:z{|}e3evDv<R 6TD \ 3 July 2003 TITLE OF THE | NVENTI ON: RECI PROCATI NG PUMPS
W TH LI NEAR MOTOR DRI VER types of reciprocating punps mﬁt@ 8 lhggar not or
driver and to nethods of punping liquids with such reciprocaglxg punp. Most
preferably the punps of this invention are hernetic reciprocating punps and
the met hods of this invention are nethods of punping liquids with such
herneti c punps. Reciprocating punps are highly desirable fur use in

nuner ous applications, particularly in environnents where liquid flowrate
is low (e.g., less than 15gpm and the required liquid pressure rise is
high (e.g., greater than 500psi). For applications requiring |l ess pressure
rise and, greater flow rate, single stage centrifugal punps are favored
because of their sinplicity, |ow cost and | ow nmai ntenance requirenments
However, reciprocating punps have a higher thernmodynam c efficiency than
centrifugal punps by as much ad/TiREF TFEHINENDS t o 30% Al t hough

o cor tain O anbacké I BRRG GPSErS R -eRIRgroR CoRPR e« — 0

reci procating punps are commonly driven in a linear direction by a rotating
drive nmechani smthrough a slider-crank nmechani smor other conventi onal
mechani cal mechani smfo \wmmmmmmrr otary notion to linear notion. These
drive systens require num ngs, grease or oil lubrication,
rotational speed reduction kywodelts or gears fromthe driver, flywheels for
stabilization of speed, protective safety guards and ot her nmechani cal
devices, ail of which add conplexity and cost to the punps. Mreover, in
these traditional constructions the stroke length of the piston is fixed,

as is the notion of the pist time (e.g., generally sinusoida
notion) during each Cyﬂmﬁ\\\m\mﬁ“\m\l on. This results in a peak piston
vel ocity near m d-str ok eterm nes the peak Bernoulli effect
pressure reduction and ki neti¢sts¢head | oss pressure reduction in the fluid
that enters the punp on the suction stroke of the piston, thereby effecting
the net positive suction head (NPSH) requirenent. ' Punps are subject to
mechani cal damage frominsufficient NPSH In particular, vaporization of
liquid at the point of entry into the punp results in vapor bubble
formati on. Subsequent conpression of the vaporized liquid causes viol ent
col | apse of the bubbles, resulting in the formation of sonic shock waves
that ultimtely can damage punp conponents. Therefore, it is inportant that
the avai |l apbes dPSHtbrotatgpufips wkbtzAldeat rerorleiveidrid ingsthbys atramesiddRuids
requi red NPSH of the punp. Punp designs requiring a | ow NPSH al | ow greater
f1 exibilitwitH sudhnetiptdatih®@B)mef it bederabRghé PSak loatHiORvettRinsare hBrmetic
addition, a lower required NPSH assures a greater margin to cavitation and
hence gr eateéproceliigahinhpst ahdi the oretoat icdthisvhemtibns et mepedadi mongenidiutdsons ar e
of fspecification. -2

such hermetic pumps.

Reciprocating pumps are highly desirable for use in numerous applications,
particularly in environments where liquid flow rate 1s locw {e.g., less than 15gpm) and the
required liquid pressure rise is high (e.g., greater than 500psi). For applications requiring
less pressure rise and greater flow rate, single stage centriiugal pumps are favored because
of their simplicity, low cost and low maintenance recuirements However, reciprocating

pumps have a higher thermodynamic efficiency than centrifugal pumps by as much as 10%



3 July 2003 The NPSH requirenment for reciprocating punps is dictated by
factors' tending to reduce the focal entry suction pressure, %H@[bdﬁ% liquid
| i ne accel eration pressure drop and vel ocity i nduced pressu?e r'op
(Bernoulli effect and kinetic head |losses) in the inlet Iine and inlet

val ve. The cylinder and piston size, as well as the inlet valve size and
peak piston velocity are critical factors in setting the m ninumrequired
NPSH. In particular, larger cylinder, piston and inlet valve size allow a
sl ower punp speed. This results in a | ower NPSH requirenent. As stated
earlier, punp designs requiring a |low NPSH allow greater flexibility in
instal |l ati o@dN ; I I i tatd ; 1 L4 abl e
e but e A e o R TR SRR o APl R el ¥ sEBt T

reduce theg, (IHLVgRRMacKd anEimitdilbA¥ turndown) is limited largely by the size
of the puﬁ% ?Tymheel gnda?hgng%Ee'of the electric notor driver. Traditiona

reci procating W%?(a?'[&% ttr?éBiti%ﬂél'aécfﬁp&%ﬁﬁf%u%saaéi Hﬂg;kfriv%HHH'aYIiH r

alternating current requency and thus a fixed nom punp speed.

Adj ust ”enhggéﬁohggy al FRER LG FIEChENEm ehRjighi § &lidSURRhY nﬁé&%fggﬁ& tphdrhe

notor, such as the use of a variable frequency drive, to reduce punp
speed is Eé(rWeﬁ%r{aYn'le!cﬂéﬁi&mrﬂe@hérﬂn‘érﬂq&v“{&n@&ﬁﬁ Yty rhatidn t_@%é%@t‘i{fﬁé Pikgd and

flowrate. The function of the punp flywheel is’to mnimze spee

fluct uati gaydystdrPleBuirdinlfBlcBREMdE 5kEe 6Y&I 18Rt EM Sottiohll sddidreliSction
acconpl i shed by absorbing and rel easing kinetic energy between the punp

shaft andp} BetsdriysheelontiHe dRgr RGeSl Br Stablliegishiof SgddNptdyife éeﬁe@g@%s_ ,
fluctuation of the punp slightly above and bel ow the nom nal speed. This is

cal | ed spagdlothkPRbehanRE@dices iloewhies 8did Sonbile)dty @Al @ést@d‘ﬁme'p@ﬁ?@{ vRPEEE S of
notor torque at various portions of each punp stroke cycle. This

fluctuati pghésy ﬁétﬁtidhéﬁ@ﬁn@ﬁucftibbl@{h@aétrbmleﬂ‘gﬂw% tiedbiE@RAtis AxeiVas ihematidntdie
extrene can be detrinmental to the notor by thernmal overheating. The key
factor i ntdefi@embrdriithenedk dgentelly SHlisorial matieny dusing Bectpeickesflopgation. $meed
fluctuation. It should be noted that for a given _3_ 3 July 2003 fl ywheel
Si ze and pauls in Pk pisheh Gestd nearppibetrples, addhaeerhirarsans psalbBernbeli sfierr e of
the ratio of design speed to reduced speed. Additionally, as notor speed
decr eases preshare adxidctidryaraf kitdtie head ss prensure rexfuotier ihyheciood tHahentemsttios pump
decreases as well. These factors conbine to create the practical 50%

t ur ndown bn thet sucBpesticke offtequstes toarabjpeffecike the metpeditiee sudtios Headi(NPSsiich as
provi ding a separately powered notor cooling fan, significantly over sizing
t he punp mopoementane or over sizing the punp flywheel. However, these
speci al neasures are expensive alternatives. Qther neans to achi eve reduced
punp speed, sufhmgs arasilgbtidoshesdtnidalatetage bah insyffsietdREH. otrhearticular,
mechani cal speed ratio adjustnent nethods, suffer from probl ens of

i ncr easedvapedizationl df fipeiget thedpoik of ssirvietpibaloutpaestits ihwepsr. bilibenfoemaiamat er
operational flow turndown is required, traditional punps generally are

oper at ed Bnbgequeoledrepnaesien of thervaaorzedl liqgidorauees vitsaé coliapke @f tel klbtest ank.
Recycl e flow around the punp can be extrenmely wasteful in punp power and
adds cost resntling onpihecternatirrhpf segai shiogly wavescipet eltimately ean deyelbe méhwe, a
cool er and neans for control. The use of a hold up tank al so increases the
expense ofompeneist Bigrefoeydliis svpragiaghingt BgrivaiskieNE Sshefceryne instatipliothe es
operation and mai ntenance of the punp system A further deficiency

associ at e@llifﬁi:lﬁmﬂwab@d?M%F@awrf?céﬁi’ﬁﬁ&féhﬁ PigNBUnps resides in the need to
provide an effective seal between the piston and the punp cylinder. Such a
seal typical | yPHEPHesENgsdawinpRr dewNASHhgllQyy aepater fiexiiliy inHoskalation, effem wit h
t he provision of such seals, sonme |eakage is typically encountered, and in
many appl feSEENemstaliginnessts: dn addiions aheveeTreauirgr oXT AFUGS 7 ereptar MiBfo t he

| eaked material. In traditional reciprocating punps, piston ring wear is
often t heci)’r‘tﬁ'f‘%[’r@”dc%ﬁ%% QEﬁateﬁlﬂﬁ’b“bH'%QPPerﬁﬁ?%Wg%Wﬁ.°P tigg caaqifiers an ERfpart ,
fromsealing the full differential pressure between the punp di scharge
pressure ﬁﬁﬁmFﬁﬁmbiston backsi de | eakage col |l ecti on pressure, thereby
causing these seals to wear quickly. Specifically, the backside pressure
often is -4 -2-



3 July 2003 equal to or less than the punp inlet pressure, thereby creating
a very significant pressure drop across the piston ring seahs 'QHO?, in
turn, increases the resulting piston ring wear rate. Inlet an utlet

val ves on a reciprocating punp are typically fluid-activated check val ves
of specialty design to accommpdate the high cyclic rate of the punp while
achi eving the | ongest possible operating life. Still, even with the
specialty design of these valves, valve failure is often the reason for a
punp mal function. The design speed of the reciprocating punp i s based on
the required volunetric flow rate and the swept volune of the piston in the
punp cyl i nder. TBedR&He reqlirenget foswegprovatingneurope isadictatpdatty fctlrovedirgpeed
requires a | arger physical punp size and a higher capital cost, it has been
t he pract ietlece thel lostl ahtry sudinm bltespurapsuspersdiguitgingtactélertiog pests uspereg and
permssible, as limted by reciprocating forces, piston ring wear rates and
NPSH r equielesiyinduceSpaassimeghiors (Beeuts)|li affepl aral Hineticinead sses) grethefini20bietamd6 00
rpm place a heavy burden on valve life. It is desired to have a

r eci pr ocaietyapenpl tehatinderemdpistoh aize, ahweebhbotieerindtivatvedsizr awbpedspisfon
traditional reciprocating punps, and to actually enhance the positive
aspect s asslodityasredcrificalfactosdint sedtingl the exinipruoe sieduitgdpirPe. M@ ricedarplaogat | ng
punps of the present invention mnimze or elimnate traditional

reci pr ocatylindedgustgm add évwetacke, sizengllowda spwef PUmpespeedn aiiderestiltsviraa iaveer
parts, such as valves, piston rings and rod packings; (2) maintenance due
to punp cﬁﬁﬁthnengrm"damfag’e: statet earliRP SHMEpdsianstreawsng e39w NeSthglovofreates
punped fluid fromthe process stream (4) |eakage of the punped fluid to
the punp Raxibitivindiingaliatios)ans gao PgIqatesquaigEhENcavifagpn bethahighly i assirdklsi gn:
(6) lubrication contam nation of the punped |liquid and punp surroundi ngs;
(r) high 2#putes cost; (8) space requirenents for installation and (9)
hazards associated with exposed novi ng parts. Wth the present invention,

t he af or enent i OfstmaNAAES ﬁ@e%irfétré‘ij'i'?l@ fﬁ?ﬁ'ﬁﬁP?ﬁt'Bécﬂ’UG‘PSé‘? festpithedhroughmitjul v
2003 whil e enhancing the positive features of traditional reciprocating
punps, suéB- deWHHGHOWRLIEHBHEHFrRely b the pigp of thegumes fivrhae! aap et sizee! thRe

reci procating punps of the present invention that have not heretofore been
avai | abl eSlpFEs G@&r dpivgr \Té?q’té’rb"ﬁbr SEIPBRAYNGTIHTUH 37® LYPRIRGYY %era@gua@ﬁﬂw%wowt e at
full design pressure, with inp rov%ﬁ eff|C|en%¥ é%? | ower heat leak in cold
standby fEHPPSY 9%%’@'@”%“&&0&”6&%‘6\ greappnovcand Bivs @ hisd r(oﬁj'”?'rﬂfmé%é%%?%ut put
pressure caBabl ity at QUced S d Prior gyt attsn&@s to rove

per f or manc® ?}f“ef‘é‘&flt?ﬁ @f?é'ﬂ alng CH" %5‘\9@' SHBRIY FEAUSIFY i én‘(%r) Y 1 3rre| Y,
modi fying the size of tradit sl ider crank-drjven reCI ocatin unps,

| nnovat | VeSS RIBRRE S Ry Ask? 396%%@&@%%5@% S

aspoct 1S ) Bryet Rl SERG B TP GURIURITaS) (F BRBVIEER B0
o ovi e, SRR R LR & TR O G SR PRATFY Cohe: Gurea Toots
provi de

penef 1t i 'Zgiﬁ‘é‘ar%r%g d%Ee"ﬁwh%ﬁ{?ﬁggfﬁ%g?é"&iﬁ%éﬁ?ﬁab”ﬁﬁ% e B
resul t rﬂéﬂwg L GaHTA Y aﬁ@ﬁ@ﬁé%gc'”gree% wa¥'?“n§fﬁb%'?awpoﬁgfﬁgiﬁ%@@%§°StS
et cas 1 LI RO R B c i B a8t P S AL PG F e
reduced 11 eLand QULLeL HAlY By Jeegﬁ}énsuéﬂpgr@ohgaﬁs&h Souevehe LR abgve

stated gains resulting arger punp

signifi Cafﬂ}ctﬁiﬁg%r%u%reét% )rlu&hgtﬂ@r mB%éW%uPr?»‘?t‘ &r%l/v Gbed m(tﬁé e!xﬂ hgasedpL! uid

| eakage from ed stream to the larger ' piston |arre er required

Lo De Seai@mefid) i [R7 e tﬁéerpoJeﬂ'%léaf?:ﬁ it »EJ}%&UPH REARIHY b motor

resultlng rom-t I'ar ger di anmet
current draw is the percentage of speed fluctuation. It shouid be noted that for a given

3.



3 July 2003 the required rod seal; (4) increased general installation costs
due to the use of larger-sized parts; (5) increased space rgqmyrmnts due
to the use of larger sized parts; (6) increased cost of spare parts; and
(7) increased cost of residual maintenance |abor due to |arger size and
handl i ng. The bal ancing of the benefits and deficiencies enunerated above
has generally resulted in a limtation on the extent of over sizing of

reci procati ng punps. Devel opnents in cryogenic reciprocating punps have
included: (1 ) enploying new dynam c seals, as disclosed in US Patent No.
4,792,289; (2) nodifying the inlet and/or outlet valve designs, as

di scl osed iflpwhise|Ridecarid hotor site, 192 sP8EY ridpld bércRhtagenttrbaseéthyaRe sq(&): dfewkiced
heat | eak designs, as disclosed in US Patent Nos. 4;396, 362 and 4, 396, 354;
(4) introdusgtioef desigrcpest tooedutet isppde) AdulitenalyTae essérapest dedressss, therability
reduced NPSH requirenent, as disclosed in US Patent Nos. 4,239, 460;

5,511, 955 aiithedmdith f&r2fh; prapetiy( &ol thetmotdtidesrgasashascoell. |'ﬁgaseéadftam smsbifi@to
reduci ng the NPSH requi rement and providing inproved volunetric efficiency,
as di scl oseckatarthdprirdita m0vNosdodn3gth, IpaciadnSbrabebndredakerbbh fe@is. thislbmiyer ,
none of the above enunerated inprovenents enploy a hernetic design (i, a,
no dynam c sseatsprbeiding lresepamapddpdwaged ohotan cpoliegdam, sigedikargly dver ditieg thetpuent
surroundi ngs of the punps). US Patent No. 4,365,942 discloses a hernetic
cryogeni ¢ puaotpr framk udiavgr elzengt the qalmpc Bywiseel. hatovaaver, taéset aperdal measures are
superconductive by virtue of the extrenme cold tenperature of the liquid

hel i um t o lespgngiyedtervitivee Other rdemisgn achipvé eedusied pempospelrd, sdvdraxctarisbi i cs
of liquid helium it is not widely applicable for use in punping other

flui ds. Assheafeticresier belt systerepr ptheomeahanidehspersiygéis rdistrhent usathods, guffemear
motor as a driver for a reciprocating punp. Application of this type of
driver to &opuprpbleas of infgessted vasendippaae an exdsbeive pealcloapiaiures. ze,

reducti on of power consunption) reduction of cost, reduction of _7

July 2003 nai nt ¥MeaicRomater appratienzlifew tugdgwp igracgtied, ﬁ?@ﬂloﬁa%@%@%@ﬁﬁﬁ?'b’l e
to achieve with traditionally driven punp designs, The use of such |inear
mot or dr i vEFssORfateR e EaFYEl8 Msles 1 7 exale 7ol Mistenvitie: held e taid Rrsckderet i ¢
punp designs. Linear notor-powered punps have been disclosed for use in the
down- hol e BUIMBFRE RMREAN enextizaiel wasielUdn semeewer and asidsaosiandgsenplication
4,350, 478; 4,687,054; 5, 179, 306; 5,252,043; 5,409,356 and 5, 734, 209. US
Patent No. bl4f%’V'nG@éfe%MCLed'1”8s%"se%c‘%\lé%'vealarcoalﬁba%@?@?ﬁ foReantigbelhenise oEApPKy
seals to separate the punped liquid fromthe notor's air-gap between the
stator and“? ﬁ%’“‘aﬁ*'ﬁ%tnﬁfeéise%@elﬁd‘tpéi’ﬁe Riotse systempreprges signi 93%@6‘CE§ spaseds and
5,734,209 disclose the use of seals for Rrotectln the nmotor air-gap from

t he purrpedCPmalﬁaées W?'%‘far{d%a'ﬁﬁ%we‘aﬁ’fﬂ & 84MPF¥ERGhs have the air- gap
filled with a Iubrlcatl heat transfer_oil. It should be reco

that virtually AfHrtBer Cﬂﬁ?‘g'eﬁ%rﬁ%ﬁ?&?ﬁ? W raditipral 5 %fé?ra’faémsmmwssf&@ﬁe?

t he | dth t d t f , hi h t t

e vent | SakeRle Ve B BB Rdea S s Sigon SHu | %@WEEWWE? hgugr%ﬁg?lr od
mbodi t f th t i

L near ot BPea e pﬂf’% ypéﬁﬁwv&eu& ﬂﬁv&gs"%seeﬁﬁet Oavedgfs éﬁr ity 8@@2@%58'? §£?Li9§ed

for use in ications tent

No. 4. 334 i%d? ”S?fa? S8R TR Sieadite™ 2nd % vBHS aw%%@w ST BTy Be

Patent No. 4.5 pt, t d US Pat ent
No. 4, 965, BRI SR WERRTHET e &'Hﬁggﬁaﬂ%aks A '”%g Egﬁﬁen??'o%& (flat af ace

I|near notors (

art teaches a h q’ﬁ%ﬁ En%u%%pr(?g%tﬁ%fﬂ?”g% pﬁ ﬁggweﬁrd 8!15”%”%159’3 |or
P oguet aChlB Yo ARl el ALl ool bR AERPHER) AlnetditaPL £5e0

I nvention roug hOUt P Catl on varl ous

enmbodi ment g, en@)er anfﬂ&éh%ﬁ% &B&&@EHQ e WRRdn N&k'sﬁg?leakggerggllg&mcﬁeés%ré he

di spensing ¢€
thereby causing these seals to wear quickly. Specifically, the backside pressure often is
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3 July 2003 reservoir chanber, or in reference to the novenent of the

pi St on éssenbly refers to the increnental change in volune P bE
fluid-receiving regions of the dispensing chanber and reserv0| anber
caused by novenment of the piston assenbly through either a dispensing
stroke or a suction stroke. During the dispensing stroke of the piston
assenbly the volune of the fluid region of the di spensing chanber
increnental ly decreases by substantially the sane anpunt that the vol une of
the fluid region of the reservoir chanber increases. During the suction
stroke of the piston assenbly the volunme of the fluid region of the
reservoi r ehaahebr iess tremeng aliny illecsresaes, thyredyksd=aaRg iaalery sighifics Hes I Nt
that the volume of the fluid region of the dispensing chanber increases.
The above- drgrassathé pistornegisabisdThiscinsan, inodasdrche aeRing Pistod ringevear ritbe
fluid regions of the dispensing chanber and reservoir chanber are equal to
t he increnental Icbhageouttet valvasen af retibeocpting pompsse tipicallyfitibiattivdied check

di spensi ng chanber and reservoir chanber as the piston assenbly noves

t hrough it sakles pespziciafy ségigrkie aanomsiditedine Bigh aielic ralespewt pured whildMedievirte
seal i ng nenber between the cylinder and piston assenbly is fixed agai nst
novenent t ¢he lbegesy bogsitds opedritingdifee Btill veleu methelcpispesidth dedigraviehest \dives aradhve of
t he piston assenbly noving through the sealing nmenber (in either the

di spensi ngfalurssiscifteohes temoke & at pumgs mak)ndtihe. dhesissigeepeahal tharedprotatiryat

| ength of the piston assenbly which passes through the sealing nmenber.

