, the

pr esskP@T3legul I of isndniaded segtional vieys 9éiB A0atiast obibe RsFsWE regulaienfin

coupl I re of at
[ oast T1800 Bt ARIRrESEl el bkl R B RO RS 1 b
180 psegulatdress opt6Gnasvendporissy thd Heegssire oggul@es are 80sediin accdrdance 120 psi
or less, or sone other anount. Indeed, in testing with a supply pressure of
3000 pUth ORREMPOHBERL of the presently disclosed pressure regul ator
denonstrated a maxi mum deadband significantly |Iower than 150 psi, the |evel
speci fl[()@ﬂ%]' N Fle s\EedidtRer ﬂﬁrbﬂbﬂh%‘&%hé?\%@u@?@gulb@@w e1G 19 Rydnevhiys hed
July 04, which is incorporated by reference herein
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Par t | ashisgdimengs shown in FIG 7, the piston 62 includes a portion that
passes through the end cap 36 and has a di amet er (or width) 110 generally
ortho onal to_the axis of novenent of the piston 62. The piston 62 nmay al so

inclu hﬂ enf i3 it %a@rﬂaﬁn@t%Qﬁ'ﬁnalheeww&ﬁ%pr%ur%aqg%@r af Bl@mdt er  (or

wi dt h ﬁ?ﬁ{‘c ﬁ.,btorm ) 114
generg Iy 'é( ! W%@%gxef;fh%%%ﬁh/éél%%}t’#ﬁgﬁjrﬁhe E?%E@ﬁt oggTGY‘\’%‘EJ(%/g“ ous
errbodrpmsrtm |ofwh|<tretrm sEply pods lané glosedtamel thensint poits yrebpehdn pcesrslanee
regulat i |f|cantly i nproved by providing the piston 62 with a
reIatWW Pﬁ’ Meter 110 in conparison to the sumof the dianeters 114
of the supply seal rrngs 84. For exanple, in one enbodinment, the dianeter
110 i o016} andi@halsfa furehe Yetédt S tidhanBéRiof e Qﬁésféuﬁellﬁélju(atéﬁéf FIGN® 84 is
one and one-eighth inches. This nmay al so be expressed as a ratio of the

di arretdgpicting relgtive dirognsions ohthalintgraakpistonandsypply geaf ringsoigtlowes67 in t he

i mredi re regul ators
may eteBPing of b Aol 4GB e B B R Dot et s, < he
ratio of the dianeter 110 to the sum of the dianmeters 114 may have a

di f f ef@d17)val BKS. &iscapesspattiveaisiv 6. d6ecalgdlatessfthe Qrédsuratedanr od FEG, 3 at

| east 0.75, at |least 0.90 | east /1.00, or sonme other value. In the
preseﬂﬂaéﬁﬂgéﬁﬁ%Mm ’Heemgpaeraﬁrﬁﬂ%ter of the piston 62 relative to the
supply seal rings 84 allows the piston 62 to devel op hydraulic thrust

suff i qoe1g) ¢ OF @YEy ROMBedtidral VRARLY theseel BREEoPFIG IS supply seal Tings 84
nor e qurckly than previous regulators having a lower ratio of piston

di aneter to supply seal ring dianeters. [0038]Additionally, in at |east
sone enbodi nents, the supply seal plates 90 may be specifically configured
based on the geonetries of their respective seal rings 84 to further

i npro i 24. For instance, in the
e%od%ﬁ@ﬁﬁt@g IFWIdN gﬁggpggﬁﬁﬁj%&éggmgp yS seal plate 90 includes an
arcuat e openi ng or aperture 120 defined by the exit of the second
passadeotsy] 940at ax rsoref simrfmhbbdrrﬂrmts opfileypreseht @rbelbeuﬂi)wrllrtm Hescridedn a
circular or elliptical nin a recrat a she |y sea
i g SRR i an ke O spanase dindsa desaripty LR Snictigients. 2l reatiies
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fl ow through the | urd passageways and 94, as di scussed above. Notably,
in one enbodi ment the arcuate opening 120 includes curved inner and outer
edges 124 and 126, respectively, that are each concave in the sane
direction (as opposed to an elliptical opening in which opposing sides have
opposi ng concavities). Such apertures4120 may al so be referred to as

"ki dney bean" or bow shaped apertures. In certain enbodi nents, the shape of
the aperture 120 is related to the shape of a respective seal ring 84. For
|nstance in one enbodrnent the curved outer edge 126 of the aperture 120
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appreciated that in the development of any such actual implementation, as in any
engineering or design project, numerous implementation-specific decisions must be
made to achieve the developers’ specific goals, such as compliance with system-related
and business-related constraints, which may vary from one implementation to another.
Moreover, it should be appreciated that such a development effort might be complex
and time consuming, but would nevertheless be a routine undertaking of design,
fabrication, and manufacture for those of ordinary skill having the benefit of this

disclosure.

