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LI NEAR M3TOR DRI VER types of reciprocating punps with a Ii nean \%I’MZI ver
and to-nmethods of punping liquids wth such reciprocating purrp

preferably the punps of this invention are hernetic reciprocating punps
and the nethods of this invention are nethods of punping liquids with such
hernmetic punps. Reciprocating punps are highly desirable for use in '
nuner ous applications, particularly in environments where liquid flow rate
i low (e.g., less than 15gpnm) and the required liquid pressure ri-se is
high (e.g., greater than 500psi). For applications requiring |ess pressure
rise and greater flow rate, single stage centrifugal punps are favored
because of their sinplicity, |low cost and | ow mai nt enance requirenents.
However, reciprocating punps have a hi gher thernodynam c efficiency than

centrifugal punps by as much astid¥or $HE IN9ENTIEN: L0 30% Al though
reci procating punps are preferred for nmany applications, they are subject

to certain drawbacks rensiphbBANRIG SUMPEAITRINDAR MOTORIBRIOER
reci procating punps are commonly driven in a linear direction by a

rotating drive mechani smthrough a slider-crank mechani sm or ot her
conventi onal nmechani cal nechanismfor converting rotary notion to |inear
notion. These drive systens require nultiple bearings, grease or oi

| ubrication, rotational speed reduction by belts or gears fromthe driver,
fl ywheel s for 'stabilization of speed, protective safety guards and other
mechani cal devices, all of which add conplexity and cost to the punps.

Mor eover, in these traditional constructions the stroke | engt h of the
piston is fixed, as is the notion of the piston over time (e.g., generally
si nusoi dal nDtlon) during each cycle of operation. This

types of reciprocating pumps with' a linear motor-driver and to methods of pumping liquids
with such reciprocating pump. Most preferably the pumps of this invention are hérrr'leﬁ.c
reciprocating pumps and the methods of this invention are methods of pumping liquids with
such hermetic pum.ps.

Reciprocating pumps are highly desirable for use in numerous applications,
particularly in environments where liquid flow rate is low (e.g., less than 15gpm} and the
required liquid pressure rise is high (e.g., greater than 500psi). For applications requiring
less pressure fise and greatér flow rate, sfngle stage centrifugal pumps are favored because
of their simplicity, low cost and low maintenance requirements. However, reciprocating

pumps have a higher thermodynamic efficiency than centrifugal pumps by as much as 10%
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results i;n a peak piston velocity near md-stroke, which determnes the
peak Bernbulli effect pressure reduction and kinetic head | oss pressure
reduction in the fluid that enters the punp on the suction stroke of the
pi ston, thereby effecting the net positive suction head (NPSH)

requi renent. Punps are subject to nechanical damage frominsufficient NPSH.
In particular, vaporization of liquid at the point of entry into the punp
results in vapor bubble formation. Subsequent conpression of the vaporized
| i'qui d causes violent collapse of the bubbles, resulting in the

formati ontof sonic shock waves that ultimtely can damage punp.

conponents. Therefore, it is inportant that the avail able NPSH of a punp

i nstal | at i twBd%. Akhdubh cacipmodainginomss drbereferpd foetlaNPaplicdtichbgheuanme subjesmp
designs requiring a Il ow NPSH all ow greater flexibility in installation

of ten rediccdeniin dratvbbdlatandiimiteltdrs. | n addition, a | ower required NPSH
assures a greater margin to cavitation and hence greater reliability in
oper ation when Fat ekamyer fibditighat esudbrbéating munepsObife copahlyi ¢dienon. a fidearhe
NPSH requi renment for reciprocating punps is dictated by factors tending to
reduce t heditextioh Wnkriptatingtdrive mecshanistre throughh aaslidef-gank rhédhanRaes o etidri on
pressure drop and velocity induced pressure drop (Bernoulli effect and

ki neti c hegshvealighabhedHanicheméedhagism foncorvedingirtlaBt mytdryv®. lindBemetdr, Msseand
piston size, as well as the inlet valve size and peak piston velocity are
critical famieaystens réqlifein@tipldisedtings; Grease of il IubdcaibSHotatibnd) 8péddtrebadtion

| arger cylinder, piston and inlet valve size allow a slower punp speed.
Thi s resul ybdits opgdarsvesm tHiRGiver, fvceRTomtabilidatic dspsbde protdotive satstyguardsi gns
requiring a low NPSHailow greater flexibility in installation and also a
gr eat er nedirgl sthéronevhEnital devites, Sidf Whithalt yord piexityaind @ostad theipipes Mofstiveis t ment
of the speed of traditional reciprocating punps to reduce the throughput
(i.e., flawthasencditionalicSndtiugiidnethd stragellanghyoftthe pisicads Gked, e ipmamdtionwdieel