Ref er ence pompliebaretion'thereqlingt voitretat flow sdabrdtheiswepifaiume oighe pistonen the
various punps of this invention neans punps that are free of dynam c seals
bet ween t heupgegindef.| Bgadusemallardes swaptivelvmesaperaling ét aglowef speled rgnuirps a yaemi ¢
seal s are those seals between bodies that nove relative to each other with
a resul ti nghedigadpyigp sBeiaoa adigheneapitebtash ¢ hasibaen MiedPraaiiae te batatl e spradpenp
egress of a fluid froma pressurized area to an area of |esser pressure. As
st at ed abovperating stk highesheressiaarmisaibie, iaa dimitge dyiracipiecating ferqegnpistoniringi n
the scope of this invention between the punped fluid and the anbi ent

sur r oundi ngrgabrratqsr@dﬁﬂmfﬁﬁ reqyiremegtsJ $uph DGO SPERISCH PEEIMVARYE BGRITRE2GNVERTPI ON
Reci procating punps for uids include a cylinder having outer walls that
provi de a BosRECY %ﬁ@?\h’o?urg@hﬁ'ét'@'ﬁ@hfte havi ng opposed ends. A piston
assenbly has a dispensing end and an opposed end, and this assenbly is
moveabl y nount ed ISEEFTEH PHEVE GrEIPIAaIIY PP KRR SReR Ao tﬂﬁveﬁbegt@demﬁrht@a»ed

di rections between the opposed ends of said conPartnent A seal i ng nenber

i s provi defrWeRRE ttaﬁ’é'OB?@F‘BWOa%‘@@rPHWSaW forpe %“%FW%?I*“%H%?‘WF@%PW ain
a dynamc fluid s bet ween the piston assenbl and pi ston cyllnder as the
pi st on asséﬁ%ﬂctﬁt%%\’)’élé TRAEANH reHROERESFH TRt eT|903;Ctﬂ5?1ﬁ§P9 RERPS Of thepresent
cylinder. The sealin r separates the interior conpartnent into a

di spensi nglnaﬁatﬂsbm'ra%ae&r@é@mtrﬁ IHenat R Progating resian @‘HE%‘?“@ aeiugipg: (
generates a Ilnearly for nmoving th ton asse Iy

n na netic f|eI . p
in ﬁppﬁsegmlai’h%%ﬁ”“al? Wﬁﬁ@%ﬁs f '\/é‘l"%aéo‘fﬁ‘f"’r?lvl%ﬂon il f (ﬁ?ﬁtpa(%‘ﬁ%n ates
1 qui o & nt B RIS Bn nig e rietn da5hada f o BPYE apmCHionene lretemetthg
hanb h h h |
R o bl o L
Conpar t rent oy e ef Hidh Mbe] h@d?'@% T s 'aﬂ‘?%p%e%gq“%g h'aﬁﬁﬁfre%“%ras
h i d h
opposed + o Shr g FingRIRerd B éﬁ%ﬁ%ﬁ o 8ed7E el stk iG e an
Stor tng enerd ey i L EREHTT oS RRRERE R R B AR BRE PR Yol
the suctiop stroke aad:don.d to?&ﬁérﬂ%nwgraﬁ]b% R %nﬁ{hgymﬁrﬂm%ddor%\r%n%?ed

assenbly as t'hé pléﬁgn aSseng I'S nmove 'SpEnsI Ny St ok

the preferred enbodi nents of thls i nvention, the punps are hernetlc punps
In a preferred enbodi nrent of the invention, the energy storage and rel ease
media at |east partially fills the reservoir chanber for storing energy
therein as the piston assenbly -10 3 JHy 2003 is noved through a swept
vol une of the reservoir chanmber during the suction stroke of said piston
assenbly. In the nost preferred enbodi ments of this invention, the energy
storage and rel ease nedia are subject to elastic conpression or expansion
to store and rel ease energy. Mst preferably the energy storage and rel ease
media i s a gaseous substance. Wien a gaseous substance is enployed as the
energy storage and release nedia it preferably at least partially fills the
reserv0|r chanber of the cyllnder Fbmever mnthln the broadest aspects of

. I D o [T



In a preferred enbodi nent of the invention, the magnetic drive is a
pol y- phase |inear notor including an electronlc power suppI?
programabl e m croprocessor for controlling the operation o e pomer
supply to adjustably control novenment of the piston assenbly. Most
preferably, the programmbl e m croprocessor can adjustably control the
operation of the power supply to adjustably control the characteristics of
pi ston assenbly notion such as the I ength of stroke of the piston assenbly
in each linear direction, the tinme period of such notion in each |inear
direction, the cyclic rate of reciprocation of the piston assenbly and
speci f i cal Wile gENHEHIG thenpositivedeptyes Abtradibena %@'Pr@ﬁa'dﬁg PHBPHI S4HrPas8amb| v
t hr oughout the entlre at h of nmovenent of the assenbly in the opposed
linear di r&&fnemsIami¢ ed¢ENGY-point in time of that cyciic notion. In

addi tion, piston assenbly notion can be controlled to include variable tine
| engt h peri ods Eﬁ”%ﬂ’?iat’:ﬁsg%tsrﬁftth%rﬁcipéo@m@ PR SidRe PrRsERENRAtiPD et B?Veh'EPt

notion can occur at an atlo

Cycl 65,  ashaigeitrageet fialabg T A0 PHe Y T Py oot b TRl o at
durati on ol st r?e%&”ﬁraegw‘?thh“@%éq e nZ?S’ | Briet Bedt BRR e Fol A B

and di spensi ng stroke) so .that atl on of one stroke (e.g., the
SUct§on” st r8REs e Ui Erng 2pplsetss ae*fin@ B et o RS eSSt parafia
(e.g., the % $£n5|ng stroke). In a preferred manner of operating the punp
t he sucti off R8% of a | onger tine duratl on than t he d| spenS| ng stroke.
I n anot her prefgrred f oI 1t he |3vent| on r%ramm mcr $roc ssor

adj ustabl y cont F6P'€"t %fge”b%}% TPV P%H?rf%?"a{‘%e °fpr| %E’ ﬁa%'lgs%W%/hasVS hir (R
either is C OL | géou%aﬁo[qg% @Cﬁwnt' nr%'q]ﬁ%% SIZ-Q?J? raél ﬁonatl Ql?dgpegarnﬂéfng)gh %C(EJU cattlggn is

can be conp %EF esired trne

i ded
0w oo A0y, e, A BKay OO LA B il B ok
i ncl udi k I f d
[nel bl 0 e SHEL AT, She o O ?écﬁ&?ﬁaénnagﬂgébéepgs. 2 brelerred

provi des an el eghpcale { pedbagk hg%fa ind & 18 Rgpsq.g@mg%nk&.v&gr&g;@%?ﬁaor

of the magnetic drive System erre

iﬂ\éeg: ia'?(r)],rp%h létﬁ%ﬁ@{ﬁ ed ngéégcrg%@éyo '85%%%%]. ep%ﬁ%%%?%gﬂd&ﬁdc %ier an th
armat ur e b@"ﬂ%‘%rltpﬁke%nqgﬂﬁd?ﬁllgecﬁﬁé?&réémﬁ%Qlr}’ec'e rde E?ﬁplB%ﬁ?%?’ 8@&9 d‘n;!)n a

preferred odi nent o ntion erein the energy s
rel ease mg b:%afe"s @ngﬁé@s@y%uﬁwmh@%ﬁeﬁ@ef r@el%utq fBAL pmaﬁwn@a&e B/RGGY g
storage and reledse nedia (e. g., a spring, etc.) can be enpldoyed

for assi Stﬁw@%uhﬂe?; bt PERLE rofuiehes a¥livees beéaetehﬁﬂ@a B | r@Bué?rflg RRtdHPEON
assenbly in one linear direction and for releasing, or inparting, the

stored eneiqi feRufiAe rBIhARNASRARLY dabh TS UIRPRNBNLIIAs AN Hhedthenigh St On

assenbly in a linear direction opposed t0 one said linear direction. -12

3 July 2003p5p @qBfr&hent @%. erg@%ﬁne@nevﬁfontHétqélrécnvsm 'lrQ:'ﬂeas%d HﬁHthﬁH:fﬂmc' s
provided in commnication with a valve-controlléd inlet conduit for
suppl yi ng d#igeh&, §& ©hewBUEFRed operation and reduced inlet and outlet valve pressure drop
losses.
However, the above stated gains resulting from the use of a larger pump are
achieved at the significant expense of: (1) higher pump capital cost; (2) increased fluid

leakage from the pumped stream due to the larger piston diameter required to be sealed,

(3) increased fluid leakage to the pump surroundings resulting from the larger diameter of
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Most preferably, when a liquid sunp is provided it is partially filled with
the liquid to be punped and includes a ullage space with a”aﬁhﬁfﬁddﬁ
conpressi bl e and expansible nedia (e.g., a gas) therein to mni’nze

pul sation of liquid flowto the punp (i.e., permt delivery of liquid to
the sunp at a substantially constant flowrate) in spite of the fact that
the liquid being drawn into the punp is at a non-constant, pulsating flow
rate. For sone applications, the ullage space includes a thernal
anti-convection and anticonduction insulator material, and, optionally, a
thermal |y conductive elenent is provided for assisting in naintaining the

surface ofyn hey lirbd¥dlsddl (ENBcreseBY dEnefl RESHARM @dgfsvcfueitea?e Masts IBrRFSI-RR! V-
| | [ fl oat

the sunp includes a vent Iine, a valve and |1 qui or operating the

val ve to Rt @) hetdiRed sedtettelirdnitSeiBtodhe gséigﬁl:‘afg%‘#sf%le_@\ﬁgg.é;o(@) i 4sB8

preferred enbodi nent of the invention, a conduit is provided for connecting
t he di schal.geofdpare b4, BT ) irRreisBO bb N BF MalduasmahtepRn&d 1abbed flidnalglr svgh a
renmovabl e and seal ed connection. In another enbodi mrent of the invention, a
condui t i ssrRrafesl for connecting the discharge fromthe punp through the
sunp ull age space. In accordance with this invention, the |iquid sunp can
be conpletely fTid palaMéitdiof he Bdr@bistarideddigicpuidh ethupertsd a®o®é ihak RAheraapYy

ul l age space for receiving an elastic and expansible nedia. In this

enbodi mentre@iiteldne ailifi0bh 6 thetdkt@ df biamsiinebastiptoczonppemps bl e and
extensible nedia, e. g., aliquid-filled flexible bellows or diaphragm
accunul ator, i sDéidphRIinfsiel chidgeRioTRUNreEHing PuMipt haldtcludedr (10 enovidtensmnp
to minimze pulsation of liquid delivered to the sunp, i. e., provide for a
subst ant i alyhymeosesisand dikdiesedimue Fetert Ngu4, @02 089 (2heodifyma.the thikt and/od bilitiet 2003
In certain enbodinents of this invention, the gas constituting the energy
st or age andliveedexipes, aedisalosad irheSrRegett\Wist 4C192HSBSr 51 11956 anf 57 H 626 @)
conpartment is noncondensible, and is not a vapor of the liquid being
punped, anddidee hmatjeakniekigdesasmbsaieseton USupateyt Mags. #ribecialcdrar 486,354, (4)
controll ed anounts of the non-condensible gas to the punp. In other

enbodi nentistroduriggas sexnst {or uniitigie} hee-eompppsenocizaebaital foel redseeddiSH i n
the reservoir chanber of the punp interior conpartnent is partially
conposed oequiggpmant,afs digeoskd fquUUA Patant ijop el &th &, idr 25524 ridyS, 6 6P as exhdof) a
non- condensi bl e gas that is not a vapor of the liquid being punped, and the
punp i ncl uctesdurEFgnsubherolisgppEchanigmarior dschaitig Ml Stbraquokimedt ane pritviding

sai d non-condensi ble gas to the punp. For sonme applications, the gas can be
conposed smbeived gblumstrioeffienayf as Higclbsagind) DEktegt Paspbddt, Bo. o, pGedet ard
enbodi ment of the invention, the punp is enployed for punping a |iquefied
gas, whi ci®. 9% Howeyegeane af ihg abioyeentearaies impiadeneris @mpladerhermetiades
heatinsul ati ng means in the region of the dispensing chanber to maintain

t he |i qui dleaignali.degior@mamioberls &rpbe atmped ligwiddo meenanhipakeando the embientgi on
of the reservoir chanber to maintain the gas in this latter region at a
desi red wsHfCHeHPEY altthe #UBIRE)-t he pressure of the gas in the region of the
reservoir chanber is nmaintained belowthe critical pressure of the gas.
However, it shdd® Baiset NadhP&r.etodistatesinnUBEHF GRReRNGiPHM P IREUBNg fcal
aspects of this invention the punps can be operated with the pressure of
the gas i Fothibet @&drRIBRiNce RERPEEPNHEIGPOYatiiiFCtthe e e cald tpmesivie Bthe he
gas. In another enbodi ment of this invention, the reservoir chanber of the
punp chant8ridingayméeee B“rﬁﬁ?q-o%"%@@tqeéﬁ”tr‘??é’mﬁ YNiquEa th e BRLPUSICE CbiRt and
rel ease nmedi.a conmuni cates with the bell ows sectign such that the bell ows
sections in€lwgvEs TH Wiabharrlicablg farisedn pyTBRIKRYRLISST t he piston assenbly

to store ener in said ener torage and re|ease nedia. -14 .
gyAs noted earlier, othgyprlsor art%%s suggesteJt e use rgtaa linear motor as a driver

for a reciprocating pump. Application of this type of driver to a pump has suggested benefits

in achieving compact size, reduction of power consumption, reduction of cost, reduction of
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3 July 2003 ~ n a preferred enbodi nent of the invention, the bellows
section is an end section of the reservoir chamber and the %\ﬁgg% t or age
and rel ease nedia (e.g., a spring) engages an outer wall of t | ows
section. In this enbodi nent the bell ows section of the reservoir chamnber
can be filled with a liquid. In a preferred enbodi nent of this invention a
bell ows nmenber is located in the reservoir chanber and the energy storage
and rel ease nedia is a gaseous substance filling said bellows section. A
met hod for punping a liquid in accordance with this invention includes the
steps of providing a punp having a piston assenbly nounted for

reci procat iRgn{ERYSERAHd doplicatieh %ﬁ@ahéﬂsﬁfré\%u&ﬂﬁ%é&%% a&ﬁle\ﬁa \Ditﬁiré’ditlonaily
cylinder having opposed closed ends, the piston assenmbly including a

di spensi ng £ien B0%pARsIGRP OBRAURNE suBHe AR T A6 c‘%lvleisﬂ@a%rdr}évémw 5@3;5@199&9&"{&
field for reciprocating the piston assenbly within the cylinder through a

di spensi ng kK H&ﬁie@i@@n@n%lﬁéi'n%ilcﬁiuh%@em raS Refedar Wl pd Rl BLRGs RabEBLERNY
menber between the piston assenbly and piston cylinder to maintain a

dynam c fl yigtiszeakorket W88 dbRE-nBieAbiSSOTRhY wahd, & Sédseeh UsdeiteNdsng
the di spensing and return strokes of said piston assenbly, said seal

di vi di ng the3smird: i48870052p 810806, 506D 0434, S1EPSE Ag §7aabes. and a reservoir

chanber, introducing liquid to be punped into the dispensing chanber;

mai nt ai ni ng t he U guicdt NO. 4,687 034 disisdes atwa airgjeldesige thdt Baks Aot m@sy sauid ace

of the sealing nmenber and the dispensing end of the piston assenbly are.

mai nt ai ned tyksépratettiepdrnspd liduidiroaigs erttortshr-¢ aigihbe e the Beatslizpp s athtaiad

suction strokes of the piston assenbly and providing an energy storage and

rel ease nedi a i U PhzoaNoon, 350,473 6117903080 81261, 04 end toHES 4 st discless emdblise | S

noved t hrough the suction stroke and for inparting the stored energy to the

pi st on assefrbésls &g ptdiectipp sicomo@s sieighp fromsthepuaded hgwdigManhef diespen artrsgal

stroke. -15 3 July 2003 in accoronce with the preferred method of this

i nventi on, dekignerrevgyths tairgape fillatdwite|aeabdcatingi and sepr tangdedoil.n It Iseould be

reservoir chanber of the interior conpartnent. In accordance with a

preferred metdgmikeafthathiiualipweé rf trengfotanendineedypusp ppgreteaiudy sebreasedrirtha i s

a gaseous substance, and nost preferably fills the reservoir chanber to a

| evel such liglidthat tfeeymupus edd drdefofe, ehbieping rdermstesds! jo pievert. leakadedo dmair

opposite the dispensing end) is in the gaseous volune during the entire

di spensi ng aarderd sotroundingsr askdasired intthe prafetasherabartimbnty of the présenp inekriiareds

met hod i ncludi ng a gaseous substance as the energy storage and rel ease

media, a Iﬁqnbdﬁv&ﬁor interface between the liquid to be dispensed and the

gaseous substance is established and nmaintained at an el evation in which

the seal i ng nmenf&nel sleeli lifeasupiar-gid@nauiserepieying gdieamelis derjgn heve been

operation of the punp. In accordance with the preferred nmethods of this

i nventi on, diﬁ@éosgﬂé@r use Igarmeinder aharmisatiangestanasfey blegd REBWES /S Peeat Na.

provi ded by an el ectroni c power supply controlled by a progranmabl e

m cr opr ocedsti4, 18R)./re¢ ¥olviag, law pPrRsauEidas HpasierARSHEatiehs | Paf&@%N@ rﬂé@@ﬁé of

determning the posjition of the piston assenbly within the cylinder and

control | i ng §Aeepiuabdeyje-aeiinarrymmgreen &S iFataitiNg. AeiSditde apg norahermetic

determnation. A preferred nethod of this inventjon_includes the steps of

gener at i ng 9EREN$ Pﬁ‘@éﬂé’lnﬁ ROVFHG Aeltih &P NeREraion My BaPrhlarS REYAERE ¢ drive
rmat ur e, th the stator being | ocated adlace t and

enpl oying a sta gﬁ L
out si de of the 1l‘?yelf?rr‘-iaiir‘i‘“fdie ey ?J?JHE&C%*F&F RENEdiC SY fog 't
on the pist enbly insid |ston der t hereby. create an
- gap betibshar HECTARP R AEBry aimosibas Brv et o11es berers Sibq ai,eéeatr
the armature IP whi ch the outer wall of the piston cylinder is disposed.
-16 invention

As utilized throughout this application to describe the various embodiments of the

invention, the term "swept volume” in reference to the dispensing chamber and/or the
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3 July 2003 H preferred nethod of this invention ncnaes the step of

enpl oyi hg both a gaseous substance and an additi onal nmechanizcg| ia for
storing energy derived fromnotion of the piston assenbly in erther the

di spensing stroke or the suction stroke, and then inparting the stored
energy to the piston assenbly during the other stroke of the piston
assenbly. In accordance with one nethod of this invention, the gaseous
substance in the reservoir chanber is non-condensible and is not a vapor of
the |Iiquid being punped, and the nethod includes the steps of supplying and
di schargi ng control |l ed anounts of non condensible gas to the punp. In

accor danceesgintdiy ehaanhest ¢ronl referenpe o theveemantant of the pistoressenshipsedms & the t he
reservoir chanber is a vapor of the liquid being punped. In accordance with
anot her aipesenentdl chanrgenevoloes pf thpifldidirageiving meionsivéthgakispensing aharhibercamdi n
the reservoir chanber is partially conposed of vapor fromthe |iquid being
punped antbseg/opghamaen gaugeshbioseveroentf ierpitemawaesibh terayas eitiherta dispemsinga
vapor of the |iquid being punped, and this nethod includes the steps of
suppl yi ngsteare Qﬂias%iﬁ&wgﬁﬁge(:&wflﬂ@theedﬂsp&ﬁﬁa@nﬁgoi@ﬁ ofiem PisoRdepNblY ¢hayegdume t he
punmp. A preferred method of this invention includes the step of nodul ating
t he |i nea?ltye figidiregiomalhediseensieg shatopsriecremenialinarsrgasasdiaubsiantialntaey t he
nmoti on of the piston assenbly. The preferred nethod of varying the nption
of the pi%30H289LelBrthe YRIVME esthe Adidsegien ofthe Esprvel chaBbeTINGraREEse DU NG

| engt h of stroke of thef&iston assenblﬁkathe cyclic rate of

the suction stroke of the piston assembly volumeof the fluid region of the reservoir
chamber incrementally decreases by substantially the same amount that the volume of the
fluid region of the dispensing chamber increases. The above-discussed incremental
decreases and increases in volume of the fluid regions of the dispensing chamber and
reservoir chamber are equal to the incremental change in volume of the piston assembly
within the dispensing chamber and reservoir chamber as the piston assembly moves through
its dispensing stroke and suction stroke, respectively. When the sealing member between
the cylinder and piston assembly is fixed against movement to the cylinder, the swept volume
equals the traveled distance of the piston assembly moving through the sealing member (in
either the dispensing or suction strokes) times (x) the cross-sectional area of that length of
the piston assembly which passes through the sealing member.

Reference to “hermeﬁic” or “hermetically sealed” in referring to the various pumps of
this invention means pumps that are free of dynamic seals between the pumped fiuid and
the ambient surroundings of the pump. Dynamic seals are those seals between bodies that
move relative to each other with a resulting sliding motion at the sealing point and function
to prevent egress of a fluid from a pressurized area to an area of lesser pressure. As stated

above, no such dynamic seals are included in hermetic pumps within the scope of this

invention between the pumped fluid and the ambient surroundings of the pump.
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reci procation of the piston assenbly, the position of the piston assenbly)
the velocity of the piston assenbly and the accel eration 0f391m228@) ton
assenbly. A preferred nmethod of this invention includes the step o
providing liquid to be punped into the piston cylinder froma |iquid sunp.
Most preferably, in this enbodi nent of -17 3 July 2003 the invention, the
nmet noa nti uaes the step of maintaining the Liquid ieve~ mthe sunp at a
desired elevation. A preferred nmethod of this invention in which a liquid
sunp i s enployed includes the step of only partially filling the sunp with
the liquid to be punped and including a conpressible nedia in the ull age
space within the sunp. | npREFOSJRINGRWOFNTIEO Qe T@wect of the method of
this invention, the sunp is substantially conpletely filled with a liquid
to be di spensedcprstaiy pGapsTk 8dids inSude a cAinkdberdVMEolRer WaNsthal pdiReh agm
or other media is provided for mnimzing the flow pulsation of liquid
bei ng di eResEBtdriBE CorhhtnssHiRavidy BFsse Eedk. mesibied agderith Bad @ui@?éris% drec! udes
the step of insulating the cylinder of the punp in a region of the
di spensi Bad 6happsdedtcpdMmandihal dssER®N ik eHbveabip nhRinfdPign e cortlesinmed f&ol d
tenperature and heating a region of the reservoir chanber to maintain said
regi on ofncvaidnt Bsaipoeéd lindmuirettiont batvitasi the dppodai dreisnd saldWoendaptnigitnt ai n
at least a portion of the reservoir chanber volume in a gaseous state. Most
pr ef er ablysddtiag pnesiserrie ppbviddibbefagen nhd bstaresssewtly aodh dndbpistanscyiaddét @i ned
bel ow the critical pressure of the gas; however, it is within the broadest
aspect s ofairttding dynamaittiiuaisebbbatpesrathe pistdrhesshmblyasndpistesoyiiedertasdhe pbtave t he
critical pressure of the gas. This nmethod is particularly useful in the
punpi ng efsdmibuebredvitidrsthe alvdedribtegiopeomtparimest bithe cylipogre Mheakalinglnamiedri ed
gas In accordance with one nethod of this invention, a bellows section is
pr ovi dedséparstas therieaovaimpatimeemb eto & dispemmngihaatbieo anadva réseevodr dnyangieor Age and
rel ease medi a such that novenent of the piston assenbly through the suction
st roke ninves rhhgndbiel drivegesectisna lineart moging meagnetic Mietchfor enavingy thet pistwge and
release nedia. In a preferred formof this latter nethod, the bell ows
secti on Bssearbleindppestd lmeandirectiens: & ealveodantrohedringt candlit drenmnreicags sititbr age
and rel ease nedia (e.g., a spring) comruni cates -18 3 July 2003

the dispensing chamber of the interior compartment for directing liquid into the dispensing

chamber to fill the volume of the dispensing chamber as the piston assembly moves through
a swept volume in one linear direction through a liquid-receiving suction stroke. A valve
controlled outlet conduit communicates with the dispensing chamber of the interior
compartment for directing pumped liquid out of the dispensing chamber as the piston
assembly is moved through the swept volume in a direction opposed to said one linear
direction through a liquid dispensing stroke. An energy storage and release media
cooperates with the piston assembly for storing energy as a result of the movement of the
piston assembly through the suction stroke and for releasing the stored energy to said piston
assembly as the piston assembly is moved through the dispensing stroke.