[0020] When introducing elements of various embodiments, the articles “a,” “an,

“the,” and “said” are intended to mean that there are one or more of the elements. The

terms “comprising,” “including,” and “having” are intended to be inclusive and mean that

there may be additional elements other than the listed elements. Moreover, any use of

“top,” “bottom,” “above,” “below,” other directional terms, and variations of these terms is
made for convenience, but does not require any particular orientation of the

components.

[0021] Turning now to the present figures, a drilling system 10 is illustrated in FIG. 1
in accordance with one embodiment. Notably, the system 10 facilitates extraction of a
resource, such as oil or natural gas, from a well 12. The system 10 includes a variety of
equipment, including surface equipment 14, riser equipment 16, and stack equipment
18, for extracting the resource from the well 12 via a wellhead 20. The system 10 may
be employed in a variety of drilling or extraction applications, including onshore and
offshore (i.e., subsea) drilling applications. In one subsea resource extraction
application, the surface equipment 14 is mounted to a drilling rig above the surface of
the water, the stack equipment 18 is coupled to the wellhead 20 near the sea floor, and
the various equipment 14 and 18 is coupled to one another via the riser equipment 16.

[0022] As will be appreciated, the surface equipment 14 may include a variety of
devices and systems, such as pumps, power supplies, cable and hose reels, control
units, a diverter, a gimbal, a spider, and the like. Similarly, the riser equipment 16 may
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also include a variety of components, such as riser joints, fill valves, control units, and a
pressure-temperature transducer, to name but a few. The riser equipment 16 facilitates
transmission of the extracted resource to the surface equipment 14 from the stack
equipment 18 and the well 12.

[0023] The stack equipment 18 may also include a number of components, such as
blowout preventers, production trees (also known as “Christmas” trees), and the like for
extracting the desired resource from the wellhead 20 and transmitting it to the surface
equipment 14 and the riser equipment 16. In the presently illustrated embodiment,
operation of the stack equipment 18 is controlled by a control system 22. The control
system 22 includes a pressure regulator 24 and a plurality of valves 26 that control flow
through the system 10. The pressure regulator 24 may include a configuration that
exhibits reduced deadband and improved sensitivity, as described in further detail
below. Additionally, in some embodiments, one or more of the plurality of valves
include a blowout preventer, compose a portion of a Christmas tree, or both.

[0024] Further, in one embodiment, the pressure regulator 24 is a hydraulic pressure
regulator and the plurality of valves 26 includes solenoid valves. As will be appreciated,
valves 26 may be configured with a specific pressure rating, such as 3000 psi. An initial
supply pressure may be provided to the pressure regulator 24 from a source of
pressurized fluid, such as from a bank of accumulator tanks of the control system 22,
that is higher than the pressure rating of various other system components, such as
valves 26, to facilitate maintenance of adequate pressure to the other system
components even during periods of high usage. For example, in some embodiments,
the supply pressure may be 3000 psi or 5000 psi. But in other embodiments, other
supply pressures may be provided, such as a supply pressure of at least 1000 psi.
Indeed, any desired supply pressure may be used in accordance with the presently
disclosed techniques. In the system 10, the pressure regulator 24 enables
management of the supply pressure to deliver a regulated pressure to downstream
components, such as the valves 26. While the pressure regulator 24 of the presently
ilustrated embodiment is a component of the stack equipment 18, it will be appreciated
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that, in other embodiments, the pressure regulator 24 may be disposed in other portions
of the system 10, such as a component of the surface equipment 14, in full accordance
with the present techniques. Additionally, certain embodiments may include multiple
pressure regulators 24, which may be configured to receive and transmit control fluid at
the same respective pressure levels as each other or, alternatively, such that two
pressure regulators 24 each receive or transmit fluids at pressure levels that are

different between the two regulators 24.

[0025] An example of a pressure regulator 24 is illustrated in FIG. 2 in accordance
with one embodiment. The pressure regulator 24 includes an elongated housing or
body 30 having an upper housing 32 and a lower housing 34 for receiving various
internal components, as discussed in greater detail below. Upper and lower end caps
36 and 38 are secured to (e.g., fastened to or integrated with) the lower housing 34, and
an end cap 40 is secured to the upper housing 32, to enclose the aforementioned
internal components within the body 30. In one embodiment, one or both of the end
caps 36 and 38 is secured to the lower housing 34 via a plurality of fasteners 42. While
fasteners 42 may be provided in the form of bolts, such fastening may be provided in
any suitable manner, such as via other mechanical fasteners or through other
techniques (e.g., welding).