and the size of the electric. notor driver. Traditional reciprocating
punps ar e thy pisto dvgr tipe (ag.cderttalia shixstdal rtion) during each cycle of operation. This
results 'in a peak piston velécity near mid-stroke, which determines the peak Bernauﬂi effect
pressure reduction and kinetic head loss pressure reduction in the fluid that enters the pump
on the suction stroke of the piston, thert_aby effecting the net positive suction head (NPSH)
fequirement.
- - Pumps are subject .to mechanical damage from insufficient NPSH. In part?cuiar,
vaparization of liquid at the point of entry into the pump results in vapor bubble formation.
Subsequent compression of the vaporized liquid causes violent collapse of the bubbles,
resulting in the formation_of sonic shock waves that ultimately can damage pump
components. Therefore, it is important that the available NPSH of a pump installation be
sufficiently above the required NPSH of the pump.
Pump designs requiring a low NPSH allow greater flexibility in instafiation, often
reducing installation costs. In addiﬂon, a lower required NPSH assures a greater margin to

cavitation and hence greater reliability in operation when inlet operating conditions are off-
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supply power alternating current (AC) frequency and thus a fixed nom nal
punp speed Adj ustment of the alternating current electrical supply
freqguency to the notor, such as by the wuse of a variable frequency drive,
to reduce punp speed is typically limted in turndowmn to 50% of ful

désign punp speed and flow rate. The function of the punp flywheel is to
mnimze speed fluctuation or ripple during each stroke cycle of the punp.
This is acconplished by absorbing and rel easing kinetic energy between the
punp shaft and the flywheel during each cycle; resulting in a cyclic speed
fluctuation of the punp slightly above and bel ow the nom nal speed. This

of ot or t or que 15 Wze SHREGRD] BReSisFoaten PyliRs TS BRtAEd b dres tardng o
fluctuati fI t uat t d whi ch t h
extreme. caredes Hrderd R SictpY SR FsTEF 3 asi}qwﬁﬁ%%%?ce&réﬁqﬂapﬁ%%e ATy

I uct uat Poﬁée%&{v%%%?a el greeergtl e aﬂa?ws e ToSsinig Wes e Fiope.
and notor size, e_gwp d ripple ercent ses by the square of the

Fati 0 of QB JiaNen CHYF NI ETEREtn Sea BT 39 BEINE, valve ke a0d ReakaEIon

decreases, the abilit of the nmptor fan . to properl ol the notor
decr eases ¥ORH fre crﬁ*ﬁ%[s%d?'??c'f‘&egmﬁd'?ﬁ)mmf‘ﬁ" regB &P%%E By eRdicdar, lasgry,

turndown limt. Special be taken to reduce this |imt, such
s provi di FYITEeE AT ARE o) JAME SIFerAIot BOUET PRITP SRESL; TP FRtAtD 3 Nl
sizing the notor frane or over sizing the wheel . However,

t hese specwgﬁ%%ﬁ’@%“t %Stﬂ%ﬂ)éﬁg?&/@”'ﬁﬁdé?ﬂ QPE@”QG}H NP Rlow greziafi eve
reduced pu e h as variable sheaf diamnet bel t stens or_ other
rochant ool TSR 7 Jest0f FOEF BrEPHEU SG0rP GV HIImEBHy Db HESeablS |
i ncreased wez%1 sl i ppage and excessi ve peak |l oad failures. When a greater

operati ona®tiuEss t ur ndown i s required, traditional punps generally are
operated in ar&g) cle in on/otf node with a_hol t ank.

Recycle flow a ﬂ%qﬁﬁj%eggﬁtr °é’§l|["P@H‘i?I°§ IRGRUTSP T8 e hasth &5‘9&’ Utand
ool er _andiffe %@%‘pg@dﬂ? Meod ere b gifaipup el ana¥id Sz of e
eleotric_mo_tor driver. Traditional reciprocating pumps are typically operated at a fixed motor
sdpply power alternating current (AC) frequency and thus a fixed nominal pump speed.
" Adjustment of the alternating current electrical supply frequency to the motor, such as by the
use of a variable frequency drive, to reduce pump speed is typically limited in tumdown to
. 50% of full design pump speed and flow rate. The function of the pump flywheel is to
minimize speed fluctuation or ripple during each stroke cycle of the pump. This is
accomplished by absorbing‘_and releasing kinetic energy between the pdmp shaft and the
flywheel duridg each cycl'e; resulting in a cyclic speed fluctuation of the pump slightly above
and below the nominal speed. This is called speed ripple. Speed ripple results in greater
and lesser amounts of motor torque at various portions of each pump stroke cycle. This
fluctuating torque creates fluctuating motor current draw, which in the extreme can be