In the preferred embodiments of this invention, the pumps are hermetic pumps.

In a preferred embodiment of the invention, the energy storage and release media

at least partially fills the reservoir chamber for storing energy therein as the piston assembly

-10-



with said bellows section, In this enbodi mrent of the invention the bell ows
settion'can be conpletely filled with a liquid. In one enboq)jjmyné (%f a
met hod in accordance with this invention, the bellows section 1’s ?ocat ed
inside the reservoir chanber and is filled with a gaseous substance, said
gaseous substance being said energy storage and rel ease nedi a. BRI EF
DESCRI PTI ON OF SEVERAL VI EWs OF THE DRAW NGS Figure 1 is a schematic,
sectional view of one enbodi ment of a hernetic reciprocating punp of this
invention including, in an enlarged view, a portion of the |linear nmagnetic
drive; Figure 2 is a schematic, sectional view of another enbodinent of a
herneti c issooyEddbELighg speppvdlumacidbe deroeirnghambehdgingivesitdtion strékegofrsaid3 i s
a schematic, sectional view of yet another enbodi nent of a hernetic
reci procapistip gagsembiyn accordance with this invention; Figure 4 is a
schematic, sectional view of yet another enmbodi ment of a hermetic
reci procating puimp niast prefeoredaamuedinartts ofthis inventiorn, thergneRiygicoragd And selease
fragnmentary sectional view of a nodified reservoir chamber arrangenent in
accor danceegia ére pabjeciioelastic earhpréssiemor efpaasiosrtoretore ane odigasecatsrgyy Masp i n
accordance with this invention;, Figure 5 is a schematic, sectional view of
yet anot hereferablythegnergyoftorag endrigiaase mesiaie e case s BbaENtaH \Wbeoadganemiswi t h
this invention; and

substance is employed as the energy storage and release media it preferably at least

partially fills the reservoir chamber of the cylinder. However, within the broadest aspects of

this invention, liquid can be included in the reservoir chamber at a level such that that portion

of the piston assembly in the reservoir chamber is completely within liquid. In fact, in certain

embodiments of this invention the liquid can completely fill the reservoir chamber.

In a preferred embodiment of the invention, the magnetic drive is a poly-phase linear
motor including an electronic power supply and a programmable microprocessor for
controlling the operation of the power supply to adjustably control movement of the piston
assembly.

Most preferably, the programmable microprocessor can adjustably control the
operation of the power supply to adjustably control the characteristics of piston assembly
motion such as the length of stroke of the piston assembly in each linear direction, the time
period of such motion in each linear direction, the cyclic rate of reciprocation of the piston
assembly and specifically the position, velocity and acceleration of the piston assembly
throughout the entire path of movement of the assembly in the opposed linear directions, at
every point in time of that cyclic motion. In addition, piston assembly motion can be
controlled to include variable time length periods in which no motion is taking place. These
periods of no motion can occur at any time or location within any cycle, or between cycles,

as desired.
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Figure 6 is a schematic; sectional view of yet another enbodi nent of a
hernetic reciprocating punp in accordance with this inventi%qh"-ééb3 3 July
2003 DETAI LED DESCRI PTI ON OF THE | NVENTI ON A reci procati ng puwgl n
accordance with a preferred enbodi nent of this invention is generally shown
at 10 in Figure 1. The punp 10 is a hernetic punp including a piston
assenbly 12 located in a mating cylinder 14. The piston assenbly 12

i ncludes a piston 13) and the cylinder 14 includes outer walls 16 providing
a closed interior conpartnent 18 in which the piston assenbly 12 is novably
retai ned, Bushings 15 are provided for supporting the piston assenbly 12
fromthe inner Ywegyefesed {He o thedpvemapn. tﬁ%p@sranﬁf@a@y|nw<ﬁfe@rrocqsﬁommp@tably
permtting free notion of the piston assenbly within the closed interior
conpar t mengont®isghe §@eduefiPn Atirach strpke efise PSS a8serabls (¢ gb ecedrD stickmaad
material with a low friction coefficient and acceptabl e wear performnce,
such as a @spgsiastrore)sedpt hsrtiromdyption Hape prrkeded: . ARf B4<TiaN stirksvisdifiesend dry
| ubricant transfer filmto the opposed sliding surtace. The use of these
latter mat&pmaihg tong fHisiipe of t”l’?eo"ﬁébatr‘?kc?r(e&mtrgﬂ'ﬁ@%’@eﬁ&kﬁem A quipfgrred

| ubricant with the bushings. The bushings. 15 may, be nounted to the cylinder
wal | or pi BRBRCASSIRBAYI e riay F%?UCAO&SH%% X ?%@eﬁame?urifm fpar the

i nt erposed between the outer surtace of the piston 13 and the inside
surface of YIERENSNASHRMEr 14 to divide the closed interior conpartnent 18

i nt di i hanb 20 d i hanb 22. is.optim

L0, 20 PeTel R CRIDSL. 0 200 RSO ISl 22 T 0Bt

i st | i, nb dur.i d d d f th i st

0 Ston oeaLi gL AEARGE AU Las, unarc, 305, UDUBES, IOVETTA Pl LGS O
desi t i de thi | i f ti ill b i t titl
deston 0, B BRI DREL IR GBS Bty ouPol B SRR

eal i nhg,.f unct,i.on_can

b d f this, I i,on.. For. I h

o oacloe! (B0t o o e RO 8 BB BB gk OF B0 ARG

Noreover . S5 Piig BB ESRE] BeBHBHY SuertRy e AAATARER rishih S g

2003 eith he pi , i . h of th I -

2O e ety BB P R A DU b Qfa BRI of Lhece farter-tuo
. e . . I vl i 14 i

eqi on i n uhi chCHEC 8 S 2ghiaR SRS ek, B el oA osha et et

bet the Di . ' ¢ ! . o

D e BBk PR BRIk AR RN iy d P UL B OUELA S e,

pi ston seal er 17 is a dynam c seal) and as such will operate with

sone smal |l controll'ed Iiquid | eakage passed it as dictated by the direction

and anmount of dj.f j YW : i hhdsinal i to
A oure i the onhetEetddnBl ERBumeh BRI GREATR oo AbUhdigdRl ok A

pi ston asseublyr ddd bnaNWAH theTstdtEChEaRP SRRl dRANBRY oAlADoCRRLfiihp axi s
27 of the piston assenbly 12 and mating cylinder "14. As can be seen in

Figure 1, thiaqld G the bnBerdbRE besRbYnshé Prstbnaéyée 'bgahga@;esthgrc‘ypndelae

di spensi ng chanber 20 of the-cylinder, prefrerably in'a region bel ow distal

end 28 of the pjstQBrR28eMbotindett oRREFIVEMRR WerePUAD BRergl St shetiHaGERabde
cl osed end 24 of the conpartnent 18 through inlet conduit 30 and exits the

cl osed endmykhnighagudl Sibtanduil adRtionkHEshaRREl dHetdyedtorbb@Bhd FepBsk Madia
interior conpartnent 18 of the cylinder is controlled by inset valve 34 and

outlet val (\é‘?‘g?@sprrr@,sl&ﬁfé{rvk,\/@b% carlPb@ERPRPEYfor bEstHE SEthy Qidragdeidpergy2irived
i ncludes a |l ower section 38 having a cr osssectional area corresponding to

that of theodinsdiensfhe pritardsesmBl).in eidindsr diepsdn artitbae@ading et timpartidg ted
greater cross-sectional area.
stored energy to the piston assembly during subsequent motion of the piston assembly in

a linear direction opposed to one said linear direction.
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In the preferred enbodi nent of this invention, the upper region of the
upper, enlarged section 40 of the reservoir chanmber 22 thatgigyabgye the
top of the piston assenbly 12 during the entire | ength of t%e ﬁispensing
and suction strokes of said piston assenbly is either partially or fully
filled wth a gaseous substance. In the nost preferred -21 3 July 2003
enbodi nent) the upper regionis fully filled with a gaseous substance;
however, when said upper region is only partially filled with a gaseous
substance the remai nder of said upper region may be occupied by a generally
fixed volune of reserve liquid. In accordance with this invention, the
gaseous substdnce pigfertadcemdedimeardpdr thishimvention,t BeliquidjuEudn ds eoyiderbdnl, or
a different non-condensible gas, or a mxture of the twd. The gaseous
subst anceommunieatioppéth & egjyeaodiolied énletvondyjbir serrlyion ligwd & thermimmeser voi r
chanber 22 above the piston assenbly 12 provides a degree of elastic
conpressibiIitMOﬁmﬂﬁ@wanWh@IFWQW¢SWﬁD@Hﬂﬁﬂdﬁﬂﬁiﬁsaﬁﬁgsﬁﬁdewwhaﬁﬂwédabove
t he pisfon assenbly 12 t hroughout each piston assenbly reciprocation cycle.
Still refherpunmmpdiandineudes alullage epagspydin anegidsiic geapsrssiieorndexpassiblie metiand
shaped to mninmze pressure changes in the upper volune during each c¥cle
of the rdeigprdEsl theteipiashbiniae selagliap ahbesidAowNe e pirap éreatejmitidgévery o
tenperature of the gaseous substance above the piston assenmbly 12 is

cont r ol | dgUiBye WeseaP at psHaF B aenstanh iqvpratglimeritePfthrlapitbpdhe iradd Raindime
and pressure within the,ggper section 40._Thﬁ\particular heat transfer
means t h&F3WR iNdpHIeRMEer Bt S Neercacsiadt iptiseinG 9% ftBat i on on the broadest
aspects of the present jnyention, and can include any one of a nunber of
di fferent heatr¥ FaMERRPICGHRNSC K WIRSH SRACE NFeTER 211Ny MahBNhCANECEmANG RSt o
persons skilled in the art, For exanIe, t he heat transfer npans. 44 can

i ncl ude SPBEYGHPR NSUREAMAYY b I2BRetRiENaY of TrermBRllyLoRAVRNE StEMfgt BING e dfRbi ent
convection systens, etc. |f desireé% ?r,req%tred, a gas input valve 46 for
cont r ol | A5 SUPRIMYRHTNG e syHEeH NS (BYE Ahe %Umpoatt%%est'fﬁa eVgHedi on 40 of

h ir chanb f the cyljnder 14, and . | valve 48 f
Cont 101 L1 ng. { A% RvAPY oo EHEP RN Gabiioanve™ P AR G Ao ipes PELtd on
b | oved, based an the specificati f the Liquid bei d,
Cuch as. HEVATG i dovai SPAREdT U subE AL dRarisieftigredsure. - 59 8 guly

2003 Still referring to f=i th 10 i.necl ud L] | ti
i ve syst om dBREARPYSH HaPELPEa i R sProd e PR RiralREs ¢

52. [ I I dj h | 1,16 of ' | j nd
S o A T WS Bt PSR 0 ehPo il £ B ol PR "
assenbl y 12r The %ﬁgkor 52 is the source of magnetic force applied to the
pi st on aésaﬁﬁﬁ§”ﬁ to effect reciprocating novenent of said assenbly. The

52 i ity of ot ] . I ' 54
hosser oy coRATH LS B HEA T AN LoRbloe S0 LopRepdiyiccs 28

(prefer ag%hg{g@ﬂﬂgg“fﬁ%mﬁ%@ﬁ f/%g'ﬁﬁﬁ‘ii% e ?ISHJ% t he soft pole pieces and

coiled wire wn e ‘general i'n shape) and are stacked

alternately alIRQ&&%G@%rt@I:seirﬁ\@nﬁoerthé i i@&@%?%a?%%a c;gg@ge?élg?i%d with G{ccat es

a linearly noving nmagnetic In'the direction o procati ng notion

of the pIiﬁ&iB’be?ﬁ&@HPIdeJs%, a2 efitingte Y DL JERGRRLI o F%&%’Iﬁnd %n(éﬁﬁsgfc%é)y

nodul ation of electrical current direct’ed to the col WTe w ndi ngs 56

through %kE&IsIBI&ﬁIed%Q’WHﬁ& &fyﬁoc@ﬁeﬁt‘)& E nGehtich éﬁ'aﬁ&ﬁ&ﬁaﬂ QIsES cANErROMRS

supply package 60 of any we own design. The electronics and power

supply p%‘ﬁ}ﬁaeg@eré%le Wde! d 1€29001Mkd 9ExiBleSHIbWRI ¢ RERFEG 4L MLRG PRt of
(not” shown) of

an external m croprocessor conventl ona esign creates a

modul at ed, £00tHalin @bm¥RINRa8, M tihd RAIBPEYhE QUG AL bGIssid SMiqui t he
wi ndi ngs of the stator, to thereby create a linearly noving nmagnetic field

I
10 reci pHRR@Ered td thadubh M caATPEIR tor &?sub&aﬁrm?_%@elstbmnw rele bERJUI@ Mo Met hi N
the closed interior conpartnment 18 of the cylinder 14. In particular, the
nodul at edypmgnetic field of the stator 52 reacts with an armature 62 that
constitutes a portion of the piston assenbly 12. Still referring to Figure
1, the armature 62 is conposed of a plurality of permanent nmagnets 64 and a
plurality of magnetically soft pole pirttes 66 (preferably of iron). The
per manent magnets 64 and the pole pieces 66 are generally annular in shape
and are



-23 3.July 2003 stacked alternately over a center arbor 65 along the
center line axis of the armature. The stator 52 and the arna% g Gﬁé
conprise a poly-phase linear notor, and the interaction of ? e
magnetic fields of the armature magnets and the dynam c stator magnetic
field creates the driving force for reciprocating the piston assenbly 12
within the interior conpartnent 18 of the cylinder 14. As noted, in the
preferred enbodi nent of the punp 10, the stator 52 is nmounted coaxially
with the cylinder 14 and external to the outer wall 16 t hereof. Thus, the
stator is not metted by the |iquid being gunped or by the gas contalned
within the top %WIWQRWB?”"F H@h@ﬂ"eﬁﬂ‘& W@aétﬁ?ﬁét't‘t“ﬁ@tb‘i? STYRY slossAng 12,
The annular gap bet ween the outside g ter of the armature 62 and the
| nsi de i SRS MSFIa frb s APV CORPBRIG AT VIR GRS TS SoRo T or ce
are concentrate nown as th illustrated at 68 in
the fragnmd&wg@ S8 Ferm a1 teravigibtia pdmphand HirpiIre e ceR N

is located in the

Fi Int t

o e 66 S 9!5%%5%36&@@@9?% %@?@5&3%hﬁmnﬁaﬂs@%@eﬁaﬁamwmm an

alternative ar not | ustrat ed tat be nount ed

i nsi de tlh\e cyl rh‘?i r@éﬂ?'@s 5%&%‘?%‘5'[”%&\578@”5'{9% r%?‘?r%l{%’éll?@ﬁ? ”?egj'q Bss
f d. b t th t 52 id d/ t.h

e gk gt 2 e o R iR gt

14. In vigw,of. such expo atlb est shed

veiveen s“gwa?’swgeawggﬁaﬂ?e bRl SphRossT i gt Si%é%%{?“éb'sﬂOf %lvwocsg. g
The Seat o B BB RN ASH 4RE TR Wﬁé'@e@ﬁ@i‘“eﬁ“%ﬁ%%%w&ﬂme ds g "
10, a mag(p r%ﬁecf ac%épr\(tgo R§ nB Sc'oHi t{lgﬁgﬁﬁﬁjﬁe o OrFfi%o’-n% a?%ﬂ@a@gaéﬂe

non- cont act reélati on |p a j-acen € p|

assenbl y d&%stta%@érepgoese%@o | PGAL SR T SADRGK 19 gbmggghemtlca"y

i ndi cate fesentat’i ve o |on a ocity of piston 13.

Thi s T eedback ﬁ1' %f(\a/v% %%F%&Fn%ﬁ{ﬁqpe?nven et@%bgrﬂé”scgmgﬁge@? ! )S;J'T'r?#)lthe

control package en no ates e an requ

current dlg%t%ﬁ%&ﬂg?é W&rﬁ&lG{%h&'B% aeégg%éj(&%}/ i g%?ra%dﬁﬁe @n%@?m%ﬁﬁ%% at-

wi ndi ngs gyl ng S fed | '00 stemis red

in this 'ﬁ thg%ean%'u%% @]Sn[ggﬁgla%pénaﬁgg tfe’ﬂl’tﬁrg cfﬁa e hgﬁg 'ZHEE*Fe%, of

the magneti iving syste wever, 1t s rst

el oy ngody fuandbacke SYPhEMh: Tk 1RBIALS 4 tgf‘%e%lrc B! S9N dtamﬁe of

operation wt a position system al so can be enpl oye
accor dancg, whthis 1 e PSSt d@s?rB@%a?’mchemeFa?uHe%\ﬁ@%é ?Fbssn’ﬁ% df't}luéJéésr Akpd, the

punp 10 i's shown in a substantially vertical orientation I's nost

pref err edqgldpney fe: re@@be?tdhgﬂwbEF ermqtamtanwbteqo@»a&heoemeat aitésamrel @r fPergad ted
to sonme degree as long as a relatively distinct interface 74 is nailntai ned

bet ween thgybiduit dnaid taasndebassas et i Becdridrel with %nm@éaém%%éés ok thife
cylinder, and that interface exists in the reservoir chanber 22 at an

el evat i onnglriibh i pompPQeDe dRribs Wi tHeeRbédig: BRABEES thihe tékePRirtdrakcar, an
orientation of the punp operating axis 27 that approaches hori zont al

Creates aildrabod tHeQ§|§CprrQ;’g§ré°d5fqm the reservoir chanber 22 of the interior
compartment 18 to the dispensing chamber 20 bel ow t he piston sealing nenber
17 and ul ti mat glayother éMBod@Ekt i thiSaHtion Ahélrg VbR ¢e4raBsH dbihetduehdirshdar 13.
This |l oss of gas can be initiated by an agitated m xing of these two fluids
(gas and ihtlgaess bdllswe gk aibetherah e tidendpdsdtongs aad rofghseeiedes cotmmuitatesng
above the piston sealing nenber 17 occurs due to the notion of the piston
assenbl y Jith edelidves seetibosuddfthathiee belonwdSedtihstiombhed in resdorise vethauanty .
Downwar d | eakage of this gas and |iquid m xture passed the sealing nenber
17 Wil | rasketof #w pisten pesssbly & stofd @feegy inadaidenagpsveagd srbkiaage maxder i s
di sposed for fluid | eakage in that -2 5
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3 July 2003 direction. Any gas | eakage into the region of the dispensing
chanber® 20 bel ow the piston 13 wll exit in the punp dischaégay?ﬁbganl Such
a gas | oss necessitates gas replenishnment to the upper section of the
reservoir chanmber 22, which conplicates operational control of the punp.
The perm ssi bl e degree of deviation of the punp operating axis 27 fromits
vertical orientation is a function of the relative density ratio of the

| i quid being punped to that of the gas in the upper section 40 of the
reservoir chanber 22, as well as other variables, such as the length of the

ke of th [ I h | i f .th ke..
b eci §e|°| ¢ oo R SR e s o be ﬁﬂa‘%ﬁoghﬁﬁaeffeﬁfﬂa%%{ori%arfl%fﬁcﬁfwsﬁtoa
B ot e s L S L
10 i . gt . . . .
DU, 10,13k SR BB LD P P SRS B B Yl ©
accelerag&ggﬂ§$cggggg®¥%wmqgﬂééggr limt the perm ssible deviation of the

punp operating axis romyv ical. In the nost preferred node of
operation, t heln’?mé?ﬂtecl bﬁhgb%ﬁ%ﬁ? of HLhl@fRn 4 bhy @h@%!ep%dlogété{g'imﬁé y
menber uring t g € 0

above the sealing e entire recﬁﬁrocatln stro t he
iston, i . . | M .
rember 175l e Eod fRher e AR cheafe Lo BBl Fbolplfe AR ' 10

reciprocqﬁﬁpbgﬁ¥M§£Emﬁ{s proxi mal (upper) and distaff (lower) limts of
reci procation. The inportant feature is to preclude the gaseous substance

within the res,gzmég@ordfg%,ﬁ% ggqﬂa Lﬁg&o%lnkél Etﬂiéirf\feﬁ%m}élwgs pRsagsk the

seal ing nmenber 17 into qul el ng punped from the di spensing chanber

20. This 4:$r&G&th %%nﬂyhé\m&é%ismrf‘%s@hdyerﬁé&ntgg%rlr_Q FoctlitPmbYeMEnt iR

sealing nenber 17 within the I'tquid phase as the piston 13 iIs reciprocated

in a di spehsiingefbr DELNREA | ‘s?forpéyﬁﬁ%ijé?afl\a\@rlbdoﬁﬂo%@'clo%&me%és,Qﬁe piston
reci procation. -26 Jul'y 2003 The ‘optimum ["ocation of the interface 74
i s depend@Rbr@fY ihdBdiAG bW perBiRg ichb GakiPNspREbed BRd | detidlAinB el MBaRYARRShg | N
particul ar, tenperature requirenents for the liquid being punped fromthe

di spensi ngagRaThaR fot Ze@BdcdtDg tRSISHASERUTIPWRSH BCH linder tHIBudPEEpSREG on 40

of the reservoir chanber 22, relative to the acceptabl e operating

t enper at wheké bl bsuefiort kel REPEctivSy afteviting aadempt g renfbdr bafwRehithd beadn
factors that need to be taken into account in properly designing the

| ocat i on 8berhb® ahd Glstahl @asidr id Pahatea dfnamhioNdidisbel detigthebistdteaseaiban
assenbly 12. It is inmportant that the pressure of the gas and liquid within
t he reserandipisteheyibedr RAnd therdispainging edld aétuh $teakek of eaia pitidreaddaaiblyt Reidnet

|l iquid | eakage past the piston sealing nenber 17 during each cycle of

reci pr ocakbangjviting trerinfesorsathsiagificntintoya diepansinSpaambecahd ¥ resefvoir chawmsar d, or
| i quid di spensing stroke of the piston assenbly 12, | eakage past the piston
seal i ng reeroiecing Tiquis tapavauchpetritd eheadisensinpwarachber, mattamatg the ligtid okine
(suction) of :he piston assenbly the | eakage is downward, draw ng on the

| eakage roghietevei a legé! surly thiatia Téves w4 denty trabamaéng e mbies tioa theedispemgingemider 17
during the entire upward st+oke of the piston 13. The particul ar hei ght or
vol une ofoftthe digak ageemilg eareaneaint@inedi withinl tF6 lignidt theougeselr thei lengthaofbie 22 i s
not strictly constant, but does fluctuate sonmewhat through the progress of
each recidmpeosing agd syatibe stodkes lwéthpipstamassssblylzing ptvididy aremergestopgstaoa

| eakage in each cycle results in a tine average liquidlgas interface |eve
that is meleatemediadi afpcation oastbiimpendrgewherathegisipagesdnedels mbad themginns
substantially constant in height. O course, the instantaneous el evation of
t he |i quithi gestion atrelef ansidorrimpaiting the gerededefoaltd thegristnalebserdele as thef piglenuat i ng
| eakage passed the piston sealing menber 17 as a result of the

reci pr oc &5p@rgivdt Meredihreusd the disoansrsermrey 12 through its stroke |ength
and the resultant fluctuating pressure differential -27 3 July 2003
across said sealing nmenber. However, as stated previously, the tine average
liquid/gas interface level 74 is neither using nor falling. Control of the
pressure of the gaseous substance in the upper section 40 of the reservoir
chanber 22 to achieve zero net | eakage of liquid past the piston sealing
menber 17 may be acconplished by several nmeans. In particular, the pressure
is controlled to a | evel approximtely m d-way between the liquid inlet
pressure and the liquid outlet pressure of the punp. 1l/ariance in the
pressure of the gaseous substance in the upper section 40 of the reservoir
chanber 22 affects the rate of liquid | eakage past the piston sealing
menber 17. This | eakage will occur at potentially different rates in the
upward and downward directions as the piston assenbly 12 noves downward and

o Y o o .