[0026] The pressure regulator 24 also includes a pair of supply assemblies 44
disposed on opposite sides of the lower housing 34, and a pair of vent assemblies 46,
which are also disposed on opposite sides of the lower housing 34 from one another.
The supply and vent assemblies 44 and 46 may be secured to the lower housing 34 in
any suitable fashion, such as by fasteners 42. While the presently depicted pressure
regulator 24 includes a pair of both supply pressure assemblies 44 and vent pressure
assemblies 46, it should be noted that a different number of such assemblies could
instead be employed in full accordance with the present techniques.

[0027] During operation, a control medium at a first (supply) pressure, such as 5000
psi, may enter the pressure regulator 24 through the supply ports 48 of the supply
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assemblies 44, and the control medium may be output at a second, regulated pressure,
such as 3000 psi, via a regulated pressure outlet port 50 disposed in a side of the lower
housing 34. Additionally, if the pressure inside the regulator 24 exceeds a certain
threshold, the control medium may be vented from the regulator 24 through the vent
ports 52 of the vent assemblies 46.

[0028] In the presently illustrated embodiment, the pressure regulator 24 is a
hydraulic pressure regulator and the control medium includes hydraulic fluid. In other
embodiments, however, the control medium may be some other material, such as a
pressurized gas. Consequently, while the instant description of the illustrated
embodiments may refer to a control fluid, it will be appreciated that such description
may apply to a control liquid in a hydraulic pressure regulator in accordance with one
embodiment, and does not necessarily preclude the use of a gaseous control medium in

an alternative embodiment.

[0029] The internal operation of the regulator 24 may be better understood with
reference to FIG. 3, which is a sectional view of the regulator 24 illustrated in FIG. 2.
Notably, as illustrated in FIG. 3, the lower housing 34 generally defines an internal
chamber 60 that receives control fluid from a source. A sensing piston 62 is disposed
within the chamber 60 and extends through the upper end cap 36, which generally
divides the chamber 60 from another chamber 58 in the upper housing 32. In the
presently illustrated embodiment, the pressure regulator is spring-loaded in that a
piston 62 is biased by one or more springs disposed in chamber 58, such as springs 64
and 66.

[0030] As discussed in greater detail below, pressure within the chamber 60 may
apply a thrust force to the piston 62 that acts against the biasing force provided by
springs 64 and 66 to control opening and closing of the supply ports 48 and vent ports
52. The biasing force supplied by springs 64 and 66 can be modified via a spring load
adjustment mechanism 68 disposed at one end of the upper housing 32. The
adjustment mechanism 68 includes a screw that may be rotated to cause axial
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movement of a plunger within the upper housing 32 to vary the biasing force, as
illustrated in FIG. 3. As may be appreciated, the regulator 24 may also include various
seals or o-rings 70, disposed between the components to maintain pressure within the
regulator 24 and reduce or prevent leakage.

[0031] The opening and closing of the supply ports 48 and vent ports 52 may be
better understood with reference to the sectional views of FIGS. 4—6. In the presently
illustrated embodiment, the flow of control fluid or medium into the regulator 24 through
the supply ports 48 is generally controlled by motion of the piston 62. More particularly,
in one embodiment, supply shear seal rings 84 are disposed within one or more
recesses 86 of the piston 62. A spring 88 may also be disposed within the one or more
recesses 86 to bias the supply shear seal rings 84 against supply seal plates 90 of the
supply assembly 44. In one embodiment, the supply seal plates 90 include a first fluid
passageway 92 and a second fluid passageway 94 that facilitate flow of a control fluid
through supply ports 48 to the chamber 60.

[0032] Similarly, in the present embodiment, vent shear seal rings 96 are disposed
within one or more recesses 98 of the piston 62. The vent shear seal rings 96 are
biased by a spring 100 against a pair of vent seal plates 102. The vent seal plates 102
also include first and second fluid passageways 104 and 106, respectively, which
enable fluid to be vented from the chamber 60 through the vent ports 52. In the
presently illustrated embodiment, the vent seal rings 96 are of a different size than the
supply seal rings 84. Further, the various passageways of the seal plates 90 and 102,
respectively, may also be of different sizes than one another based on the particular

sizes and geometries of the seal rings 84 and 96, as discussed in greater detail below.

[0033] An initial operating state is depicted in FIG. 4, in which the supply ports 48 are
open and the vent ports 52 are closed with respect to the interior of the pressure
regulator 24. This configuration allows the control medium to enter the pressure
regulator 24 through the supply ports 48 and exit through the regulated pressure outlet
port 50, as discussed above. As will be appreciated, hydraulic or pneumatic pressure
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within the chamber 60 generally results in a thrust force applied to the piston 62 against
the biasing force applied by the springs 64 and 66. Further, various frictional forces,
such as that resulting from contact of the shear seal rings 84 and seal plates 90, may
also oppose movement of the piston 62 during operation. If the thrust generated by the
pressure within the chamber 60 is below a first pressure threshold (which is generally
dictated by the frictional and biasing forces noted above), the supply ports 48 remain
open to allow additional control fluid to enter the pressure regulator 24 and exit through
the outlet port 50. In one example, the first pressure threshold may be substantially
equal to a desired operating pressure of downstream components, such as 300 psi, 400
psi, 500 psi, 1000 psi, 1500 psi, 2000 psi, 3000 psi, or 5000 psi to name but a few

examples.

[0034] As the pressure downstream and within the regulator 24 increases and
approaches the first pressure threshold, the hydraulic force on the piston 62 becomes
sufficient to move the piston 62 in the direction indicated by arrow 108 and toward the
closed position generally illustrated in FIG. 5. Particularly, in the presently illustrated
embodiment, the springs 64 and 66, the supply seal rings 84, and the piston 62 are
configured such that the supply seal rings 84 are moved into a fully closed position, in
which the supply seal rings 84 are disposed over the entirety of the second fluid
passageway 94, when the pressure within the chamber 60 reaches or exceeds the first
pressure threshold. Upon reaching this threshold, the pressure regulator may be
considered to be in a state of equilibrium, in which both the supply and vent ports 48
and 52 are closed and no control medium flows through the regulator 24. In other
words, at this operational point, the pressure inside the chamber 60 is above the first
pressure threshold, causing the piston 62 to move the supply seal rings 84 into a closed
position, but is insufficient to cause the piston 62 to move the vent seal rings 96 enough
to open the vent ports 52.

[0035] As may be appreciated, as the pressure within the pressure regulator 24
continues to increase beyond the first pressure threshold, the thrust applied to the
piston 62 by the internal pressure also increases, causing the piston 62 to continue

10
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moving in the direction indicated by arrow 108. As the internal pressure reaches a
second pressure threshold, the piston 62 and vent seal rings 96 are moved into an open
position, as generally illustrated in FIG. 6, allowing control fluid within the chamber 62 to
be vented out of the pressure regulator 24 via vent ports 52. Additionally, it is noted that
in some embodiments the pressure regulator 24 may have separate, independent
pistons for the supply seal rings 84 and the vent seal rings 96, such as described in

U.S. Patent No. 7,520,297, issued on April 21, 2009, and entitled “Pressure Regulator
Device and System,” which is herein incorporated by reference in its entirety.

[0036] As previously noted, excessive deadband in a pressure regulator may
negatively impact its ability to provide a reasonably steady desired output pressure. For
example, a pressure regulator having a deadband of 400 psi would not operate
effectively to provide a hydraulic fluid at a regulated output pressure of 300 psi—in such
an instance the output pressure could drop to zero without the pressure regulator even
responding due to its deadband limitations. In the field of resource exploration and
procurement, there has long been a need in the art for a spring-loaded, hydraulic
pressure regulator with the degree of sensitivity that would enable the regulator to
effectively operate at lower pressure levels. For instance, there are occasions in which
pressure to an annular blowout preventer is to be maintained at a level as low as 300
psi to 400 psi. The presently disclosed pressure regulator meets this long-felt need and
exhibits increased sensitivity and decreased deadband. In some embodiments, the
pressure regulator 24 has a maximum deadband of 200 psi or less when coupled to a
source of pressurized fluid providing a supply pressure of at least 1000 psi. In other
embodiments, the maximum deadband may instead be 180 psi or less, 160 psi or less,
150 psi or less, 130 psi or less, 120 psi or less, or some other amount. Indeed, in
testing with a supply pressure of 3000 psi, one example of the presently disclosed
pressure regulator demonstrated a maximum deadband significantly lower than 150 psi,
the level specified in the American Petroleum Institute Specification 16D published July
1, 2004, which is incorporated by reference herein.

11



TABLE 2 Spring Load (No. of turns) Regul ated Pressure (after operating
cylinder) Test for Deadband Test for Vent Pressure Starting Pressure Mn.
Press. Diwbenenes2s¢Deadband) Final Pressure Starting Presswseoilydxss2Press.
Difference Final Pressure 1 112 112 NA NA NA 165 440