~29. 3 July 2003 The gaseous substance existing in the upper section 40
of the reservoir chanber 22 above the piston assenbly 12 ha% rgy
storing function. In particular, upward notion of the piston assenbly 12
through its suction stroke requires little nmagnetic work input to draw | ow
pressure liquid into the swept volume of the dispensing chanber 20 bel ow
the piston 13; however, the pressure differential across the piston
assenbly 12 requires a notable input of magnetic work energy fromthe

| i near magnetic drive system bO during the upward noti on of the piston

nbly 12. On t j ' [
g?:gsurg deve|oBH%%8ﬁgBﬁ§aﬁﬁﬁ%%@gﬁ$%@?§“8§§Saﬁﬁﬁﬁgﬁkg bﬁk%%gﬁa%tpﬁggkﬁguid
di SChf’”9esre‘ié&%ﬂﬂ&'&%{#rﬁ&idé{%"tﬁe$Qsen¥o ahfer Bt B e fd dorfiRdtind fiPut - The
wor k i nput provi ed rrng e downward, or dispensing stroke of the piston
13 i i ded ' t [ l:.d
52 and the st at b SE81ag Wi PR o s AR R a1 BbE Y ©

re- expansi ap. Qf e aggg@swbgeﬁe@%dm @?&S%lh'ﬁl@ﬂﬂ@trﬁ%‘?\ﬁdgr %?}%gﬁ R, 40 of

t he reservolr chanber netic energy I hput ring oKe of the

pi ston_ asseObloyed ol H8bobseSet Bkl Biskdies 8RB0 YR SHDSLABGS LN AR

section 40 e reservolir ¢ 22 as preSsure/volu energy |

rel eased back id iR idGadabsd MlurAs B6MHY e Latird WidBBsih QI SndVRSH ERK&s of eSpiBBRM TS
a nomnally édal %ﬁ%ing o? themﬁ%g%etfc a iv?ﬁg 2ysten158 oﬁc%ofﬁm%he
upward and,de ard strokes of the piston assenbly 12. In an alternative
enbodi nent, a st'orage of potential energy during the upward, or retracting

suction stroke pfin BRrdeRBth8S FRINBINY aldasedls BehdsiHeasafle RYe Ry GRREE 24 ON
spring 78, either wwth our without a gaseous substance, acting between the

upper i Nneys|RRE rigdrd acnauie)fva%dl&}ent%édelrtsmeérﬂthemquia IftﬁbéJBiB Ens@l aREMd §Reoa8d
y

surface of the piston asse . It alsois wthin the scope of this

i nvention ¢ gsisee SUMRLMHRREnERRBhEdk: ardiGkibh FalnieH thEREMR erBDETS3Ily
storage conponent in place of, or in addition to the conpressed gaseous -29

3 July 200q, ¢t @nsen deskduidesinanebpsation oHpveYap. the use of tnese

alternative storage aevices is not as preferred as enpl oyi ng the gaseous
substance in t hg JddpRean@aain tad Heferel MdiBodses eliyialéntiehand etep 22gerbligtingand he
fact that inclusion of these added el ements create added conplications. It
shoul d be inekad nidvirig hhgnqudreidlie droviéerby dartetrohiciponke sopsy contedirargds
enbodi nent of the invention is configured to elimnate all dynam c seals
bet ween t heoptampesblé nteroproasskot.he anbi ent surroundi ngs of the punp, to

t hereby provide a hernetically sealed construction. The dynam c seal s

enpl oyed i n priApredgritedderthod sf tid intentipn enchunteseige sies of detefrhivind the posidon
pressuri zed area to an anbient area of | esser pressure, between bodies that
usual | y cooittlee pistohaspereldg uithineitk ¢ylindel saddoatra@lingthebhezoly melireg magnéte fedat h
other. In traditional reciprocating punps, the stationary body typically is
a punp housiregposealo taatidatbeninaionng body is a piston rod. The piston rod
enters the punp housing to deliver nechanical work to the fluid. The use of
such dynam ¢ seAlpsefesed matfiothefgtisfim@mtiomacheeathd stab$ pf geradraithovtheilianggy of

t he present invention. However, in accordance with the broadest aspects of
t hi s i nvermpyng agnetisdieldmitbcetlinagr pagnedic drive eToployieg aistaéel and abyeathes, mithitice
punps. The reciprocating piston assenbly 12 is driven by magnetic |ines of
force, whisthtoaeingriogaiceddingee] and poisitggefethe disrearnylindgs addse pubwdanbdie. |1 n
particular, notion of the piston assenbly 12 is made to occur by nodul ating
mul ti pl e extretuiabeinagsetedeniihe pigion arhembly dnsidet thewisidn eiadento dreraby aiggiret i ¢
fields is acconplished by nodul ation of the electrical currents producing

t he magnetarcaif-pen dwaeritheinner sodadea thenstpler and thevaltersivriece ehthe@rmature lie

pi ston assenbly notion, which includes variable and adjustable control of

t he | engt Whieh theeoutervealirof $he BiRlensYlindeeisgiisnasadassenbl y, the cyclic
frequency of the piston assenbly, as well as -30

-16-



3 July 2003 the position, velocity and accel eration of the piston assenbly
t hr oughout the entire path of novenment of the assenbly in t y?

| inear directions at every point in tinme of that cyclic nDtlon

preferred node of operation, the linear notor is operated to prOV|de
different tine periods for conpleting the suction stroke and the delivery
stroke of the piston assenbly 12, respectively; wth the suction stroke
preferably being slower than the delivery stroke. In another preferred node
of open ation the programuabl e m croprocessor adjustably controls the

cyclic mveﬁentéﬁgﬁrw@u ﬁb@ge%fﬁﬁé,ﬁualuxn?m{ggekné éteﬁbmﬁaoy.ﬁ rodg%%gasor

di scont i nuous S operation o € punp can 0 t hat

a pause "'EL{ESQ{]AnQE'chﬁ af 8. nt‘i”cﬁ%}ﬁw@%éﬁ&?m@&'ié%rs%np%ngfg‘}‘@eQ%f?ém HREbRPY e

| ocations wt n any cyc he piston asse Of between successi ve

cycles of Jibgn Bssdnly mﬁahhxdls?aﬁéhgwdke o'rf?ffé'ér!:@h&gstﬂiﬂ@ Mﬁér@’i’ﬂnp%‘?tﬁwg the

di spensing stroke. As noted earlier in this application, in accordafice with

the broadegtrcaspRedyStothe bidioh és@g.eﬂstyldmng e J;thafeaFomf@rﬁe pisioh Qe bRe
programuabl e controller, can be enployed to vary a nunber of different

attributes of tjeadtbfHRe IABEHRY Wi Mhis RRlcHibh Gt sEbLgéJg@os?anc@ ,ﬁ%@nd
enbodi nent of a hernetic reciprocating punp in accordance with t

i nvention @sddbibshdride? s rdn- éé%@enaa@an@rsmefé GapgRef ﬂ%ma@a bBiEg BY ea,%d tfe
specially designed for punping liquids that are bel ow anbi ént tenperature,

and whi ch ginsl iRBLYed thed sMpBOS SipplyihgPhn@ EicaBigine BDRFALH Brolr®s of -nbn-

| i quefied industrial gases, typically, nitrogen, oxygen, argon, hydrogen,
hel i um nmejdaaBesibielg@s ko tHepurih.s construction, the preferred nmethod for
controlling gas pressure in the upper section 102 of reservoir chanber 22
above the pi st on &ealdange Wethbete héthod diythibomdentign, othe gakeddresdbseinicd iphase
bei ng punped. This results in the upper section 102 -31 3 July 2003 of

t he reser +esdrveinandraberd? abapogoffthe ligdd seibgbampeedl |y conpletely with the
vapor phase of the liquid being punped. If there is excessive vapor
inventory in the agepeianseolithamofid? aeped: e thesethol of thisanmzetiod 2thetd@eous

| i qui dl vapor interface 104 is rel ocated downward toward the cryogenic

t enper at ursabetzthcd 06 thef rebbeoielchsedeciyldanttdy cd®Bosatlott Vepor éompthediatidrgin st on
assenbly 110. This exposes a portion of the vapor inventory to col der
surtace t gupeteatandés patialtyheniposed ofencoredoridhesibib gamtiat @y radd eenporr & gheoliguidl 2.
Thi s i nduces recondensation, which, in turn, causes a reduction in the
vapor i nvdringrpunaredl, pres thix msthbténdudgeiiie siegeorf siipplging @acd disBhangmgearcairylied
Conversely, if there is an insufficient vapor inventory in the upper
section 1GZourteo] naqéahtdenpble dasttetfeawend04 wil |l automatically rise,

t hereby exposing the liquid phase above the piston sealing nenber 17 to

war mer surf ace A ergferred medod of thisgnvandipmiiclupiesdhe stepr @gnediiating. thahingany | |
cause vapori zation of the liquid) thereby replenlshln t he vapor inventory
in the uppeevingctagrstia dgld qmrmg\ thepuamring opsigtiamae ivery, thet metaulol thse pigpyar ent
that the control of the vapor inventory in the upper volune 102 of the punp
100 i s basegemipbyn control of the thermal gradient along the |ength of the

closed cylinder_108 and the piston assenbly 110 therein. _
The preferred method of varying the motion of the piston assembly includes the step

of varying one or more of the length of stroke of the piston assembly, the cyclic rate of
reciprocation of the piston assembly, the position of the piston assembly, the velocity of the
piston assembly and the acceleration of the piston assembly.

A preferred method of this invention includes the step of providing liquid to be

pumped into the piston cylinder from a liquid sump. Most preferably, in this embodiment of
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I n those cases where the gaseous substance in the upper section 102 is
fully or largely constituted by vapor fromthe |iquid being prdb and the
pressure above the piston assenbly 110 is above the crltlcal pressur e of
the liquid being punped, a distinct Iiquidlvapor interface surface will not
exist. Specifically, above this critical pressure a gradient of decreasing
fluid density in the thermal gradient direction of increasing tenperature
of the quid will exist. Inthis latter situation, a m xi ng of the cold and
denser "liquid-like fluid® with the warner and | ess dense "gas-like fluid"
affects the QRehishi R rr%fmc;chﬁcmé)’e?s tne%telp%r%négt%% IR g EGBTRAAL '59% dtfy punp
desi gn nust be nmade to deal with this problem such as increasi ng the

| engt h of gtheddlerdimh, 9radi ent between the |iquid-like and-gas-1ike zones
to assure mnimal m xing of these fluids, acceptable heat transfer by

conduction and A%E@F}Eéme@ndbe&tthlé rn@eﬁtfowm chﬁ%ai'qglﬁ%bn'fﬁlg eRBloyEd HeRBESthe
terrperature profiles throughout. It should be noted that thé "critical

pressure” steef 6 bAY FHiAROME] e B@hpmmw Gqot B bé WushpRd MY Glriddiey e is
no distinct separation of liquid and gaseous phases at any tenperature.

Bel ow t hi gofipidskiBR] mBaiIaSS tHetulidgdkadengithis erddnon of condensation from gas
to liquid phase wll occur at the liquefaction tenperature (also known as

the boiling temasartal aitl adothefiisslcy apee inBthotfdaris Whidntien i thE sufipeis
armature 114 and the stator 116 of the linear magnetic drive (WhICh are

schemat i calfsyartlaliysbmplegsly Filediviiaeliodid folbe gidper¥@didheinid aadumlatensd.r wct i on
to the armature 62 and stator 52 enployed in the punp 10) preferably

oper at e afie:siabelais alhragih] @ thdrenges at proddédfcainiomihedthe(fiow pasdtehed by
wavy arrows 118 in Figure 2) generated by electrical resistive and eddy
current | oSres bandeiré@eertethetsanide anbi ent surroundi ngs and not to the
punped liquid. It should be noted that heat input to the cryogenic liquid
decr eases t her Aqdyfeast mefhoaipf giid ihveTitien dyluaisl tHerstareafsresi dtihe theenylindee oithes f or
NPSH in the incomng fluid. A though omtted fromFigure 2, it should be
under st oogurhhat a tegenrm treatispending ehamstte magrgh tediduidrio bheuppagp atld@esiad be
identical to the linear magnetic drive system 50 enployed in the punp 10.
That is, tdietdmperaiuravagphiedatiog drregien oy teersenpir olyadbérro rentpinrgaidl@@icoari
include, in addition to an armature and stator construction substantially

i dent i cal sdid redeevoirranambeeatéPdesitdd siaamh demBakmngpicoyeidtdimat lhestpupqtiaoef tha
external m croprocessor controlled electronics and power supply package
subst ant i @iskvoirgbamberalolume it hegastauststaiai WostBgerably thepresg0e I thadiap bvibe
supply package 60 enployed in the punp 10. Mreover, the control of the

el ect ri catesetyopehamben inainieiredeeipw theheritigalrpiessoe of4he pes; tﬂ@weg%m*é ISa\glﬂmhe
control of the electrical output of the package 60 in the punp 7

pr ef er abl {pefbyoasiestasprels of Hisdupeation loPpathl Vithine drperegrireet Q%Oéﬁﬂ@rﬁﬂt@ﬁed in
t he punp 100 can include a position feedback system of the sanme type that

i s enpl oyRi@ssyie Chbedagp The. MeBodhistradicelarly Heeful ip therpunRipgh Pf lwaefieshgdsnest i s
the difference between the inlet liquid static pressure and the vapor
pressur e ®Pra PRIiCYlaticH ogenicaly liawperd §aper at ure, expressed in terns of

hei ght of standing liquid.  tnsufficient NPSH results in liquid boiling in a
punp i nset sect WordBD%W@éO’ﬁmQtQ%PftF‘@é”LMePt'%abeHﬁWStsf?ét'%'ﬁlpTW@eQdfﬂ F%g
subsequently col |l apse violently during pressurization in the

process, TE88HI" %@mqﬁa%aa@muee?ﬁrleﬂ it gr?é‘ﬁfqyt %aragﬁ@m RHAPES M %ﬁécﬂ

This can cause danage to the punp s mechani cs! onent s. Theref ore, |t
shoul d beMaKRBERIBEE RIFHAD 28SeHikbp iR &Ndhe Wi“ﬁ”é”P ‘P?é%ﬁﬁhreé’& IRpBREpGtion to
desirable to allow p romvessels with low liquid |evels, and thus,

f
| ow avai I%BTeeerNP@H'”t @”B'i%é’r%‘ﬁ%@%@n F?é‘?ﬁf@rm%a ‘bel ow t he pi st on seal i ng
menber 17 nust be i ned cr erature to I|s the
required thernfl@ Bﬁgged 3‘9"” At ﬁéati?uﬁ%?'?og r\ﬁrb&ﬁ% ?/ec IR tS35) EFW F

l'i quidlva interf ce I ction of .

appl | ed dEPRYPI ST oS KPR TPGHr A F FIECe S -7 | D P ROr RN S
froma cryogenic inlet sunp 120. Use of a sunp is preferred where the
amount of sub-cooling of the inlet I|iquigd 122 is |ow. The anmount of
"sub-cooling" as referred to in this application neans the different
between the tenperature of the inlet liquid and the boiling tenperature of
that liquid at the inlet pressure,



-34 3 July 2003 In accordance with this invention, the inlet sunp 120

i ncl udes a pressure vessel 124 that is designed for the pres§9m22?63the
liquid at the inlet to the punp. This pressure vessel 124 is ed at its
proxi mal, or upper end to the warmend of the punp 100, and is nom nally an
axi-synnetric structure, with the axis of the pressure vessel being

nom nal ly co-extensive with the center line of the outer cylinder 108 and
pi ston assenbly 110. The pressure vessel 724 is fabricated of a materi al
suitabl e for cryogenic tenperatures and othermﬁse is conpatible with the

liquid to be d. As ca nin Figure 2 sure vessel 124 of
the sunp 0 R REGIS 4 alE Ve 196 BYeRRa URPRIGIE St AE" By
100, dth I f th t t hi
the’ pr osstradeBb B WRETRRD 526 P2 o] oned o M hi M e heat transtor
i,t abl e for

f ld. b d

i 1 TR CerfBfirk alew%asgn%%% ?n%zwgg M R
4

SurTace, b R RERHETRRTSaRtt i ALY ol BB 8P hporn

f f Iy b |
fromt ﬁ!e%®ﬁra%ﬁ%§ewat5r5a oY %fﬁﬁaggsﬂﬁ?gqé@%%es B9 a5 |1 st rated i Figule

2, cryogenic liquid to be handled by the punp 100 enters the sunp 120
through a suitable inlet conduit indicated schematically at 132 via an

e The pum: 1087/ERDESCRIPTRAPHEGHIESR visths JRSHEAbREIINGSI | 1o Shaun
conventi onal d@gh@n 1t Rag, %&eﬁ%ﬂggggct%alf YRGE 'oggi ewape.he%yoqgaemegwﬁnf

tenperature condrtions. e understo rquid 1s

the purmp § ‘Ah%‘hﬁé SIGRY, ¥8b d
created H%g%ﬁ E%BG@HQ%ﬂngﬁgéﬁgﬁQQ?@%@% %f ' |st§% ag H%Efihﬁhbe%-35
3 July 2003 &kapﬁeother hand, liquid dlscharged fromthe punp 100 by the
downwar d %enent of the reciprocating piston assenbly 110 through a

di spensi ng strgke.exils ga{e%{a% QtibRYl Wak V& ér%@né?‘%b@dnﬁ@h‘tt @Fjacﬂétrm%{lct he

sunp 120 via a Stationary, but separable, sealed connection 138. This

seal ed C%e%%rla% aﬁﬁmﬁcao%m@wﬂfm.&hﬁaeﬁm 100 from the sunp 120 for
mai nt enance, or for any other desired purpose. Alternatively, the

di scharged | i ogihgrem)s Decrlinifft 8£btional vidw bheetsdhdthel 2thHMiniéHi ok Bthdrietiir ough
the adaptive plate 126, as is schematically illustrated by the dash |ine

127, for r@emkdc@ﬁﬁ%pm whecerdieat withams freentish;t he discharged liquid is
pernlsS|bIe In t atter arrangenment, the adaptive plate 126 nust be
sui tably desi griggref Ols 4 e€Rinvitiagseartibagiateve 6f ghipeneid: ahitedimandf auriimatidlesi gn
is obvious to persons skilled in the art, and is often found on cryogenic
vacuum j aekietedtiagsenbln @@orm@mm@bmnﬁm particul ar design enpl oyed for
receiving local cold penetration is not considered to be a limtation on
the present i nmiginei 9A,isafdratintdntdrptsdatortl] &8 sefda frasdified resaredin.chifm@esunp
120, in addition to serving as a storage vessel for the cryogenic liquid to
be punpedariyngementit apcck@fhcealithioses afiotis sasboalimernt ol anemiaic récprtating pLenpunp
suction pressure fluctuations during each reciprocating cycle of the piston
assenbl y ih E@cordheceweitiuitis iofentiapor 140 above the liquid in the sunp 120
serves as a conpressible elenent allowing a cyclic, mnor rise and fall of
the sunp |i quidglrevels ddéhathaticngeatiacdl viEvs bDyetassteb eynbodicngnt of athengety cl e,
wi th consequently mnimzed pressure changes or variations in the sunp.
Mai nt enaneeipafcatitgep sapn déaguizthce ewitelthid #iReokan; lsedcontrol | ed by severa
nmet hods, depending |largely upon the application of the punp in a |arger
system One nefipod 6 & dycreomticosddtingaltviesy dhyat rembthgr adibedimentt ohg heheetwunmp
vessel, in the sane manner as described -36

reciprocating pump in accordance with this invention.
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3 July 2003 above for controlling the liquidlgas interface |evel inside the
cl osed cylinder 108. To provide a well-defined | ocation for Q@I#q ui d

| evel 142, a thermally conductive el enent 144 is nounted thp §

adaptive plate 126 at the warm upper end of the sunp vessel 124 to the

| ower cold |ocation desired for the sunp liquid | evel. The outer surface of
the thermally conductive el enent 144 shall be thernmally insul ated from heat
transfer to the volune of vapor 140 above the liquid in the sunmp 120,

except for the distal end thereof. The lower, or distal end of the el enent

upper end of the t her it LB RIS RPN THEARVRR a8 (i nt e ned at o
The. anbrent. at ReERRErET0 pyd 8 e Eal e Bre RiaLet réooré"‘rséé’di‘ﬁ%‘%é%fﬁﬁwdes' gn'
ble f hat |