[0037] Various features contributing to the improved deadband characteristics of the
presently disclosed pressure regulator are depicted in FIGS. 7-9 in accordance with
one embodiment. Particularly, as shown in FIG. 7, the piston 62 includes a portion that
passes through the end cap 36 and has a diameter (or width) 110 generally orthogonal
to the axis of movement of the piston 62. The piston 62 may also include an enlarged
portion within the chamber 60 that has a diameter (or width) 112. Each supply seal ring
84 includes a diameter (or width) 114 generally parallel to the axis of movement of the
piston 62. In various embodiments of the present technique, the sensitivity of the
pressure regulator 24 is significantly improved by providing the piston 62 with a
relatively large diameter 110 in comparison to the sum of the diameters 114 of the
supply seal rings 84. For example, in one embodiment, the diameter 110 is one-and-a-
half inches and the diameter of each supply seal ring 84 is one and one-eighth inches.
This may also be expressed as a ratio of the diameter 110 to the sum of the diameters
114—a ratio of about 0.667 in the immediately preceding example. In contrast,
previous pressure regulators may exhibit a much smaller ratio, such as 0.250. In other
embodiments, the ratio of the diameter 110 to the sum of the diameters 114 may have a
different value, such as at least 0.40, at least 0.50, at least 0.65, at least 0.75, at least
0.90, at least 1.00, or some other value. In the present embodiment, the larger
diameter of the piston 62 relative to the supply seal rings 84 allows the piston 62 to
develop hydraulic thrust sufficient to overcome frictional resistance of the supply seal
rings 84 more quickly than previous regulators having a lower ratio of piston diameter to

supply seal ring diameters.

[0038] Additionally, in at least some embodiments, the supply seal plates 90 may be
specifically configured based on the geometries of their respective seal rings 84 to
further improve the sensitivity of the pressure regulator 24. For instance, in the
embodiment illustrated in FIGS. 8 and 9, a supply seal plate 90 includes an arcuate
opening or aperture 120 defined by the exit of the second passageway 94 at a surface
122 of the supply seal plate 90, rather than a circular or elliptical opening. As will be

appreciated, a shear supply seal ring 84 (FIG. 4) may operate to selectively cover and

12



275 202 2 275 272 108 164 273 272 560 288 275 3 403 400 240 160 405 404 680
276 470 4 536 535 355 180 540 538 835 297 603 5 629
WO 2012/125254 PCT/US2012/025521

uncover the arcuate opening 120 to control flow through the fluid passageways 92 and
94, as discussed above. Notably, in one embodiment the arcuate opening 120 includes
curved inner and outer edges 124 and 126, respectively, that are each concave in the
same direction (as opposed to an elliptical opening in which opposing sides have
opposing concavities). Such apertures 120 may also be referred to as “kidney bean” or
bow-shaped apertures. In certain embodiments, the shape of the aperture 120 is
related to the shape of a respective seal ring 84. For instance, in one embodiment, the
curved outer edge 126 of the aperture 120 has a rate of curvature that is substantially
identical (e.g., within manufacturing tolerances) to that of an inner circumference or
perimeter of a lip of the seal ring 84 such that a portion of the inner edge or perimeter of
the seal ring 84 is substantially coincident with the curved outer edge 126 when
pressure within the pressure regulator 24 is substantially equal to the first pressure
threshold. In some embodiments, the curved inner edge 124 may have a rate of
curvature that is substantially identical to the outer circumference of the seal ring 84.
Other configurations in which the curved inner and outer edges 124 or 126 are

configured based on other surfaces of the seal ring 84 are also envisaged.

[0039] Similarly, vent seal plates 102 (FIG. 4) may also include an arcuate aperture
that includes an edge coincident to an edge of a vent seal ring 96 when pressure within
the regulator 24 is substantially equal to the second pressure threshold. While the seal
plates 90 and 102 may be substantially identical to one another in some embodiments,
the apertures of the seal plates 90 and 102 may instead have different sizes or
geometries than one another to provide different flow rates through their respective
passages and to match differences in the geometries of seal rings 84 and 96. The
shaping of the apertures in the supply seal plates 90, the vent seal plates 102, or both
reduces the movement of the piston 62 in opening and closing the fluid passageways of
these seal plates, further increasing the sensitivity and decreasing the deadband of the

pressure regulator 24.

[0040] In one embodiment, the pressure regulator 24 is a one-inch, spring-loaded,
manually adjustable hydraulic pressure regulator. Test results of such a pressure

13
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regulator 24 are provided below in Tables 1 and Table 2. Table 1 provides data
obtained for a supply pressure of 3000 psi to the regulator, and Table 2 provides data
obtained for a supply pressure of 5000 psi to the regulator. Particularly, the tables
provide data obtained in testing the pressure regulator over a range of spring loads
(represented by the number of complete turns of the screw of adjustment mechanism
68).