}S he upper>CREEBIY sREVEEh fngued 2“@%‘#&%&5 B %t'ﬁéﬁm&dﬁéwﬁb %LD""‘%Q% ”gl

n;;“ntsatehgé‘sgﬁﬁg v@% RGO n e Sied a. e Pl %ﬁsghﬁﬁ % pAlaegq @sfo""”é' 53 o

Fi 3,

aiﬁgiiiﬁancﬁ(lah? f‘c!éi“ﬁﬁcén@[@oo%@r%' bafolifh '°°5§8§rﬁ' e coﬁ%ﬁ%@ dh of
100,

;niftEzﬂmﬁ%?p%&é*“%és%’@tLZ‘*S%VS%%QP% el R ST 4

the punp t!li%%'{sgcge %SMEW?orﬁ%{EEI H%r%g g%e o”PJrWa‘ﬁQG'&ﬂEé gwn%eﬁ_ﬂ 'A—'p’qure 5

function nner as descri connectl

These el s ft@wgo 44 m %n $ohgbl§%§%%§%ﬂblgagne lec @egwgﬁoqtc'o%a e}%tqg%f punp

200. It e un er st ood rrve systen1e nployed i n the

punp 200 J 1 eﬁ@ér‘ Ak bh%lﬁé%ekéjéﬂg\fgorﬁz}ét%ﬁgmfnur {Hﬁ%{%’r}'{%th% IB\W‘?%@BWE% ﬁr%éﬁ\?zo%

100, and t ore w |l i scusse erein

The punp a?r%oaﬁdefpfa%feswgépgérrf&ﬁ)aﬂb' U%Q%slﬁcaﬁ%ogfynﬁree%ﬂo%ra& er”E&lZl‘ﬁgrfor

controlling the sunmp | evel' 142. In particular, the nmethod ahd system

for cont rrﬂ!aﬂehQQerﬂ@mS‘érﬂ?y||L!b%\z'ér‘i’t t}a%gfélr ﬂM?o #hB otpbgséwmm%%rﬁaéed?ﬁebe@' g for

applications that require periods | ow, or zero punp~flow, but where the

punp and {LB& SHEm AL Qmmﬂaﬂeaw rﬁb%@ f@erﬁpl@;@ﬂwga 5P SeAiUIdBLbRanBWkE Kne
restart. In this enbodinent, a float valve 202 is connected to a sunp vapor

vent i neoL%%gsTh%efdue% yab\ﬁeaywmwmlegv@@t awe!wvvbntcnep.ﬁemasy&ﬁ@ adl 24 at
the desired sunp liquid Feve VWhen the liquid I evel condition is below the
float valge 292, indicating a low liquid |evel condition, the float valve
202 opens by allow ng val ve plug 20fi to open off of valve seat 208 by
gravitational gpkRetsealiirberapani7ngintipdsag bealaen tdaltad dLPmBe ¥RRO histdh vEnt
fromthe sunp 120 through the vapor vent |ine 204, based upon the vent |ine
t er mi nat idr@ thé indideisuKad¥ oflties SEindr @S diviietthabictdteinferiessamsaritdii1g itthes sunp.
The venting of vapors through the vapor vent |line 204 allows the liquid

| evel in didpensingphdabert2d dridseres@soiacigingiadr@e. iTalselptifizewpafpirigefiicletsy kyhe
sunp occurs based on the reduction of sunp pressure by vapor renoval.

Conver selgfiectively raRintiziagliiclid Ruledgewatéddthé bstossenlini2Be e bassdurihg dblveatrdval ve
202. By closing the vapor vent line fromthe sunp, the vapor vol une

i ncr easesardueviadd beivemaot ¢ffthé betosasgemblyui2ahtduah dispeasing add batumostraxes heat
transfer fromthe warmend of the sunp vessel 124 down to the distal, or

col d end rebssctioély. Thissitpisio cesinr @apioeise ahisosaahad [fyncdibabkig hgobbtiowd td 4 he

liquid | evel 142 being in the general vicinity of the float valve 202. | n
t hi s arr gngeitiendr,skéled onttactti ang thé¢refreaticesudivoagtitithe linhitatioalonythe brchdest ve
element 144 illustrated in Figure 2, may be enpl oyed to augnent the boiling

process asgectshofgtnid iimueintion.evedr exardplei thes sedling wetiof dahebé |wavidedlbye 202
and the connected sunp vapor vent |ine 204 prevents |low or zero punp flow
condi t i on®nfigwatidneislichap isten sngsplabynnth se38s, se@nanieq pigd030d type seals or other

well known sealing devices. Moreover, sealing devices may be designed to be mounted on
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I't ,should be noted that the inlet sunp liquid | evel 142 establishes the

| ower, or distal point of the thermal gradient region 210 oﬂ3&ﬂf26&%inder
and piston assenbly. Liquid in the inlet sunp 120 al so renoves 1rictional
heat fromthe wall of the cylinder 108, as is generated by novenment between
the Iiquid sealing nenber 17 and the piston 13. In a preferred enbodi nent
of this invention, an anti-convection and insulating structure 212 is
nounted in the vapor space of the sunp 120 to nminim ze excessive heat
transfer through the vapor fromthe upper warmend to the | ower cold end of

the sump V%ﬁﬁ@rjth&ﬁéronﬁﬁf e BEPTY %f&’} B h%’f‘tﬂe%é‘éHéﬁMoWﬁerﬁB&‘é?Lﬁﬁg Bﬁelr &

be of any convenilonal design capable of providing its intend i on,

ﬁs set for telﬂ')tﬁﬁﬁﬁérﬁ,:thgﬁigf%ﬁrgegﬁ’ng}aﬂeﬁbgpﬁ?is%tatﬁgifaw LheE RERRa BEHe Rhedvall

ermetic reciprocating punp I'n-accordance with this rnvention i's

illustrat : I B 10 1 rated

in Figure T 5 e 18R TRGR e BE KR MbydsD ey Bl d atElie .

th Yot _ | , i : e

it or ont | FraneiResh Ko R 2pHing IincPGalfel oy SRRHEHR. e 385niping ©

brevity, elgaRIbAnkBist&iPaddefbiB3 PP |t MdfecBlfzdd P abHERiAS ggélrngsrp&ﬁgé isa

elenments in the punp 10 are identified by the sanme nuneral s enployed in

Fi 1, . A, S . . '

that the magaficeeshing 8 bl sHEGRPalc b Sdtlg e Eholbh AT ADE RO EF, 1

dri t - . i i . 00. Th
ooy, 5B SRR By SR o 52564 B B0 808, 00, T

punp 300 i s specl nor € nearly

Cemoratur e vapai i EQCH e TS depeior e | Soa P R Sepated safod aane

average of  the inlet d,outlet ljiguid pressures. In this t of .pu t he
Fegi on of {IpRFOBESTSERY 46 gnoyHes PEIsGRIe NG MAVERE SO a] Res A1 St B
assenbly 12 nust be filled with a non-condensible gas. A desired -39 3
July 2003 ipl‘?\tféhﬁf’re?‘b&fhﬂéd ’@%“‘-’rr@é!‘f‘d%re&ﬁai nt ai ned by addi ng or renoving gas
t hrough the upper volune inlet and outlet gas contraoll ed valves 302 and
304, respectiveW?FaTﬁéSE%%W&?@6ﬁ1d$eWWé§8°%%PWBEB ergrefo 804 disgharaehirainn
the proper location of the liquid/gas intertace 74 alonq the Il ength of the
pi st on assé&ligrensingshambercdleri theosyliadait Préfaranly fy2 sqaindpiew msw?ag eBpkthe
measur ement instruments and controls, which are well known to persons

ski |l ed i npisten @ssembll b noredfisaly. acympad devidrerderst e plesediend aspdcthe of
the present invention. For exanple, there are several potentially suitable
met hods f ocompardinant 18itbpaiigh iney ednduit 30 @or kit thie nigsedenaiveruahi cotletafondit32.
valves to maintain the required level, the particular selection of which
woul d be obvuétoars! eudleptbovs ros tekirtéria compehmeat 18 of thetdhbnder fausdntatiedby inlet
enbodi ment, the punp 300 is provided with a pressure transducer 306

conmuni cat valge B4tandtougetiyaprerdd, rspettbiely. egi on of the upper section 40 of the
reservoir chanber 22. The pressure of the gaseous substance in the upper
section 40 of tlresfeeder tel lesedvairieramBer Zinoabiey awbwdr delctiet Bahavingtaweess-a
maxi nrum and a m ni num val ue during each cycle of reciprocating notion of

the pi st onsaarpagtirya dadresPorvdihy/® tBaYs i digtensiBg chambeo, @hd ad ubpert Beta@etiput
of the pressure transducer to operate the control valves 302 and 304 in a

manner desk8ARA 400fkpeRet dt8sOastiBraesed. e fl uctuation peak differential
bet ween accept abl e maxi mum and m ni mum predet erm ned val ues. An excessively

| ow gas vol une ingrLaassrdd18nbyihicht B ¢3S Yhentibh ChEaidp ré‘éibﬁ QAL [ Bper, AN
excessively high gas vol une decreases the cyclic pressure Tluctuation

differenti @lﬁlarg%?: E’é?étibF?rhoo{u]feihl'%?reQQPb@%‘é%@ﬁ%etggta% EQdvet !H%aﬂgpgc?f;w‘éo;}i%ﬁ 40

nmust be conpat e mth 't i qui el ng punped and prefer oul d not

be consi de tam t p i C unt
of the gasggmgﬁrﬁmggaél? gbs%ﬁ’\%e%ltl?en%gskhhdéq@eu%é ﬁggﬁ“."z%@e etrré%e%g&t%%@%t.%qgk
a nodified_co ct.d i.s. il r 1,.C rm he
pup o be2ermrel SRl pe el B ey Lo b pRR . WOl oBE el
-40 3 July 2003 with the liquid being punped, and may actually be a
contam nant fior that liquid. In this nodified construction a flexible
menber 310) preferably in the formof a’“stainless steel bellows, is

provi ded for retaining the non-condensi ble gas and separating that gas from
the liquid in the upper section 40 of the reservoir chanber 22. The bell ows
310 communi cates with a gas inlet and outlet through inlet and outlet gas
controll ed val ves 302 and 304, respectively. The operation of these val ves
302 and 304 to maintain a desired gas pressure in the bellows can be the
sanme as descri bed above in connection with the enbodi nent of the punp shown
in Fig. 4. Specifically, the punp can be provided wth a pressure

NN S o e o Y T I A PN



-41 3 July 2003 wherein the vapor pressure rises significantly with an
increase in tenperature. In this environnent the region of|§qﬁy ctlon 40
of the reservoir chanber 22 above the piston assenbly 12 may comnposed
solely of vapor fromthe liquid if the upper section 40 above the piston
assenbly is maintained at a tenperature above that of the liquid below by
enpl oyi ng various heat transfer neans 44 to maintain the proper gas vol une.
The heat transfer nmeans 44 can be any well known device as di scussed
previously in connection with the punp 10 illustrated in Figure 1. That

di scussion wll no r epeat ed rein, for pur Qse of brevit kew se,
o heat t 1 aRSbERTEh 105 b RS Mk dletuig o HBR 5iBeRhet el e WiaF st
of the thermnal gradlent 402 h intain saidt ernal radi ent. Thi s heat
transfer nEERR "BEENIRGNKELS Yf”@ Wit 2 pazeaus U atﬁBF%K% EBINNCer PhsRif arper
transfer surfaces or any other neans as is well known to those skilled in
the art. TF@'%W}@Y@G@CﬁWe%éyaﬁﬂeﬁaﬂY fixashyalvge 1of tRsevedidsisane or as a boil er
feed water punp. In the latter application) the upper structure 40 of the
punp 400 can belmacpoatingt wih thicdewantien, deegdscons suhstdrseImay,inaiders apabrfsseon
flu gas, or by independent neans, as disclosed earlier. For these

appl i cat i oofthe titned &1 bt pumpd, aora diffarentunos-céndensite pasioea atixtyreaaf thentmuon tTig
near the distal, or |ower tenperature end of the punp, where the liquid to
be punped gssdoasatiestandetin $Heoupper egionatf ¢ ¢riaped bectivngifet the rdserveir shesiean
enpl oyed in the punp 400 is identical to the drive systens enployed in the
earlier degzratoed thenpistohOasskdfhly 2Q0pranideSQ0 degred dhefasfiorcemprddsibiity aid

di scussed further herein. A thermal gradient region, illustrated

schemat i cabkpanbipilitynvhivhgihiedizebQRedstiredsringeeabdve thx pitoni adsémblyl1Rqbicdghseutbe
punped, as well as in the outer cylinder 14 and piston assenbly 12 between

t he ther magiaon ﬁ@ﬂaﬂra%ts@dblp%c@r@damrd%@nds of the punp. The |iquid/gas
interface surface 74 is l[ocated in this thernal gradient region. -42 3

Jul'y 2003 It i sgtimpeelittotrig@stiad Siher &esigbedetitsy 20s disl Md omuel thhe
two tenperature zones in the punp 400, since excessive tenperature is

detri ment a#mmz%%r@@aﬁ@tcﬁapéest René luasévvcrm%@rduqﬁg ‘é%cﬁlé%lé@f th%JFéa.paécatuhs

per manent magnets and insulation on the electrical w ndings formng part of

the stator o achigy m&epd%gteaeﬁe%rmhe k$Ab&kLAE &3&@@%5&% Bfnce

tenperatur% zones, an insulating spacer 404 is provid part o

piston ass @Rleyth%%stm'aﬁ érﬂéiy'@lé @Qntg:@%gg a@e“at%‘aﬁg’fePFr?e\éﬂE‘hi t%?a‘?ﬁtéfn"tﬁ%
m xing of Trquid can cause increase
heat tr agﬁ%g&?ﬁgat&oﬁmé D bIRsh BT A Bk o ggémR%gp?rabQ&aF Rediifhncfle

CCOI’ ance rnvention 1s

illustrated at ers om.ear.l.i osed, enbo sin
that o gacB6ats e SHeRe st e 3R Soith B e Ty TP age
and rel ease functions. Myreover, the ener st,ora nd release, nedia in
the punp 5BESF '%WQP%aﬂ”dt%”ﬁ”‘%¥d§nar&’ﬁﬁerﬂigy” %\ﬁiféFF%ﬁ%‘etéa”FF?é sources
reci procati ng pi ston assenbly 12. The featursgi gf t he tj: 500 that are the
same or subé@ érﬁtge&l&f%”ytkﬁ%w‘éé‘ﬁ‘éoﬁ‘é'obd%@ REESRr H‘Ehﬁeafg :%efémﬂel thethedted
in Fig. 1 will be referred to by the sane nunerals as enployed in Fig. 1.
The reci prtﬁé%ﬁf?rn@eﬁﬂét"énc%%Wﬁ?f'ﬁ@”qa’é healng glsmeats. ;Poi‘ﬁé’ﬁtal grpulating tﬂwéi
earlier described piston assenblies, but may be sonmewhat shorter in |ength.
As in the abbigatiaswestisasyaatedetaeldesies. Yaanyirg. rerdEPUtvANestGipLIndeting
bet ween the piston assenbly 12 and the cylinder 502, to separate the
i nterior coejanatent 9dsepes sukstangeinte g LRanisstiornd0 ahte deseseain shaimbes Radber
22. As can be seen in Fig. 6. the reservoir chanber 22 of the cylinder 502
i ncl udes atheupinderb®, laodsa gextamovabavelAld forscandiopingttes yerheval @fithsi gaselobgui d
bei ng punped. Since the liquid -43

substance from said upper section may be employed, based on the specifications of the

liquid being pumped, such as the liquid temperature, pressure and vapor pressure.
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3 July 2003 filling the reservoir chanber 22 is essentially

non- conpressi bl e, and since very little | eakage of the quui%\pﬁ§%= t he
seal ing nenber 17 will occur, the volunme within the reservoi ¢ 9 ris
relatively fixed. As can be seen in Fig. 6, the upper end of the bellows
section 504 includes a force transmtting end plate 506 agai nst which one
end of a conpression spring 508 is biased. The opposed end of the
conpression spring is biased against a proxi ma3 nmounting plate 510 of the
punp that is secured to one end of circunferentially spaced-apart support

mbers 512. T d ends of th t menbers 512 d b
Sl tabl e moans SUb QeGP dIAgF kAN RUTBLIGP LR AcSat TARR R PrIE )

The nunber of spaced-apart support nmenbers can be varjied to provide support
for the meerPNGGFaES 53 The SHIPCYHED GaBatchRSialer g hat isclgseltadigerthoul d
be understood that in fine punp 500 the conpression spring 508 is the
energy st i Bgeeusiovlel R akmatingipdinder Bhontsife ofibe SiRspe Mtermssipargent 18
includes a notch 514 internediate its ends to provide downwardly aid

upwar dl y hewsingihetrigion asseatds 151 6hepidta $2ds theesiees ofvergnetirhuse appligg to
surfaces limt the anmount of permtted extension and permtted conpression
of the betheqigomessendly hiicetifpchiesiperapting Mevemagst dfsaisharsaotbér i Bie Yatef 58ai d
bel l ows. These stop surfaces 516 and 518 ar_e not intended to be controlled
by the f oiscnsirasisdriof & plurdityofhagretisally shirpatepisoendd (roplerattly constiotedradit her
are limts to notion during start-up, shut-down or other transient

occassi onson)Amd delupalist oficodes edrb lwindi2gnd gseferatbugiovides b tinsueted cokert owar d
the proximal mounting plate 510, the swept volume of the piston assenbly in
t he reser Bothrthe bafpele p2esvahd calie plirasenditgs mmemeaorgly essuldd ie shapp)ithdtdrer ei n;
resulting in an extension of the bellows 504 and the force transmtting end
pl at e 508staditd BalxifaigdetbngRr@xsémtadl hxip@$ tHel smops2t he force -44 3 July 2003
transmtting end plate 506 is shown in dotted |line representation at 507.
This, in turn, TEONRERSSES chdles 1Y iiNarf0Edvihgs aigRetiO gt irakhe iedyor! er ei n.
On the reverse, or dispensing stroke of the piston assenbly 12, the stored

ener gy i nydefieosdting Rbtibh of fARATiISEH abenite 12 NEhdthRtrBoviPmabhéticMicltlis&rd died ei n,
and then to the upper end of the piston assenbly 12. The conpressed

(distal) copdbtia@h &elddifal QUrkdt EgiFe%Eb%rfbttHé O5He8 Wite mi@dir?%s%ﬁth'ko%g_%@éwridﬁéﬂ

dotted line representation at 509. Limts to the operational I'iquid inlet

heca o pr AP PP ARAGEL AR PR ER LA AUERAEE LR 11

speor 11 caif 8y S PRsERAE s SPAGRAIL 3655 % R B0 81T 20 TBIE, o

5 ‘ , t
e St OP SHLLACSSRACpand: A N ATRANANIAILD OB ocam B PN dsd O

vary, or Ehange of average" conpre € energy s

i 508 i d t i t 1 Ssi bl inl et t].et
P escor asoore i d Cabel st e Tl RRe R S Bk B e P Rinss i ng
th i nal d of th i 508 | at | t h ti, I 510.
Honever . QAR P LT N REBIRIEHY At g BagRAlR T baE TEHBI oA S esent
in the use of a gaseous substance as the enerlg%qutora e and rel ease nedi a.