14
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TABLE 1

Spring Regulated Test for Deadband Test for Vent Pressure

Load Pressure

(No. of (afte.r Starting Min. Difference Final Starting Max. Difference Final

turns) operating | pressure | Press. | (Deadband) | Pressure Pressure Press. Pressure

cylinder)

1 112 112 N/A N/A 2 110 350 240 180
2 195 193 78 115 196 195 480 285 310
3 310 310 200 110 320 320 610 290 443
4 405 404 345 59 457 456 750 294 585
5 575 575 470 105 588 587 880 293 720
6 705 703 600 103 720 718 1020 297 856
7 845 843 740 103 855 853 1150 297 995
8 978 977 870 107 985 980 1285 305 1130
9 1112 1110 1030 80 1116 1115 1415 300 1265
10 1236 1200 1130 70 1255 1255 1545 290 1405
11 1380 1380 1270 110 1385 1384 1670 286 1535
12 1512 1510 1408 102 1518 1517 1800 283 1670
13 1630 1640 1535 105 1645 1648 1930 282 1835
14 1772 1772 1665 107 1775 1777 2055 278 1938
15 1900 1900 1798 102 1905 1906 2185 279 2100
16 2031 2031 1925 106 2035 2035 2320 285 2200
17 2160 2150 2058 92 2165 2165 2450 285 2330
18 2286 2286 2190 96 2291 2291 2580 289 2468
19 2411 2411 2315 96 2413 2413 2710 297 2605
20 2538 2537 2445 92 2541 2541 2840 299 2742
21 2670 2669 2585 84 2672 2672 2970 298 2876
22 2802 2802 2710 92 2802 2802 3105 303 3008
23 2934 2933 2845 88 2933 2933 3123 N/A N/A
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TABLE 2
Spring Regulated Test for Deadband Test for Vent Pressure
Load Pressure
(No. of (afte.r Starting | Min. | Difference Final Starting | Max. Difference Final
turns) operating Pressure | Press. | (Deadband) | Pressure | Pressure | Press. Pressure
cylinder)
1 112 112 N/A N/A N/A 165 440 275 202
2 275 272 108 164 273 272 560 288 275
3 403 400 240 160 405 404 680 276 470
4 536 535 355 180 540 538 835 297 603
5 629 628 500 128 677 675 955 280 755
6 790 788 645 143 804 802 1110 308 890
7 920 917 780 137 940 940 1250 310 1028
8 1120 1115 935 180 1073 1072 1360 288 1165
9 1197 1195 1050 145 1205 1205 1500 295 1305
10 1316 1315 1180 135 1337 1335 1640 305 1436
11 1440 1437 1320 117 1473 1467 1780 313 1572
12 1583 1580 1480 100 1607 1605 1900 295 1705
13 1710 1706 1585 121 1730 1730 2045 315 1750
14 1846 1845 1735 110 1862 1860 2150 290 1965
15 1963 1962 1845 117 1987 1986 2290 304 2100
16 2082 2081 1970 111 2115 2120 2430 310 2231
17 2225 2221 2120 101 2224 2223 2550 327 2355
18 2350 2349 2230 119 2368 2368 2670 302 2490
19 2480 2480 2360 120 2488 2490 2820 330 2630
20 2610 2610 2490 120 2630 2630 2940 310 2770
21 2741 2740 2630 110 2735 2736 3020 284 2892
22 2870 2870 2765 105 2889 2887 3210 323 3045
23 2994 2992 2840 152 3015 3014 3315 301 3160
24 3085 3085 3000 85 3105 3110 3450 340 3295
25 3230 3230 3120 110 3250 3249 3575 326 3410
255 3285 3285 3170 115 3302 3302 3610 308 3570
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[0041] It is noted that in both instances (supply pressures of 3000 psi and 5000 psi),
the pressure regulator 24 has a maximum deadband of less than 200 psi. Further, at a
supply pressure of 3000 psi, the maximum deadband of the pressure regulator 24 was
less than 120 psi, and the average deadband was less than 100 psi. At a supply
pressure of 5000 psi, the maximum deadband measured was no higher than 180 psi,
and the average deadband of the pressure regulator 24 was less than 130 psi.
Additionally, as indicated in the tables above, the screw of the adjustment mechanism
68 may be rotated through multiple revolutions. Due to the improved sensitivity and
lower deadband, the response of the presently disclosed pressure regulator 24 may be
substantially more linear than that of previous regulators in that the piston 62 may
move, and the output pressure may change, during each revolution of the screw, as
generally demonstrated by the tables above. This is in contrast with previous regulators
that may require several revolutions of an adjustment screw before the piston responds.