In the us@SeMbl TrelBrarPeed Insar ArRplionhWItHiRYIMEICAd 18i5FPhgP PR EReEHAR & Der
) the spring constant) is fixed

change in spring deflection (i.e. ng .

regar dl es&yligfet l‘grb Eneaficulen thremodelategnimagnatindiekhefithe statem$4 feqcisr WiEh | &hgt h.
It should be noted that the anmount of cyclic (maxi mumto m ninmunm spring

def | ect i onrmaddigi G2ehal enalititeps e alrthe PistaesssMPekE- of the piston assenbly

is constant. Assum ng a constant piston stroke, the maxi rumto m ni num

change in spri Gt refardrg loFigwash e armetua§h iveenpresedict a Rwrakty 86 Pem@ngdtr age

spring operation |length and average force nmay be adjusted by noving the

| ocati on whghéte Gdrand anpluraitd obfaghaicgfyr $afigpdla pisiceh 66 (prieerpblpxf irah). orhali st al
, ~5

permanent magnets 64 and the pole pieces 66 are generally annular in shape and are
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3 July 2003 directions. This results in a maximnumto mninmumforce ratio
that is changing with the adjustnent in average spring conpression and
force. At |ower average punp pressures in the dispensing chanBebly2803wher e
t he average spring 508 conpression and force is low, the ratio of maxi num
to mnimum spring force increases. As the m nimum spring force approaches
zero, the force ratio approaches infinity. Because liquid pressure in the
reservoir chanber 22 is directly proportional to the spring force, this
pressure also fluctuates to a greater and greater degree at each point in
the cyclic notion of the piston assenbly, as the ayerage pressure of _the
liquid i nl SeckedPlEMatedt O 2 458185 FRpPr ol engstbe ceptsy “%@(éﬁﬁpgtheﬁrmﬁt%‘af iTked
inlet pressure this occurs if the discharge pressure drops. A significantly
f1 uct uat i nYaier SIAnddhe ArpaEre @S errRise T peltipEpsPngas mpder ph@ theaihtaraction of

achi eving a maxi nrum and constant energy output fromthe linear nmotor. On

t he ot her tharstaticonpynepicliglda of Hrearmatyamagnetsearastherdynemér sigtos hagagtc feid

rel ease nmedi a does not have such a limtation due to the flexibility of

bei ng abl ecresteadjasdrivirigs fogees fornneeiptanaling Fné Ipiston assarebly i 18y withinethieoinyeriak t he
gaseous substance changes not only the force it provides at a nom nal

vol une, butonad=stnatdBgpéthe dyinderpid. Nng constant.” The result is that for a

gi ven cyclic change in volune, the change in force on the piston assenbly
and t hus the changetedninphe psafecedambbéinenoxzi imel pusipl €0 dhe thgordSisanodiasd a
fixed ratio of maximumto m ni num val ues. This assures that the energy flow

from the |doagany with the Ganddrel 4remdrextdrngido &le cutoDW &l TR tietaofC TRES,ané siatores for
both the suction and di spensing strokes in each cycle of the piston

assenbly mRjineited Egitrfe RERIUERTY FRIENG fthd aEBEMaiRbd WRRINANE D decRYABO of
system It should be noted) however, that the punp 500 has advant ages;

par ti oul arhy diadiofd abdvene IfsiaRRbiantl 925 T YRRADSI, bBGRHTRe Wkivs

limted to opérating wthin a narrower - uly 2 range of I nlet and

outlet prefshbRsof @ %jﬁa%'r%sﬁjaﬁobﬁu\é%siégﬂiaﬁ%?ég 4 1RG &R é.’z.gfhrr&yq{hg\?hiicﬁ the

rel atively conpact and there are no conplicated control neans

preservin ; L ] t el; 5} i ergy
Ot or age and P ol sane REaERs Qe e kit ks BB kAT ey 20
in which the i r iﬁ%@l . furt-her

advant age élhgmttﬁé? ’ta?ﬁﬁggtagﬁ%g&’nﬁg Vgez'fgrrﬁﬁ%tsg%&i énéeéa{yndy pos‘fr? iec?ﬁé ha?% 'EEEQ ué%t1ed to
any degre f. accel e e notioen, Si 1here i. o_.natural_ |iguid-to-gas
T er f ace B4t BRI G TR bRl Tt R B S R T B b e el £

| oose gas i nvent [y fromthe proxi.mal side of the cylinder. It should be
under st ood2PHREE OH%H%EFGSPewgpﬁépﬁbns can be made in the punp designs in
accordance with this i nyention for &unﬁin% I'guids W _th tenperatures bel ow
and above anbi eREAEMFHVRAFINSRGIEING: YR §F€'>) pe BIRLE 4Ry, P MOWEd ipiiR e
with certain 9referred enbodi nents of this invention, it is inportant to
est abl i sh 'BREYIEhPIESAUTE houpERY- EMRYE™ 1S GHENSHDYH ¢ Ifes prafesRd Resams il
during operation, and to _establish acceptable thermal gradients between the
reservoi r SXRESeN Y)seHiaiong2dadimermpiliguigiandirdbeNPes Yaiiae of arere wiktuihed

(e. g., when punping crY%%enLc Ijguids). From the above discussion, it

shoul d be iefpperrempattignt thef theeyliveectt i Ingiepiefssch exnoserep madasial campadiviiiton
are well suited for use in industrial processes and enploy a unique

cooper at i anusifbeastablisied betywesn tie stetor syrsperanfoanddhéesa fhipsai gi staton vt slewid y
via lines of magnetic force and the closure of the swept volune in the
reservoi r acidatdierwidngashendeegkirss tet éssuhecqtatroantdsseiialey irtHehiasighef dent ai n
an energy storage and rel ease nedia, e.g., a gaseous volune, or cooperate
wi th an enestgys5xtorage and rel ease nedia, e. g., a spring, while

mai ntaining a hernmetically seal ed device. The linear notor drive system
enpl oyed i n t headheantd iszal dt \'hes@see dnpunpe paing 10, S mayeibdtoniveaplasastidrne
use of conventional -47 3 July 2003 nechanical drive system e.g., rotary

notors W tfBedicRrsentdr 13 REABUMEE IPE KPRLRESHAEG rélaNiream, adjacdm P $haVBisedh ar e
not hernetically seal ed.
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The pumps of the present invention have nmany advantages that are applicable
to the punping of both cryogenic and non-cryogenic |iquids. n,agg orns of
the invention, the punps may enploy a comercially avail abl fq¥ 9 not or
design that is designed to operate at or near roomtenperature. For
applications wherein the liquids to be punped do not permt coupling of the
notor in close proximty to the punping section, such as is the case for
punpi ng cryogenic fluids, the present invention enploys a single acting

pi ston arrangenent and establishes adequate physical separation of the punp

fromthe |linear no . The present .invention has nunerous advant ages
parti cul ar PRSURY Bl PTG PG et ERm3rs A Toho B g Vg e ot 73,
Mor eover, many of the advant ages ,ar.e i cgble .t on cryo i C.punpj ng
Mop 1ot | ofEPrsedtate e Biedivean B eioay ol PRl 1 i BrloRs SeLE e
the geonetry of establishing the cylindrical air g%ﬁéi n the |inear notor of
the presento hEREATPBIES BBY RRES SURR!Y SPaY Y PagRgeale WAICHEPER BIopuiRtfsttRe yoltage
non-magnetic liner to be affixed to the bore of the stator in the air gap.
Thi s i sol aked freeertyagidne gygentditectadoliirauss the wiraliical candusiara§8dedbestator
materials and construction to be standard, as provided fromthe nmanufacture
of the |inwindingstS6r Empioyindibis fegntgsk ot lelosed bobasystam dvweigsed émthisrievantios, f or
material conpatibility with the punp fluid, such as may be necessary for
| i qui d oxygiene dhe dedrbachgipnak shhanckes dog gerformanchesfrtbe enadretiausiginghsystem.
application of force for work input to the piston assenbly is by |ines of
magnet i ¢ f eloweverct shapld be oodgnstbbedthet employihg adeedhak systerers netyndrelatmgeand
integral with the pressurized liquid boundary of the punp section, thus
creati ng aahot‘apdry Idop’ meddecal byeradeh edthpuinp pbegiognfeedhad® system also can be
employed in accordance with the broadest aspects of this invention.
As illustrated, the pump 10 is shown in a substantially vertical orientation, which is
most preferred. However, deviation from this vertical orientation is permitted to some
degree, as long as a relatively distinct interface 74 is maintained between the liquid and gas

phases of the interior compartment 18 of the cylinder, and that interface exists in the

reservoir chamber 22 at an elevation distinctly above the piston sealing member 17.
In particular, an orientation of the pump operating axis 27 that approaches horizontal
creates a risk of loss of gas from the reservoir chamber 22 of the interior compartment 18
to the dispensing chamber 20 below the piston sealing member 17 and ultimately to the
working swept volume tra\;ersed by the piston 13. This loss of gas can be initiated by an
agitated mixing of these two fluids (gas and liquid) immediately above the piston sealing
member 17. Mixing above the piston sealing member 17 occurs due to the motion of the
piston assembly 12 and the action of the fluids due to their relative buoyancy. Downward

leakage of this gas and liquid mixture passed the sealing member 17 will result as the

pressure differential across said sealing member is disposed for fluid leakage in that
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3 July 2003 The present invention, unlike the prior ar;, very effectively
m nimzes | eakage past the piston seal by raising the preSSnguizoéye
reservoi r chanber on the back, or proximal side of the piston. Yhreis
achieved with virtually no detrinent to piston rod packing | eakage or
reduced life of the piston rod, since dynam c seals preventing | eakage to

t he anbi ent surroundi ngs of the punp enpl oyed in conventional prior art
punps that are nornmally subjected to excessive wear are not enployed in the
nost preferred punp constructions of the present invention. Because piston

t preferred punp construct o sent invent on |
7 (ragmv\;ﬁ? il fﬁr‘v’ii%ﬁ%*@%fﬁ‘%? % &63%550%@5 9%%8%52* af*ga o?ei’??fé’?%ivg?“jﬁoiﬁzaf’féw
sonewna eat er. age r S W a correspondal n enel i | N reduce
Frictional Fanext kilE BB utsiaeti SUPASRHS Ea Reroncsr b o gustiat

ol unet £ OO R S5 oAl iec2e e EHET 22 FER GEFPUTRIG CPRAICP RSB ¢ he

punped stream thus reducing,undesired v%£p~~zation. The neciprocatinq
punps of tHdNpPEBENt NERFERISEHIF degiee AT dviation sl 618 BUTP Reareting gKeta’ drarbiter |

of fer significant advantages over prior art reciprocating punps that enploy
rotary to Mertifaberiangatiends aiiNcian s desetivaidansie stipef F@dﬁﬂﬂg@m@@ﬁﬁdé@ $&tr od
assenbly, generally through a fixed piston stroke | ength and generally
fixed sinudieigas inde spper FREtiAN 4fbefithertrssrwirangmbped2i ap Wﬁléaﬁag%psvaffabﬂe%
present invention offer adjustable stroke |ength operation and programrabl e
not i on defsuah i dre leagts Wi tHeatgks phihie pistil assemiblyrandTthe seclicl serediof thet etsoken
operation of the punps of the present invention are adjustable before

oper at i on Aprddee puitglionas tatihé eetrhided anpularconigitation relstine e veitical. cannot be

M nim zation of peak piston velocity on the inlet portion of the piston
not i on andstatet-drgialthesnotbheyof taetbralinsclhed mpestabiishipgrsuoids liatitaticondowereedt t o
be beneficial in controlling cylinder pressure reduction effects on the
overal | pumpuldebslirfotet MRSHE tHBuptmpel D& typuated i aemeving ridtsladioe sudfect lo
achievable with 3 July 2003 conventional nechani cal conversion devices,
e.g., slidesmentank ot tythageefeystions) sueh AutitieiEhaaiad berhdaet QBctafibllylt MRS .
Moreover, the ability to adjust the stroke, speed and notion of the piston
assenbl y igzctiBaatibh BEgaviiPloGUrt S i ivfiNthe BERSsSibletdavitibM bEthel guim MEsdrfirg e use
of such punps for duties that are not possible with current reciprocating
cryogeni c ukRa veridhs theoretically includes operation of the punps of the
present invention at any flewrate fromO to 100% of design, a node of
operati on not i i i r i 0 I kd or
art Tect procat i g sunes HaBTPY viReR Lot Wi ORI LBBR iRt RIS
achi eve thy A - & f HEEH ; LEieal - tore
ener gy bagg%n%%géf%@ﬁgggﬁqwglc %g&£@§@@§%§€gﬁd ﬁﬁéEqﬁgr%%ggé%¥@ﬁﬁ§gﬁffon

stores enclay i 925 PERRUIRLPLAA S PLASHIG SIDSTIE- A, X0 P

medi a, whi ch™I's” I'ndépendent pé i Or art reciprocatin np %tsigns
h t ended t tatal ' tin ight I d | i t

Vi brati on FETPRCEE Brng a1 Pe R R bl REES beliarrds oAb

| onger ot KUReE Egai dntRie o apbryepa: 4a8 TREAT inadeis i grcue he

reci procating weight is eased. This permts _an increase in |length betwen
the war m &8 éﬁﬂ%‘l"”ﬂw’%@ﬁ?%o‘bﬁwqrﬁzé’égﬁr%’%& ifiom PREINg st

i nvention, which thereby decreases the thernmal heat leak into the cold end
of the pure seming &axpst i1 4ne thediddeing RumRsdtfipnbthelisnegping ceanbezdn it f or
t hermodynam ¢ punp efficiency and reduction of NPSH requirement, it also
pernits ais aghierashity BaintRiAG gt gAstBhe loyver gigei nof the sealing rremberdl 7 withiv thear t
constructions have a punp cold end relatively closely coupled to the warm
end. Thus liquidghese as Badisie this erARTREGIedIN Btisrensing gtipkd ketwern itsdwakimagand
problemthat is not encountered with the punps of the present invention.
Thus, pri clistalrlimitsuipeciprecatione a period of cool -down prior to restart if the
period of punp outage is nore thara several hours. This represents a

nui sance in operation and a | oss of proggct -50 t , 3July 2003 to

vapori zation occurring during the cool -iown process. The present invention
elimnates or mnimzes this cool -down requirenent so long as liquid
inventory remains available to the punp suction. An acceptably snal

residual liquid vaporization in cold standby will be returned to the ull age
vol ume of the cryogenic liquid storage source tank to maintain its desired
benefit.



A still .further benefit of the present invention is that it offers a
decrease in nechanical conplexity and a correspondi ng reductg'ﬂ@p%o

mai nt enance requirenments. As noted earlier, in contrast to pri ar?l

reci procating punps, the punps of the present invention have fewer noving
parts, including no crankshaft, connecting rod, piston rod) cross-head,
wrist-pin, flywheel, belts andlor notor pulleys. Likew se, the stationary
part count is reduced by elimnating numerous parts, e. g., belt guard,
not or mount, slider, crank housing, nmain bearings, shaft seals, piston rod

di stance pi eceThéggﬁdrﬁqﬁgtiSPQf tnécﬁhgr?&eaﬂdlsggﬁgﬁ&?EH%ﬁ?@é%pe#:lﬂca{lgﬁs.

present invention these later conponents ar ace an-electronic
control a wer. pack requi rihg,substanti al | es i nt.enance than its
rechani o Bagoe B BHRF TR oo n aThankEs e er oo bEBRRREE R | oo
fully illustra inyention that others by appl ying current or
future knWB%%BP%%a%F@P”&W&p?hWrégr@df fgﬂ’?&%gﬁﬁ&gﬁ%ﬁgﬂ%? neiRS ons
of service. -51 3 July 200 Al 1. A reciprocating punp for |iquids,
sai d punpSSEHRPACST He resepdprr i‘g‘agﬁef J?\\EI raﬁi%too‘ﬁ?@@%??'% %ﬁ?@?naﬂ%r@p%(aw%s ed
interior conpartment having opposed ends, a _piston assenbly having a

di spensi niniEnel BRGtaR" %%66‘88’&? FAPiure §24 215 Gitich! fa%@é?ﬁBPS/”Wy Penistaminjo
nmounted within said conpartnment for novenment in opposed |inear directions
bet ween t3RE0BHIBREPeENERSIGTNG e Iedatieedl thaliavifigrs éveiract Hereong tedenagth v
menber between said piston assenbly and said cylinder to maintain a dynam c
fluid sedheppigtorassentdy p?.st on assenbly and said cylinder as said piston
assenbly is noved in opposed linear directions between said opposed ends of
sai d cl osed i ni éxrimporisontpal thewressusadidhe gas andliquitriyéhindles tasanviomehariber
interior conpartnent into a dispensing chanber and a reservoir chanber; a

| i near nefhbe intaickeined ajenleveltto agslae lthaidbe hgt lnpid legkapegrest itie pis®indselbng
novi ng the piston assenbly in said opposed linear directions; a

val ve- conhembbetl duringteachoytié bf reoiprasatirgarhbtitgn isvs bibstdriiellydispe Spedificaipaser  of
the interior conpartnent for directing liquid into the dispensing chanber
to fill theoweliaEordkuidhtspdhsipg BiBdKRMT EHEIEIEH agsenithe 1Diledl@he pasemBbpistepves

t hrough a swept volunme in one linear direction through a |iquid-receiving
sucti on sddafl@inembepl Vie-up@atd, ahlieeh snthviird opReELinCRBRY (HUEBEH) BY:heigidiod he

di spensi ng chanber of the interior conpartnment for directing punped |iquid

out of thasdinpRansidtfiagdRHEMNNWESd, [diSwiRG Bh Wk REREIEN¥eivEir BPNARY YHERYEY
swept volune in a direction opposed to said one linear direction through a

[iquid di LG r : La torin
qul '%@Q%é‘?:s n s‘éléﬁng ﬁﬁ@ﬁ%@?ﬁﬂ)ﬂu@{g%@%ﬁm%ﬂ%wa‘?é SR mﬁ%?gadg?{ﬂ?he I'ng

energy as a result of the nmovement of “the piston assenbly tht

25 the pi st on BEoEmr B Mk 5 B ReEre Rt Rt CPIER fo BBt ygeap ol Y

e o at B gar B FetpicBhd, s R R RS R b4 R b o e

1, being eg%ﬁ ?Eéiér%éédnéﬁ c?&glo?%é piston assembly 12. A zero net piston leakage in each cycle
results in a time average liauid/gas interface level that is neither rising nor falling, /.e., an
average level that remains substantially constant in height. Of course, the instantaneous
elevation of the liquid/gas interface 74 will rise and fall nominally due to fluctuating leakage

passed the piston sealing member 17 as a result of the reciprocating motion of the piston

assembly 12 through its stroke length and the resultant fluctuating pressure differential
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4. The punp of Caim2, being hernetically sealed. 5. The punp of Caiml,
wherein said energy storage and release nedia is elastlcaII¥3@ﬁnE @?SIVG or
extensible for storing energy as a result of the novenent of A % ston
assenbly through said suction stroke. 6. The punp of Claim2, wherein said
energy storage and rel ease nedi a i ncl udes a gaseous substance. 7. The punp
of Claimé6, further including an additional energy storage and rel ease
means for storing energy derived fromnotion of the piston assenbly in said
suction stroke and for releasing the stored energy to the piston assenbly

as the pision:as38TRLYJ RefBYE G bReRRl 4L Qéée é\h&‘ﬂs LK Be fer SQ%BHYQ&SM
d g

Cl aim6, erern sal aseous ‘substance i's n -condénsabl e and~I's 'not

vapor of tm‘?erjfaaf gtllé\gl ﬂsnr%ltg g%nbtr\‘gllh li ng rreans for supplying and

di scharging's gaseous su sta t he punp and control neans far

mai ntaining a d&%\/\{}&%ﬁﬁég;@éﬁ@& séog@ RUMBnce Fihe Lﬁ:)g%r Sé{d%ﬁpos% thgpe

punmp of Claimé6 stance s parti y €O

xgﬁogoﬁaeﬁgﬁ%ﬁ"'@qéjﬁmgﬂ o} ac véjzéj‘rgcrl'ne{ leal?aagrétc;f?qwg pas tqpng%%(tjon seaﬁng member

17 may be accomplished by several means. [n particular, the pressure is controlled to a
level approximately mid-way between the liquid inlet pressure and the liquid outiet pressure
of the pump. Variance in the pressure of the gaseous substance in the upper section 40
of the reservoir chamber 22 affects the rate of liquid leakage past the piston sealing
member 17. This |leakage will occur at potentially different rates in the upward and
downward directions as the piston assembly 12 moves downward and upward, respectively.
The pressure of the gaseous substance in the upper section 40 of the reservoir chamber
22 and the pressure in the dispensing chamber 20 as the piston assembly 12 moves
through the swept volume serve to define the differential pressure driving liquid leakage
past the piston sealing member 17 at all boints in the motion of the piston assembly 12.
Given that the pressure in the swept volume of the dispensing chamber 20 is fixed by the
process application of the pump, the pressure of the gaseous volume in the upper section
40 of the reservoir chamber 22 is controlled to adjust the upward and downward liquid
leakage rates past the piston sealing member 17 to achieve the condition of nominally zero
net leakage during each full reciprocating cycle of the piston assembly 12. Liquid leakage
passed the piston sealing member 17 is in the direction of high-to-low pressure differential
across the piston sealing member and the amount of said leakage increases with the

increasing pressure differential across said sealing member.
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I s.not a vapor of the liquid being punped, including nmeans for supplying
and di scharging controll ed anounts of said non-condensi bl e @q@wggmgaid
punp. 10. The punp of Claim6, wherein said piston assenbly is disposed in
said cylinder such that the reservoir chanber is substantially filled with
a gaseous substance in a region occupied by the opposed end of the piston
assenbly as said piston assenbly noves through both said suction and

di spensing strokes . 11. The punp of C aim 10, wherein said gaseous
substance is conposed solely of vapor of the liquid being punped. 12. The

punp of Claim 10 for punping a |iquefied gas, wherei I d cylinder
i ncl udes heat - %H%@Péﬁjﬁg’%hﬁ‘gﬁ‘é@ 8XISUNG 18 SR HPRGT *ﬁ@%@ﬁiﬁ@ir NEaREROS o
maintain said liquid to be punped at a desired cold tenperature to maintain
sai d | i quidlabpye &he PSRN asgemBlny Bas an ROy HIYing: THRctoas dp\rarticuiaRavgrdt o
mai ntain said reservoir chanber at a desired warmtenperature to nmaintain
at | east @openof 818 ristop meserally ddhiough dpisestianottinie reauiepsditisenasnaticawek t he
pressure of the gas in said reservoir chanber being maintai ned bel ow the
critical ippeldedraw oW pregsugrlinuidiato thieewerivplugte afites dispamsingrchpmivpi 2@below
cryogenically liquefied gas, wherein said cylinder includes heat-insulating
means at themigjoromd;dfoweker, theqpesssiradiffeteatibleacross ths piston assembly 12 requires a
notable input of magnetic work energy from the linear magnetic drive system 50 during the
upward motion of the piston assembly 12. On the subsequent downward, or dispensing
stroke, the high pressure developed on the pumped liquid below the piston 13, as the liquid
discharges through outlet valve 36, requires significant work input. The work input provided
during the downward, or dispensing stroke of the piston 13 is provided partially by the
magnetic force lines between the armature 62 and the stator 52, and the remainder of the
work is provided by the re-expansion of the compressed gaseous substance in the upper
section 40 of the reservoir chamber 22. Magnetic energy input during the up stroke of the
piston assembly 12 that is stored in the gaseous substance in the upper section 40 of the
reservoir chamber 22 as pressure/volume energy is released back to the piston assembly
12 during the downstroke. This permits a nominally equal loading of the magnetic driving
system 50 on both the upward and downward strokes of the piston assembly 12.

In an alternative embodiment, a storage of potential energy during the upward, or
retracting suction stroke of the piston assembly 12 can be achieved by a compression
spring 78, either with our without a gaseous substance, acting between the upper inner end
surface of the cylinder 14 and the upper or proximal end surface of the piston assembly 12.