[0042] While the aspects of the present disclosure may be susceptible to various
modifications and alternative forms, specific embodiments have been shown by way of
example in the drawings and have been described in detail herein. But it should be
understood that the invention is not intended to be limited to the particular forms
disclosed. Rather, the invention is to cover all modifications, equivalents, and
alternatives falling within the spirit and scope of the invention as defined by the following

appended claims.
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CLAIMS:
1. A system comprising:

a spring-loaded hydraulic pressure regulator having a maximum deadband of
less than 200 pounds per square inch when coupled to a source of pressurized fluid
having a supply pressure of at least 1000 pounds per square inch, the spring-loaded

hydraulic pressure regulator including:
a housing having first and second inner chambers;
a spring disposed within the second chamber;

a sensing piston disposed within the housing and responsive to pressure

within the first inner chamber and to a biasing force generated by the spring; and

a supply seal ring disposed within the first chamber.

2. The system of claim 1, wherein the maximum deadband of the spring-
loaded hydraulic pressure regulator is less than 120 pounds per square inch for a

supply pressure of 3000 pounds per square inch.

3. The system of claim 1, wherein the average deadband of the spring-
loaded hydraulic pressure regulator is less than 100 pounds per square inch for a

supply pressure of 3000 pounds per square inch.

4. The system of claim 1, wherein the average deadband of the spring-
loaded hydraulic pressure regulator is less than 130 pounds per square inch for a

supply pressure of 5000 pounds per square inch.
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5. The system of claim 1, wherein an output pressure of the spring-loaded

hydraulic pressure regulator is manually adjustable.

6. The system of claim 1, comprising an adjustment mechanism enabling

manual adjustment of compression of the spring disposed within the second chamber.

7. The system of claim 1, comprising a blowout preventer and an associated

control system that includes the spring-loaded hydraulic pressure regulator.

8. The system of claim 1, wherein the sensing piston includes only a single

sensing piston.

9. The system of claim 1, comprising the source of pressurized fluid.

10. A device comprising:
a spring-loaded hydraulic pressure regulator including:

a housing having a first chamber for receiving a pressurized fluid and a

second chamber separated from the first chamber by a dividing structure;

a piston disposed in the first chamber, the piston including a portion
extending into the second chamber through an aperture in the dividing structure;

a spring disposed in the second chamber and positioned to bias the piston

into the first chamber;

a plurality of supply seal rings disposed within the first chamber and
configured to selectively allow the pressurized fluid to enter the first chamber;

19



3249 3575 326 3410 25.5 3285 3285 3170 115 3302 3302 3610 308 3570 WO
2012/ 125254PCT/ US2012/ 025521 [0041]It is noted that in both instances
(supply pwesswyrs2seaf 3000 psi and 5000 psi), the pressuretrsgukatsre: 24 has
a maxi num deadband of |ess than 200 psi. Further, at a supply pressure of
3000 psi, the maxi num deadband of the pressure regulator 24 was | ess than
120 psi, and the average deadband was | ess than 100 psi. At a supply
pressure of 5000 psi, the maxi mum deadband nmeasured was no hi gher than 180
psi, and the average deadband of the pressure regulator 24 was |ess than

130 psi. Additi | | i.ndi , in t t ahl h . f th
adi st ment mechan e bEeTa B e el dife bBR LR BB b I B oue to
t he i nprovegrov@Rshé iapettiiraimtthbaatindesdRane. totthe suaseRReligthetdrs opitrsent | y
di scl osed pressure regul ator 24 may be substantially nore |inear than that
of previ ouPluraliyl aitseiPplyi seal Kiags ihareater iBand2o0y retbice, deasane@ndut put

AU | . ' . |l
Germnst r at Si'Back Ay HHPLEAnEIFEnbRIe hitablio RRASRFE FyAR T CLS Y

regul ators that may require several revolutions of an adjustnent screw
before the piston responds. [0042] Wil e the aspects of the present

di scl osure y susceptjble ta variaqus nodificati ons and _alternative
forms. - spectt o (asvant QaradD. WBerd Rmirtia ols el vsfes pariEneT
dr awi | hack i i . ;
undergﬁégmgﬁﬁéﬁﬁe | n\r/en ig]'n I's dn%?%%@eﬂlg@fgﬁﬁgﬁﬁ%t:hg?@gbfﬂ?
par t i cidraetefrsofthedplscdlits etisufRey seal, ringseisigneater than 0.65tto redves deadiband
nodi fi_cat.i ons egui”alenﬁﬁ@ and %It rgﬁthve? faIIing within the spirit and
scope F PHEFRVEREISIY eﬁerwgaoaée YOFRTIC PSSP e ¢l ai ms. WO
2012/ 125254PCT/ US2012/ 025521 CLAI MVsS: 1. A system conprising: a
spring-l oaded hydraulic pressure regul ator having a nmaxi mum deadband of
| ess than 200 pounds per square i nch when coupled to a source