It also is within the scope of this invention to use some other mechanical, electrical or

magnetic energy storage component in place of, or in addition to the compressed gaseous

-20-



3 July 2003 maintain said liquid to be punped at a desired cold tenperature
to maintain said |iquid state; heating neans at a region ofé%h rvoir
chanber to maintain said reservoir chanber at a desired war f@%%@?gture to
maintain at |east a portion of the reservoir chanber volume in a gaseous
state; the pressure of the gas in said reservoir chanber being maintained
substantially at or above the critical pressure of the gas. 14. The punp of
Claim 1, wherein said magnetic drive is a poly phase |inear notor including
an el ectroni c power supply and a programabl e m croprocessor for

control | 's@r?st%%% &Qg{o@bin%%t&%%ﬁt. 9?0@%%%@ H%éj!)ym[e?e %‘gégﬁ%ﬁv%%ﬂr\?\ﬁg AELOLs is
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assenbly including the position, velocity and accel eration of the piston
assenblyc?mPHﬁgﬁB t the entire path of novenent of the assenbly in the
opposed linear directions at every point jn ti of that cyclic nption.
1fi. The purrp'to?h‘l‘il? iofh &%,egvth%fr E’ienp%fﬁ?cﬂop‘r”o@?cé’ﬁﬂﬁeewm AR FRest dyered
adjustably controls notion of the piston assenbly to provide a tinme delay
of not i oAMBEtifRasY: o thec davantian és/ eprfiguesd torRlininate G BeeBIHFSAls Sgbrperyibre

i ncludi ng both a suction stroke and a dispensing stroke of the piston
assenbl ypumpsd liquid gnf tre poEnt gurrotmeings ﬁﬁh@fpumpa?qmr&!ay wridei hergiegically
programuabl e m croprocessor adjustably controls notion of the piston
assenbl ysedeprondtastien.ti me del ay of notion at one or nore of various

| ocations within any cycle of the piston assenbly, each cycle including

bot h a suct i ofhsdyrskeic agrls amgiogpingriatpredevides asf totrievept egress efesriirgm 18.
The punp of Claim 14, further including a piston assenbly position sensor
provi di ng maselrieed Brezalo dreenibleat kresi gjriedset presiserep betyvessmisdolies that usually

m croprocessor. 19. The punp of C aim 14, wherein said programuable

m cropr ogesapr thedpreséakkey fiithbnolse imendtioneretdtivatio aachfota@y enentdiobndl he

pi ston assenbly during the suction stroke and the tinme duration of novenent

of the pisdpocaAing sumby, tlslsiafigndrp ®ody §PRABKI I8G pump housing seal and the moving

body is a piston rod. The piston rod enters the pump housing to deliver mechanical work
to the fluid. The use of such dynamic seals is eliminated from the hermetically sealed
variants of the present invention. However, in accordance with the broadest aspects of this
invention the reciprocating pumps are not required to be hermetic pumps.

The reciprocating piston assembly 12 is driven by magnetic lines of force, which are
produced by electro-magnetic means, as described above. In particular, motion of the
piston assembly 12 is made to occur by modulating multiple external magnetic fields. The
modulation of the external magnetic fields is accomplished by modulation of the electrical
currents producing the magnetic fields and this modulation permits variable control of the
piston assembly motion, which includes variable and adjustable control of the length of the

linear stroke of the piston assembly, the cyclic frequency of the piston assembly, as well as
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stroke. 20. The punp of Claim 19, wherein said programuabl e m croprocessor
adj ustably controls the tine duration of novenent of the pig%&mﬁg@@%gbly
during the suction stroke to be less than the tinme duration nt of
the piston assenbly in the dispensing stroke. 21. The punp of Caim1l,
wherein said |inear magnetic drive includes a stator and armature, said
stator being | ocated adjacent and outside of the cylinder and said armature
bei ng | ocated on said piston assenbly inside said cylinder. -56 3 July
2003 22. The punp of Claim2, wherein said |linear nmagnetic drive includes a

stator angd _armatur al t at or,. bei l.ocat adj acent and outside of the
cyl i nder &‘&PC’E&P% ‘%}O ﬁb{ a&%g%cgiegalqnooég%e%s%ﬁ agg?ragrg?}%rg B%hoéié fwe PAY Ye
said cylinder. 23.. The pu of Claim2, further. including a,liguid,su in
communt aPCURTEN o PR EsTATD T bk FRPPEHITar dretishac £V PaPott bIe S Hataui o
to the pur’%_ 24. The punp of C aim 23, wherein said sunp is conpletely
filled weYIEHYONi quid. 25. The punp of O aim 23, wherein said sunp is
partially Tiled vvitk% sai d !ji gui d and i ncll_udes a ull age space havi gfg a
conpr essi bl e iR Brec‘i"fé?cb‘i“ﬁ. € 69p°fl"ﬁté°'b_(‘1'?ﬁ'p'rt?@r_@fl°é?rrﬁ 285" PaArpvicarierntage
space inc3udes a thermal jnsulation with anti-convection and

anti - condiiree pglppdfgrf%rpf@mqlq;@g the suction stroke and the delivery stroke of the piston assembly

12, respectively; with the suction stroke preferably being slower than the delivery stroke.

In another preferred mode of operation the programmable microprocessor adjustably
controls the cyclic movement of the piston assembly so that it either is continuous or
discontinuous, That is, the operation of the pump can be controlled so that a pause in
motion of any desired time duration is provided at various locations within any cycle of the
piston assembly, or between successive cycles of the piston assembly; each cycle including
one suction and dispensing stroke.

As noted earlier in this application, in accordance with the broadest aspects of this
invention the linear motor, through the programmable controller, can be employed to vary
a number of different attributes of the piston assembly motion.

Referring to Figure 2, a second embodiment of a hermetic reciprocating pump in
accordance with this invention is illustrated at 100.

The hermetic recipracating pump 100 is specially designed for pumping liquids that
are below ambient temperature, and which exist only in a vapor state at ambient
temperature, (e.g., liquefied industrial gases, typically, nitrogen, oxygen, argon, hydrogen,
helium, methane, etc.). In this construction, the preferred method for controlling gas
pressure in the upper section 102 of reservoir chamber 22 above the piston sealing member

17 is by boailing off of the liquid phase being pumped. This resuits in the upper section 102
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27.. The .punp of Caim?25, including a thermally conductive el enent for
assisting in maintaining the liquid in the sunp at a desired3§Q9$§P
ve and

The punp of C aim 25, wherein said sunp includes a vent |ine

liquid float for operating said valve to maintain the liquid in the sunp at

a desired elevation. -57 3 July 2003 29, The punp of O aim 25,

I ncl udi ng

conduit neans connecting the discharge fr omsaid punp to a bottom wai l

section of the sunp through a renovabl e and seal ed connecti on.

30. The punp

of Clairn 25, including conduit neans connecting the discharge from sai d

bunp LNt Qal, 116 S aHILRIE 63RG e g’l}bst%‘n% ryg%@ @i ye

reservoir cha |nc WS SeéecC

ener

33 as??o age

Sect | ons BEHRPRAEAIRYS BT Siels il n i O%f@%ﬁﬁpsss AN
31,

fﬁﬂ%giyn' & ?sgw?ﬁb%? S 2 S eps @l%rfeﬁﬁ%?@* |szef§°@fa§ %W@%% %FZW d

it he'r SOUIORBIG g ﬁ%%“ﬁﬁ%ﬁ% B R o CHLaN i S G 60 B P

section

I's an end sectjon of the
assembly 110. This exposes a portion of the vapor inventory to colder surface

temperatures at the lower end of the thermal gradient region 112. This induces re-
condensation, which, in turn, causes a reduction in the vapor inventory and restores the
liquid/vapor interface 104 upwardly.

Conversely, if there is an insufficient vapor inventory in the upper section 102, the
liquid/vapor interface 104 will automatically rise, thereby exposing the liquid phase above
the piston sealing member 17 to warmer surface temperatures in the thermal gradient
region 112. This will cause vaporization of the liquid, thereby replenishing the vapor
inventory in the upper section 102.
| From the above explanation, it shoula be apparent that the control of the vapor
inventory in the upper volume 102 of the pump 100 is based upon control of the thermal
gradient along the length of the closed cylinder 108 and the piston assembly 110 therein.

In those cases where the gaseous substance in the upper section 102 is fully or
largely constituted by vapc;r from the liquid being pumped, and the pressure above the
piston assembly 110 is above the critical pressure of the liquid being pumped, a distinct
liquid/vapor interface surface will not exist. Specifically, above this critical pressure a
gradient of decreasing fluid density in the thermal gradient direction of increasing
temperature of the fluid will exist. In this latter situation, a mixing of the cold and denser

“liquid-like fluid” with the warmer and less dense “gas-like fluid" affects the operation of the
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reservoir chanmber and said energy storage and rel ease nedi a engages an
outer wall of the bellows section. 34. The punp of C aim 33, V\Ir‘e 64 sai d
bell ows section is filled with a liquid. 5g .A AEA. AlAsﬂjl %Q
Y. AHY. A. . ALY. A . AY. A{ly. AA. A . AF. A?. A'. R Ah. Ah. A. AY. AU. A
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electrical resistive and eddy current losses to be rejected to the ambient surroundings and
not to the pumped liquid. It should be noted that heat input to the cryogenic liquid
decreases thermodynamic pump efficiency and increases the requirements for NPSH in the
incoming fluid.
Although omitted f;om Figure 2, it should be understood that the magnetic drive
system employed in the pump 100 can be identical to the linear magnetic drive system 50
employed in the pump 10. That is, the linear magnetic drive system employed in the pump
100 can include, in addition to an armature and stator construction substantially identical
to the armature 62 and stator 52 employed in the pump 10, an external microprocessor

controlled electronics and power supply package substantially identical to the electronics
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and power supply package 60 employed in the pump 10. Moreover, the control of the
electrical output of the package in the pump 100 can be the same as the control of the
electrical output of the package 80 in the pump 10; preferably by a software program. In
addition, the drive system employed in the pump 100 can include a position feedback
system of the same type that is employed in the pump 10.

As noted earlier in this application, NPSH is the difference between the inlet liquid
static pressure and the vapor pressure of that liquid at the inlet temperature, expressed in
terms of height of standing liquid. Insufficient NPSH results in liquid boiling in a pump inlet
section. Bubbles of vapor resulting from the boiling action subsequently collapse violently
during pressurization in the pumping process, resulting in acoustically transmitted shock
waves in the liquid. This can cause damage to the pump’s mechanical components.
Therefore, it should be understood that a pump design with a low required NPSH is
desirable to allow pumping from vessels with low liquid levels, and thus, low available
NPSH.

The dispensing chamber 20 below the piston sealing member 17 must be
maintained at a cryogenic temperature to establish the required thermal gradient in the
pump for properly controlling the liquid/vapor interface level 104. The suction of the pump
100 can be applied directl)—/ to a cryogenic liquid inlet supply line (not shown) or from a
cryogenic inlet sump 120. Use of a sump is preferred where the amount of sub-cooling of
the inlet liquid 122 is low. The amount of "sub-cooling” as referred to in this application
means the different between the temperature of the inlet liquid and the boiling temperature

of that liquid at the inlet pressure.
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In accordance with this invention, the inlet sump 120 includes a pressure vessel 124
that is designed for the pressure of the liquid at the inlet to the pump. This pressure vessel
124 is mounted at its proximal, or upper end to the warm end of the pump 100, and is
nominally an axi-symmetric structure, with the axis of the pressure vessel being nominally
co-extensive with the center line of the outer cylinder 108 and piston assembly 110. The
pressure vessel 124 is fabricated of a material suitable for cryogenic temperatures and
otherwise is compatible with the liquid to be pumped.

As can be seen in Figure 2, the pressure vessel 124 of the sump is mounted to an
adaptive plate 126 at the warm end of the pump 100, and this plate serves as a closure for
the sump pressure cavity within the pressure vessel. The sump 120 is designed to
minimize heat fransfer from its warm upper end to the cold bottom end and must be suitable
for maintaining the thermal gradient along its vertical length. The exterior surface of the
pressure vessel 124 is insulated by a vacuum jacket, schematically indicated at 128, or by
an other suitable insulating means for preventing heat transfer (illustrated schematically by
wavy lines 130) from the surrounding ambient into the sump 120.

As is illustrated in Figure 2, cryogenic liquid to be handled by the pump 100 enters
the sump 120 through a suitable inlet conduit indicated schematically at 132 via an opening
in the wall of the pressure vessel 124, Thereafter, liquid is drawn into the pump 100 from
the sump 120 through inlet valve 134, which is of a conventional design that is capable of
functioning under cryogenic temperature conditions. [t should be understood that liquid is
drawn into the pump 100 by a reduced pressure in the distal swept volume that is created

by the upward, or suction stroke of the piston assembly 110.
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On the other hand, liquid discharged from the pump 100 by the downward
movement of the reciprocating piston assembly 110 through a dispensing stroke exits
through outlet valve 136 and is routed out of the sump 120 via a stationary, but separable,
sealed connection 138. This sealed connection permits removal of the pump 100 from the
sump 120 for maintenance, or for any other desired purpose.

Alternatively, the discharged liquid may be directed out of the sump 120 by routing
it through the adaptive plate 128, as is schematically illustrated by the dash line 127, for
applications where heat transfer to the discharged liquid is permissible. In this latter
arrangement, the adaptive plate 126 must be suitably designed for receiving a local cold
penetration, and such a design is obvious to persons skilled in the art, and is often found
on cryogenic vacuum jacketed assemblies. Accordingly, the particular design employed for
receiving local cold penetration is not considered to be a limitation on the present invention,
and will not be discussed further herein.

The sump 120, in addition to serving as a storage vessel for the cryogenic liquid to
be pumped by the pun;p 100, also serves as an accumulator to minimize pump suction
pressure fluctuations during each reciprocating cycle of the piston assembly 110. The
volume of vapor 140 above the liquid in the sump 120 serves as a compressible element
allowing a cyclic, minor frise and fall of the sump liquid level 142 during each piston
assembly reciprocating cycle, with consequently minimized pressure changes or variations
in the sump.

Maintenance of the sump liquid level 142 can be controlled by several methods,
depending largely upon the application of the pump in a larger system. One method is by

controlling the thermal gradient along the sump vessel, in the same manner as described
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above for controlling the liquid/gas interface level inside the closed cylinder 108. To provide
a well-defined location for the liquid level 142, a thermally conductive element 144 is
mounted through the adaptive plate 126 at the warm upper end of the sump vessel 124 to
the lower cold location desired for the sump liquid level. The outer surface of the thermaily
conductive element 144 shall be thermally insulated from heat transfer to the volume of
vapor 140 above the liquid in the sump 120, except for the distal end thereof. The lower,
or distal end of the element 144 provides a boiling initiation point for a rising liquid level.
The warm upper end of the thermally conductive element 144 may be maintained at a
suitable warm temperature by a conductive design, a convection design to the ambient
atmosphere, by electrical elements, or by any other means suitable for that purpose. The
particular means employed for maintaining the upper end of the conductive element 144
warm is not considered a limitation on the broadest aspects of the present invention, the
particular means employed being obvious to persons skilled in the art.

Referring to Figure 3, an alternative embodiment of a hermetic reciprocating pump
in accordance with this invention is illustrated at 200. The construction of this pump is
substantially identical to the construction of the pump 100, and therefore elements in the
pump 200 that are identical to elements in the pump 100 are given the same numerals as
employed in Figure 2, and function in the same manner as described above in connection
with Figure 2. These elements will not be discussed in detail in connection with the pump
200. It should be understood that the magnetic drive system employed in the pump 200 is

identical to the drive systems employed in the pumps 10 and 100, and therefore will not be

discussed further herein.
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The pump 200 differs from the pump 100 in the construction and method for
controlling the sump liquid level 142. In particular, the method and system for controlling
the sump liquid level 142 in the pump 200 is desirable for applications that require periods
of low, or zero pump flow, but where the pump and the sump must be maintained at a cold
temperature for quick restart. In this embodiment, a float valve 202 is connected to a sump
vapor vent line 204. The float valve 202 is located within the sump vessel 124 at the
desired sump liquid level. When the liquid level condition is below the float valve 202,
indicating a low liquid level condition, the float valve 202 opens by allowing valve plug 206
to open off of valve seat 208 by gravitational effect. This opening of the valve 202 allows
vapor to vent from the sump 120 through the vapor vent line 204, based upon the vent line
terminating at a sink of lesser pressure than the pressure within the sump. The venting of
vapors through the vapor vent line 204 allows the liquid level in the sump 120 to rise, as a
greater inlet flow of liquid to the sump occurs based on the reduction of sump pressure by
vapor removal.

Conversely, a high liquid level within the sump 120 closes the float valve 202. By
closing the vapor vent line from the sump, the vapor volume increases due to boiling of the
sump liquid that is caused by normal heat transfer from the warm end of the sump vessel
124 down o the distal, or cc;Id end thereof. This process reaches a nominally stable point
with the liquid level 142 being in the general vicinity of the float valve 202. In this
arrangement, a conductive element, such as the thermally conductive element 144
illustrated in Figure 2, may be employed to augment the boiling process under high liquid
level conditions. The use of the float valve 202 and the connected sump vapor vent line 204

prevents low or zero pump flow conditions from boiling the sump dry.

-38-



GLOY%O& (i) - ~] SUEbC 10! F" 10F4Y10%0& () - f 2z10%0& ()-" 0
"10%08 ()-1. 4" 10%08 ()-0, Z10%O&' () - mt 10%08 () - ch@
10! FI ' 109%& () - M’ 109%& () - M@ 109%& ()- 100 100
100S810%0% () - 964" 10%0& () - czX9. @

10@L0%& ()-! +F"109& ()-! 0+F" 109%& () - m' 109%& ()-! ' 109& ()- M mi' 10%& () - Mam\V/
y109d& ()-SF" 109F& ()- mlovd& ()-, 109d& ()-ni 109F& () -f#movd& ()- 10

105} 61 dEMV  y1096T T10967& () - Z1094T& () - 910947& () - 3F" 10947& () - SMLOYT& () -
*10%7& () - | Bx<dEmV

y109* 4" 109F&' () - (MLOYT&' () - &TL09T&' () - SMLOYT&' () - " TL09T&' () -! Z109%a&' () - <LQ
RSTAYNC y10%

10T991097&" ( )'iL %{&‘é%&?ﬁq 9@l heaRelmpligiadeys) 14aeeianisnes the lowsr cr fistal

point of the thermal gradient region 210 of the cylinder and piston assembly. Liquid in the

3 July 2003

inlet sump 120 also removes frictional heat from the wall of the cylinder 108, as is generated
by movement between the liquid sealing member 17 and the piston 13. In a preferred
embodiment of this invention, an anti-convection and insulating structure 212 is mounted
in the vapor space of the sump 120 to minimize excessive heat transfer through the vapor
from the upper warm end to the lower cold end of the sump vessel 124, This anti-
convection and insulating structure 212 can be of any conventional design capable of
providing its intended function, as set forth herein,

Referring to Figure 4, a further embodiment of a hermetic reciprocating pump in
accordance with this invention is illustrated at 300. The pump 300 is very similar to the
pump 10 illustrated in Figure 1, but is constructed in a manner to provide a gas volume
above the piston assembly that can be filled with a non-condensible gas that is different
from the vapor of the liquid being pumped. For purposes of brevity, elements in the pump
300 that are the same as corresponding elements in the pump 10 are identified by the same

! numerals employed in Figure 1, and will not be discussed in detail herein. It should be
noted that the magnetic drive system employed in the pump 300 is identical to the drive
systems employed in the ea;rlier described pumps 10, 100 and 200.

The pump 300 is specifically designed for pumping liquids that are more nearly at
ambient temperature (non-cryogenic liquids) and where the inlet temperature vapor
pressure of such liquids is a small fraction of the average of the inlet and outlet liquid
pressures. In this type of pump the region of upper section 40 of the reservoir chamber 22

above the piston assembly 12 must be filled with a non-condensible gas. A desired
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inventory of the gas must be maintained by adding or removing gas through the upper
volume inlet and outlet gas controlled valves 302 and 304, respectively. The operation of
these valves 302 and 304 to maintain the proper location of the liquid/gas interface 74 along
the length of the piston assembly 12 is effected, or controlled by suitable liquid-level
measurement instruments and controls, which are well known to persons skilled in the art
and do not form a limitation on the broadest aspects of the present invention. For example,
there are several potentially suitable methods for sensing liquid level and controlling the
operation of the valves to maintain the required level, the particular selection of which would
be obvious to persons skilled in the art. In the illustrated embodiment, the pump 300 is
provided with a pressure transducer 306 communicating with the upper interior region of the
upper section 40 of the reservoir chamber 22. The pressure of the gaseous substance in
the upper section 40 of the reservoir chamber 22 normally will fluctuate between a
maximum and a minimum value during each cycle of reciprocating motion of the piston
assembly 12. A valve controller 308 is controlled by the output of the pressure transducer
to operate the control valves 302 and 304 in a manner designed to keep the gas pressure
fluctuation peak differential between acceptable maximum and minimum predetermined
values. An excessively low gas volume increases the cyclic pressure fluctuation differential.
An excessively high gas volume decreases the cyclic pressure fluctuation differential.
Selection of the non-condensible gas for the upper volume 40 must be compatible with the
liquid being pumped and preferably should not be considered a contaminant in the pump
discharge stream, since some amount of the gas will be dissolved into the pumped liquid.

Referring to Fig. 4A, a modified construction to the pump 300 is illustrated, which

permits the pump to be employed with a non-condensible gas that may not be compatible
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with the liquid being pumped, and may actually be a contaminant for that liquid. In this
modified construction a flexible member 310, preferably in the form of a stainless steel
bellows, is provided for retaining the non-condensible gas and separating that gas from the
liquid in the upper section 40 of the reservoir chamber 22. The bellows 310 communicates
with a gas inlet and outlet through inlet and outlet gas controlled valves 302 and 304,
respectively. The operation of these valves 302 and 304 to maintain a desired gas pressure
in the bellows can be the same as described above in connection with the embodiment of
the pump shown in Fig. 4. Specifically, the pump can be provided with a pressure
transducer 306 communicating with the interior region of the bellows 310 through an upper
wall 26 of the reservoir chamber 22. The pressure of the gaseous substance in the bellows
normally will fluctuate between a maximum and a minimum value during each cycle of
reciprocating motion of the piston assembly 12. A valve controller 308 is controlled by the
output of the pressure transducer to operate the control valves 302 and 304 in a manner
designed to keep the gas pressure fluctuation peak differential between acceptable
maximum and minimum predetermined values. An excessively low gas volume increases
the cyclic pressure fluctuation differential. An excessively high gas volume decreases the
cyclic pressure fluctuation differential.