Cc

) h . ce of
pressuri zed 4| uildendeNier)obc!aim g Oy cpmessinge plurality peaurrly seel platasaitper
squar e, ANl (ol r including: a
housi %&Ieﬂg\%snfghﬁfﬁlg{tégl%y @@ﬂggﬁgﬁﬁgﬁéhé@éﬂ‘ﬁ?&ﬁrsggﬁ%’l’hg’gg. sposed within
t he second chanber; a sensing piston disposed within the housing and
responsive to pressure within the first inner chanber and to a biasing

ot onamte . TRe devies Bhyiay 2 Bl e Frpdrenrasbaril dR ot

deadbangirf o dtssitP5idRY witrMe b amE bbbt Of Gy | egul ator is less than 120
pounds per” square inch for a supply pressure of 3000 pounds per square

i nch. 3. The systemof claim1, wherein the average deadband of the
spring-l oaded hydraulic pressure regulator is |l ess than 100 pounds per

square inc or S e, of r re. | . 4,
The syst em B oI Hedanes gEG TR fehuRerd 3 SR RTR AR YRS caded
hydr aukgelaforesdudes orguhatsupplysségishgshan 130 pounds per square inch for a
supply pressure of 5000 pounds per square inch. WO

2012/ 125254PCT/ US2012/ 025521 5. The systemof claim1l, wherein an
out put pressure of the spring-loaded hydraulic pressure regulator is

manual |y adjgist gefyevice of claim 10, wherein each of the supply seal rings of the

plurality of supply seal rings is disposed within the piston.
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into the first chanber; a plurality of supply seal rings disposed

within the first chanmber and configured to selectively allowthe
pressurized fluid to enter the first chanber; WO

2012/ 125254RCT/ Us20deVit26baaim 10, whetein ¢nenspiireg-taatded fofdrauldi pressere of t he
portlon of . the piston, ex throu the aperture in the dIVId

Br uc T daics HBIS fRUTel i  HPBReE SRDtseo R R pendld EUATBPSSRITNGIESE 1 ngs
is gr %SefhetFg]%nqn@qhbqr,rgte(q%geadband and increase sensitivi ty of the
spring-1 oaded hydraulic pressure regul ator. 11. The device of claim
10, wherein the ratio of the dianmeter of the portion of the piston
extendi ng through the aperture in the dividing structure to the sumof the
di aneters f th upply seal rings is greater than 0.65 to
reduce dea éﬁndggﬁﬁM&%iﬁéﬁgggggnsitivity of the spring-Ioaded hydraulic
pressure reqgul.ato P V2 devi ce of ¢

Dl trali cy CROGTBEIE gty & chenheot aeiesan ey So0lardr WHErEaTe PRSFe « he
pressyggaiabriid Hispringliaddr® Hyldrsdlicprasdere regulator that inthRiedeviagaual claim 12,
wherein the apertures are arcuate apertures having opposing sides with the
sanme didjusttieohmsicheoisonwithya rotatable gefewThe device of claim 12, wherein the
spring-1 oaded hydraulic pressure regulator includes only two supply seal
rings. tran]st‘atinghetaiiemiQféhefscxelvainho BRial mwememte)&ekplmﬂgerhﬁ tseippanuas eal

i I I t f I h th t
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2012/ 12%54P US%O /025521 17. The device of claim 16, conprising
a pluralityy, r&gfﬁé P%?&H mpr‘ Sﬁs@ Id?&ucﬁﬁ&lr Brs%? the Bh'rﬁ&lﬁ |% venting of

t he pressurlze out o the Irst c ressure of the
pr essuevaetiorid amaﬂtcett‘ceer@smltmgtdhaagbsIlmitheabletsmg force such8thatTtie pistoncmowvés cl ai m

10, wherein the, spri ded h draulic ssure ul at or |nc .ude

ol ur s EybPUGHE Pttt of Bedtrersireiteou B enias b H ieh rHaHtOE bR ¢ ne
pi storcidiy0 the first chanber. 19. A method conpri sing:

receiving a fluid within a chanber of a pressure regulator, wherein the

pressure regulator is a spring-loaded, hydraulic pressure regul ator that
i ncl udes a manual adj ust nent rrechani smwith a rotatable screw,

manual - ad) B4 ment e efied AR FhieRi TG HRIPRE Hndeltetiifho e on

i n thelut pres8urzed LA WI3000 @L&wslm sqaafe inch. moving the piston in
response to rotation of the screw through nultiple revolutions and to the
resulting changes in the biasing force such that the piston noves and an
out put pressure of the pressure regul ator changes during each revol ution of
t he screw. galeo %\/ﬂgg uid
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i nch. fluid press@dzedrieeabaitrsd)Ogfouridsi par ZQuavdercei n recei ving the fluid

i ncludes receiving the fluid pressurized to about 5000 pounds per square

i nch.
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