Referring to Figure%, yet another embodiment of a hermetic reciprocating pump in
accordance with this invention is illustrated at 400. This pump 400, like the pump 300,
includes a number of elements that are similar to the pump 10 illustrated at Figure 1.
However, the pump 400 has specific features that make it extremely well suited for use in
pumping liquids that are nearly at ambient temperatures and where the vapor pressure of

such liquids at the inlet temperature is a significant fraction of the liquid inlet pressure and
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wherein the vapor pressure rises significantly with an increase in temperature. In this
environment the region of upper section 40 of the reservoir chamber 22 above the piston
assembly 12 may be composed solely of vapor from the liquid if the upper section 40 above
the piston assembly is maintained at a temperature above that of the liquid below, by
employing various heat transfer means 44 to maintain the proper gas volume. The heat
transfer means 44 can be any well known device as discussed previously in connection with
the pump 10 illustrated in Figure 1. That discussion will not be repeated herein, for
purposes of brevity. Likewise, a heat transfer means 406 may be necessary to be previded
at the warm end of the thermal gradient 402 to maintain said thermal gradient. This heat
transfer means 406 may be cooling water coils, ambient convection heat transfer surfaces
or any other means as is well known to those skilled in the art.

The pump 400 may be used for pumping liquid propane or as a boiler feed water
pump. Inthe latter application, the upper structure 40 of the pump 400 can be heated with
excess steam from the boiler, with combustion flu gas, or by independent means, as
disclosed earlier. For these applications, the stator 52 and armature 62 most preferably are
mounted near the distal, or lower temperature end of the pump, where the liquid to be
pumped is located. It should be noted that the magnetic drive system employed in the
pump 400 is identical to the arive systems employed in the earlier described pumps 10, 100,
200 and 300, and therefore will not be discussed further herein.

A thermal gradient region, illustrated schematically by the numeral 402 is designed
to exist in the liquid to be pumped, as well as in the outer cylinder 14 and piston assembly
12 between the thermally separated hot and warm ends of the pump. The liquid/gas

interface surface 74 is located in this thermal gradient region.
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It 1s iImportant to establish a desired thermal isolation of the two temperature zones
in the pump 400, since excessive temperature is detrimental to components of the linear
motor drive system, such as the permanent magnets and insulation on the electrical
windings forming part of the stator. To achieve the desired thermal isolation between the
two temperature zones, an insulating spacer 404 is provided as part of the piston assembly
12. This insulating spacer 404 also prevents excessive mixing of liquid above the armature
62. Such mixing can cause increased heat transfer between the two temperature regions.

Referring to Fig. 6, a further embodiment of a hermetic pump in accordance with this
invention is illustrated at 500. This pump differs from earlier disclosed embodiments in that
a gaseous substance is not relied upon to provide the energy storage and release functions.
Moreover, the energy storage and release media in the pump 500 is external to piston
cylinder 502, which houses the reciprocating piston assembly 12.

The features of the pump 500 that are the same or substantially the same as the
features in the pump 10 illustrated in Fig. 1 will be referred to by the same numerals as
employed in Fig. 1.

The reciprocating piston assembly 12 is substantially identical to the earlier
described piston assemblies, but may be somewhat shorter in length. As in the above-
described embodiments, a sealing member 17 is provided between the piston assembly 12
and the cylinder 502, to separate the interior compartment into a dispensing chamber 20
and a reservoir chamber 22.

As can be seen in Fig. 6. the reservoir chamber 22 of the cylinder 502 includes an

upper bellows section 504 and is completely filled with liquid being pumped. Since the liquid
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filling the reservoir chamber 22 is essentially non-compressible, and since very little leakage
of the liquid passed the sealing member 17 will occur, the volume within the reservoir
chamber is relatively fixed.

As can be seen in Fig. 8, the upper end of the bellows section 504 includes a force
transmitting end plate 506 against which one end of 2 compression spring 508 is biased.
The opposed end of the compression spring is biased against a proximal mounting plate
51C of the pump that is secured to one end of circumferentially spaced-apart support
members 512. The opposed ends of the support members 512 are secured by any suitable
means (e.g., welding) to the outer surface of the cylinder 502. The number of spaced-apart
support members can be varied to provide support for the mounting plate 510 at multiple
locations, e.g., 3 or 4. 1t should be understood that in the pump 500 the compféssion spring
508 is the energy storage and release media.

Each of the support members 512 includes a notch 514 intermediate its ends to
provide downwardly and upwardly facing stop surfaces 516 and 518, respectively. These
stop surfaces limit the amount of permitted extension and permitted compression of the
bellows 504 to thereby preserve the elastic characteristic of said bellows. These stop
surfaces 516 and 518 are not intended to be controlled by the force transmittor end plate
506 during normal operation, but rather are limits to motion during start-up, shut-down or
other transient occassions.

As the piston assembly 12 moves through a suction stroke toward the proximal
mounting plate 510, the swept volume of the piston assembly in the reservoir chamber 22
will displace the non-compressible liquid therein; resuilting in an extension of the bellows 504

and the force transmitting end plate 508. This extended (proximal) position of the force
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transmitting end plate 506 is shown in dotted line representation at 507. This, in turn,
compresses the spring 508 to store potential energy therein. On the reverse, or dispensing
stroke of the piston assembly 12, the stored energy in the spring is imparted to the end
plate 508, the liquid therein, and then to the upper end of the piston assembly 12. The
compressed (distal) condition of the force transmitting end plate 5086 is shown in dotted line
representation at 509.

Limits to the operational liquid inlet pressure to the pump and outlet pressure from
the pump are dictated by the need to protect the bellows 504 from over extension and/or
compression, to thereby preserve the elastic characteristics of the bellows, and, more
specifically, to prevent operationalimpacting of the end plate 508 against the stop surfaces
516 and 518. A mechanism (not shown) can be provided to vary, or change the nominai
or average compression of the energy storage spring 508 in order to modify the permissible
pump inlet and outlet pressures. For example, a screw adjustment can be provided for
relocating the proximal end of the spring 508 relative to the mounting plate 510. However,
such a relocating mechanism has disadvantages that are not present in the use of a
gaseous substance as the energy storage and release media. In the use of a mechanical
spring, the amount of spring force change per change in spring deflection (i.e., the spring
constant) is fixed, regardless of the amount of deflection of the spring from its free length.
It should be noted that the amount of cyclic (maximum to minimum) spring deflection
required is always constant if the stroke of the piston assembly is constant. Assuming a
constant piston stroke, the maximum to minimum change in spring force is constant through
each cycle, even as the average spring operation length and average force may be adjusted

by moving the location of the proximal end of the spring in either the proximal or distal
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directions. This results in a maximum to minimum force ratio that is changing with the
adjustment in average spring compression and force. At lower average pump pressures
in the dispensing chamber 20, where the average spring 508 compression and force is low,
the ratio of maximum to minimum spring force increases. As the minimum spring force
approaches zero, the force ratio approaches infinity. Because liquid pressure in the
reservoir chamber 22 is directly proportional to the spring force, this pressure also fluctuates
to a greater and greater degree at each point in the cyclic motion of the piston assembly,
as the average pressure of the liquid inlet and outlet of the pump decreases. For example,
with a fixed inlet pressure this occurs if the discharge pressure drops. A significantly
fluctuating pressure in the reservoir chamber 22 is detrimental to achieving a maximum and
constant energy output from the linear motor.

On the other hand, employing a gaseous substance as the energy storage and
release media does not have such a limitation due to the flexibility of being able to adjust
its gas inventory. Filling or venting inventory of the gaseous substance changes not only
the force it provides at a nominal volume, but also changes the “spring constant.,” The
result is that for a given cyclic change in volume, the change in force on the piston assembly
and thus the change in pressure on the proximal side of the piston has a fixed ratio of
maximum to minimum values. This assures that the energy flow from the linear motor can
be maintained at a more nearly constant level for both the suction and dispensing strokes
in each cycle of the piston assembly motion. This assures maximum efficiency of the
overall pump system.

It should be noted, however, that the pump 500 has advantages; particularly for

certain niche applications. Given that the pump 500 is limited to operating within a narrower
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range of inlet and outlet pressures, as discussed above, the resulting configuration is
relatively compact and there are no complicated control means for preserving thermal
gradients or controlling the volume of gas in any energy storage and release media. A
desirable application for the pump 500 is one in which the inlet and outlet pressures are
very stable. A further advantage is that this pump may be mounted in any position and
subjected to any degree of accelerative motion, since there is no natural liquid-to-gas
interface surface that would, or could, be disrupted to cause the pump to loose gas
inventory from the proximal side of the cylinder.

It should be understood that a number of variations can be made in the pump
designs in accordance with this invention for pumping liquids with temperatures below and
above ambient and of varying relative vapor pressures. In accordance with certain
preferred embodiments of this invention, it is important to establish and maintain a proper
volume of gas above the piston assembly during operation, and to establish acceptable
thermal gradients between the reservoir and dispensing chambers in the piston cylinder,
where required (e.g., when pumping cryogenic liquids).

From the above discussion, it should be apparent that the reciprocating pumps of
the present invention are we_II suited for use in industrial processes and employ a unique
cooperation of a linear motor drive system for driving a piston assembly via lines of
magnetic force and the closure of the swept volume in the reservoir chamber on the back
side of the piston assembly either to contain an energy storage and release media, ¢.g., a
gaseous volume, or cooperate with an energy storage and release media, e.g., a spring,
while maintaining a hermeticaily sealed device. The linear motor drive system employed

in the hermetically sealed pumps of this invention replaces the use of conventional
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mechanical drive system, e.g., rotary motors with rotary to linear motion conversion devices,
in pumps which are not hermetically sealed.

The pumps of the present invention have many advantages that are applicable to
the pumping of both cryogenic and non-cryogenic liquids. In all forms of the invention, the
pumps may employ a commercially available linear motor design that is designed to operate
at or near room temperature. For applications wherein the liquids to be pumped do not
permit coupling of the motor in close proximity to the pumping section, such as is the case
for pumping cryogenic fluids, the present invention employs a single acting piston
arrangement and establishes adequate physical separation of the pump from the linear
motor.

The present invention has numerous advantages, particularly over existing cryogenic
reciprocating pumping devices. Moreover, many of these advantages are applicable to non-
cryogenic pumping applications, as have been detailed previously herein,

As noted earlier, the geometry of establishing the cylindrical air gap in the linear
mator of the present invention between the stator and the armature permits a non-magnetic
iiner to be affixed to the bore of the stator in the air gap. This isolates the stator assembly
from the armature, allowing stator materials and construction to be standard, as provided
from the manufacture of the linear motor. In other words, this isolation avoids requirements
for material compatibility with the pump fluid, such as may be necessary for liquid oxygen
or other aggressive liquids, Furthermore, because the application of force for work input
to the piston assembly is by lines of magnetic force acting through the stator liner, the liner
may be made integral with the pressurized liquid boundary of the pump section, thus

creating a totally hermetically sealed pump design.
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The present invention, unlike the prior art, very effectively minimizes leakage past
the piston seal by raising the pressure in the reservoir chamber on the back, or proximal
side of the piston. This is achieved with virtually no detriment to piston rod packing leakage
or reduced life of the piston rod, since dynamic seals preventing leakage to the ambient
surroundings of the pump employed in conventional prior art pumps that are normally
subjected to excessive wear are not employed in the most preferred pump constructions
of the present invention. Because piston seal leakage is bi-directional in the pumps of this
invention and not lost from the liquid inventory within the pump, the design of the seal can
allow somewhat greater leakage rates with a corresponding benefit in reduced frictional
heat input to the pumped liguid by reduction of seal contact pressure. While piston seal
leakage may represent a nominal loss of pump volumetric efficiency, the greater benefit is
reduction of heat load on the pumped stream, thus reducing undesired vaporization.

The reciprocating pumps of the present invention, which all émploy a linear magnetic
motor, offer significant advantages over prior art reciprocating pumps that employ rotary to
linear mechanical conversion devices {o reciprocate a piston rod assembly, generally
through a fixed piston stroke length and generally fixed sinusoidal motion. The linear
motors employed in the pumps of the present invention offer adjustable strcke length
operation and programmable motion definition versus fixed sinusoidal motion. These
flexibilities in operation of the pumps of the present invention are adjustable before
operation of the pump, or while the pump actually is in service. Minimization of peak piston
velocity on the inlet portion of the piston motion and non-equal suction and discharge time
periods are considered to be beneficial in controlling cylinder pressure reduction effects on

the overall pump required NPSH. Such velocity and time controis are not achievable with
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conventional mechanical conversion devices, e.g., slider-crank linkage system, commonly
employed in prior art pumps. Moreover, the abili-ty to adjust the stroke, speed and motion
of the piston assembly in the linear motor driven pumps of this invention permits the use
of such pumps for duties that are not possible with current reciprocating cryogenic pumps.
This theoretically includes operation of the pumps of the present invention at any fiow rate
from 0 to 100% of design, a mode of operation not achievable in prior art constructions. In
particular, prior art reciprocating pumps use flywheels for speed stabilization and cannot
achieve this wide range of output flow rates. Specifically, flywheels store energy based on
kinetics, which is speed dependent. The present invention stores energy by gas pressure
or other elastic compressive or expansive media, which is independent of speed.

Prior art reciprocating pump designs have tended to reduce total reciprocating
weight in order to limit vibration effects to the installation and pump bearings. [n view of the
fact that the pumps of the present invention are permitted {o operate with longer stroke
lengths and slower cyclic rates, the limitation on reciprocating weight is eased. This permits
an increase in length between the warm and cold end of cryogenic pumps in accordance
with the present invention, which thereby decreases the thermal heat leak into the cold end
of the pump. While applica_nt considers this to be a significant benefit for thermodynamic
pump efficiency and reduction of NPSH requirement, it also permits a “constant cold-on
standby” situation. In this regard, prior art constructions have a pump cold end relatively
closely coupled to the warm end. Thus, the cold end warms quickly after the pump is shut
down; a problem that is not encountered with the pumps of the present invention. Thus,

prior art pumps require a period of cool-down prior to restart if the period of pump outage

is more than several hours. This represents a nuisance in operation and a loss of product
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to vaporization occurring during the cool-down process. The present invention eliminates
or minimizes this cool-down requirement so long as liquid inventory remains available to the
pump suction. An acceptably small residual liquid vaporization in cold standby will be
returned to the ullage volume of the cryogenic liquid storage source tank to maintain its
desired benefit.

A still further benefit of the bresent invention is that it offers a decrease in
mechanical complexity and a corresponding reduction of maintenance requirements. As
noted earlier, in contrast to prior art reciprocating pumps, the pumps of the present
invention have fewer moving parts, including no crankshaft, connecting rod, piston rod,
cross-head, wrist-pin, flywheel, belts and/or motor pulleys. Likewise, the stationary part
count is reduced by eliminating numerous parts, e.g., belt guard, motor mount, slider, crank
housing, main bearings, shaft seals, piston rod distance piece, and piston rod packing and
rod wiper assembly. In the present invention these later components are replaced with an
electronic control and power package requiring substantially less maintenance than its
mechanical counterparts.

Without further elaboration, the foregoing will so fully illustrate my invention that
others may, by applying curr_ent or future knowledge, readily adapt the same for use under

various conditions of service.
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CLAIMS

1. A reciprocating pump for liquids, said pump comprising: a cylinder including
outer walls providing a closed interior compartment having opposed ends, a piston
assembly having a dispensing end and an opposed end, said piston assembly being
movably mounted within said compartment for movement in opposed linear directions
between the opposed ends of the closed interior compartment, a sealing member between
said piston assembly and said cylinder to maintain a dynamic fluid seal between the piston
assembly and said cylinder as said piston assembly is moved in opposed linear directions
between said opposed ends of said closed interior compartment, said sealing member
separating said interior compartment into a dispensing chamber and a reservoir chamber;
a linear magnetic drive generating a linearly moving magnetic field for moving the piston
assembly in said opposed linear directions; a valve-controlled inlet conduit communicating
with the dispensing chamber of the interior compartment for directing liquid into the
dispensing chamber to fill the volume of the dispensing chamber as the piston assembly
moves through a swept volume in one linear direction through a liquid-receiving suction
stroke; a valve-controlled outlet conduit communicating with the dispensing chamber of the
interior compartment for directing pumped liquid out of the dispensing chamber as the
piston assembly is moved through a swept volume in a direction opposed to said one finear
direction through a liquid dispensing stroke, an energy storage and release media for
storing energy as a result of the movement of the piston assembly through the suction
stroke and for releasing the stored energy to said piston assembly as the piston assembly

is moved through said dispensing stroke.
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2. The pump of Claim 1, wherein said energy storage and release media at

least partially fills the reservoir chamber.

3. The pump of Claim 1, being hermetically sealed.
4, The pump of Claim 2, being hermetically sealed.
5. The pump of Claim 1, wherein said energy storage and release media is

elastically compressive or extensible for storing energy as a result of the movement of the

piston assembly through said suction stroke.

8. The pump of Claim 2, wherein said energy storage and release media

includes a gaseous substance.

7. The pump of Claim 8, further including an additional energy storage and
release means for storing energy derived from motion of the piston assembly in said suction
stroke and for releasing the stored energy to the piston assembly as the piston assembly

is moved in said dispensing stroke.

8. The pump of Claim 6, wherein said gaseous substance is non-condensible
and is not a vapor of the liquid being pumped, including means for supplying and
discharging said gaseous substance fram the pump and control means for maintaining a

desired gas Inventory in the pump.
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9. The pump of Claim 6, wherein said gaseous substance is partially composed
of vapor of the liquid being pumped and is partially composed of a non-condensible gas that
is not a vapor of the liquid being pumped, including means for supplying and discharging

controlled amounts of said non-condensible gas to said pump.

10. The pump of Claim 6, wherein said piston assembly is disposed in said
cylinder such that the reservoir chamber is substantially filled with a gaseous substance in
a region occupied by the opposed end of the piston assembly as said piston assembly

moves through both said suction and dispensing strokes .

11. The pump of Claim 10, wherein said gaseous substance is composed solely

of vapor of the liquid being pumped.

12. The pump of Claim 10 for pumping a liquefied gas, wherein said cylinder
includes heat-insulating means at a region of the dispensing chamber to maintain said liquid
to be pumped at a desired cold temperature to maintain said liquid state; heating means at
a region of the reservoir chamber to maintain said reservoir chamber at a desired warm
temperature to maintain at least a portion of the reservoir chamber volume in a gaseous
state; the pressure of the gas in said reservoir chamber being maintained below the critical

pressure of the gas.

13. The pump of Claim 10 for pumping a cryogenically liquefied gas, wherein

said cylinder includes heat-insulating means at a region of the dispensing chamber to
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maintain said liquid to be pumped at a desired cold temperature to maintain said liquid
state; heating means at a region of the reservoir chamber to maintain said reservoir
chamber at a desired warm temperature to maintain at least a portion of the reservoir
chamber volume in a gaseous state; the pressure of the gas in said reservoir chamber

being maintained substantially at or above the critical pressure of the gas.

14. The pump of Claim 1, wherein said magnetic drive is a poly phase linear
motor including an electronic power supply and a programmable microprocessor for
controlling the operation of the power supply to adjustably control movement of the piston

assembly.

15.  The pump of Claim 14, wherein said programmable microprocessor can
adjustably control the operation of the power supply to control the length of stroke of the
piston assembly in each linear direction, the time period of the stroke of the piston assembly
in each linear direction, the cyclic rate of reciprocation of the piston assembly including the
position, velocity and acceleration of the piston assembly throughout the entire path of
movement of the assembly in the opposed linear directions at every point in time of that

cyclic motion.

16. The pump of Claim 14, wherein said programmable microprocessor
adjustably controls motion of the piston assembly to provide a time delay of motion between
successive cycles of the piston assembly, each cycle including both a suction stroke and

a dispensing stroke of the piston assembily.
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17. The pump of Claim 14, wherein said programmable microprocessor
adjustably controls motion of the piston assembly to provide a time delay of motion at one
or more of various locations within any cycle of the piston assembly, each cycle including

both a suction stroke and a dispensing stroke of the piston assembly.

18. The pump of Claim 14, further including a piston assembly position sensor

providing an electrical feed back signal to the programmable microprocessor.

19. The pump of Claim 14, wherein said programmable microprocessor
adjustably controls the time duration of movement of the piston assembly during the suction
stroke and the time duration of movement of the piston assembly during the dispensing

stroke.

20, The pump of Claim 18, wherein said programmable microprocessor
adjustably controls the time duration of movement of the piston assembly during the suction
stroke to be less than the time duration of movement of the piston assembly in the

dispensing stroke.
21. The pump of Claim 1, wherein said linear magnetic drive includes a stator

and armature, said stator being located adjacent and outside of the cylinder and said

armature being located on said piston assembly inside said cylinder.

-56-



3 July 2003

22. The pump of Claim 2, wherein said linear magnetic drive includes a stator
and armature, said stator being located adjacent and outside of the cylinder and said

armature being located on said piston assembly inside said cylinder.

23. The pump of Claim 2, further including a liquid sump in communication with

the valve-controlled inlet conduit for supplying liquid to the pump.

24, The pump of Claim 23, wherein said sump is completely filled with said liquid.

25. The pump of Claim 23, wherein said sump is partially filled with said liquid

and includes a ullage space having a compressible media therein.

286. The pump of Claim 25, wherein said ullage space includes a thermal

insulation with anti-convection and anti-conduction properties.

27. The pump of Claim 25, including a thermally conductive element for assisting

in maintaining the liguid in the sump at a desired elevation.

28. The pump of Claim 25, wherein said sump includes a vent ling, a valve and

liquid float for operating said valve to maintain the liquid in the sump at a desired elevation.
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29, The pump of Claim 25, including conduit means connecting the discharge
from said pump to a bottom wall section of the sump through a removable and sealed

connection.

30. The pump of Claim 25, including conduit means connecting the discharge

from said pump through the sump ullage space.

31. The pump of Claim 1, wherein the reservoir chamber includes a beliows
section therein, said energy storage and release media communicating with said bellows
section, said bellows sections being moved by the suction stroke of the piston assembly to

store energy in said energy storage and release media.

32. The pump of Claim 31, wherein said energy storage and release media is
a gaseous substance filling said bellows section, said bellows section being a member

located in the reservoir chamber.

33. The pump of Claim 31, wherein said bellows section is an end section of the

reservoir chamber and said energy storage and release media engages an outer wall of the

bellows section.

34, The pump of Claim 33, wherein said bellows section is filled with a liquid.
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