detrimental to the motor by thermal overheating. The key factor in determining peak motor

current draw is the percentage of speed fluctuation. It should be noted that for a given
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up t:ank al so increases the expense of the system requires significant

excess space and conplicates operati on and nmai ntenance of the-punp system

A further deficiency associated with traditional reciprocating punps

resides in the need to provide an effective seal between the piston and

the punp cylinder. Such a seal typically is provided by piston ring

dynam c seal s. However, even with the provision of such seals, sone

| eakage is typically encountered, and in many applications represents a

nui sance for disposing or recycling of the | eaked material. In traditional

reci procating punps, piston ring wear is often the primary cause of punp
fromsealing the f

repai r mai ntenance, Thi,s result in part ul |

Qi rerenti afVWheR Sizeandnetasse. TheShrsa bleRarcANADa I G eecr oA Sake of theon

backsi de | eaka col l ectign e re, .there causi ng these seals to_wear
Tt v o BRONkT cBSion S54e30 pluRed tied, AedfiviarabanoipLebeed dogroatesy B DN or

| ess than the pu inlet pressure, thereby creatin _very significant
pressure dPgﬁ"edEng@§ &antp eropegly grolthe oty desreases as ‘%’Pﬁ F’Gﬁ’gi factars adine one

resulting piston ring. r . rate. |nlet and outlet valves on a oL
reci procat i REAURD P%&gggﬁ%égnﬁww ‘“U‘F-ds%ec?ﬁ?(ﬁéf"%ﬁe%% lakeriogedicedpelmd ¢y
design to accommodate the high cyclic rate of the punp while achieving the
| ongest pos i) S REPETing R AGPA" fflél poweredimotgrcoqiing faf, significapily.qvar tzingriee PYRIPof
e on b oh ek SRR s EShm o ey 9
vl i nder . ERURISCATPARYS BT o8t RSSERP AP AS LAUTP eGoricioR bl
e 15 o e PR i b o e el e
Dnd NPSH T TSRS of oS URAS SGEEGE 204 BREsEiG PERK A FABIRSe of 200 to
O o e P e Aol e o oo Ay
;; SSICE isonal arreeo%iepartgc? i%tai rg&c%”x%@?é orahq g c%/glic%%}o%ar!'lcl) e v(\atirtkhg p)glg u}:rge?nlg (%iselcgiclzlé/ ?low |
around the pﬁmp can be extremely wasteful in pump power and adds cost and complication
by requiring a recycle line, a recycle valve, a cooler and means for control. The use of a hold
up tank also increasés the expense of the system, requires significant excess space and
complicateé operation and maintenance of the-pump systenﬁ. |
A further deficiency associated with traditional reciprocating pumps resides in the
need to provide an effective seal between the piston and the pump cylinder. Such a seal
typically is provided by piston ring dynamic seais. However, even with the provision of such
seals, some leakage is typically encountered, and in many applications represents a
nuisance for disposing or recycling of the leaked njaterial.
In traditional reciprocating pumps, piston ring wear is often the primary cause olf
pump repair maintenance. This results, in part, from sealing the full differential pressure

between the pump discharge pressure and the piston backside leakage collection pressure,

thereby causing these seals to wear quickly. Specifically, the backside pressure often is
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associated with traditional reciprocating punps. The reciprocating punps of
the present invention nminimze or elimnate traditional reciprocating

desi gn drawbacks, including: (1) naintenance of wearing parts, such as

val ves, piston rings and rod packings; (2) maintenance due to punp
cavitation damage in- |ow NPSH applications; (3) |eakage of the punped
fluid fromthe process stream (4) |eakage of the punped fluid to the punp
surroundi ngs; (5) high NPSH requirenments for installation design; (6)

| ubrication contamination of the punped |iquid and punp surroundi ngs; (7)
hi gh capital cost; (8) space requirenments for installation and (9) hazards
associ ated with exposed novin arts. Wth the present inventjon, the

af or ement i offSH24P L éﬁﬂ?” F"ép'g"f‘gﬁ'é‘?t PRSIHIR Mehwrgggq% YR lanificant pressifg | e
enhancing the positive features of_traditional reciprocating punps, such as
high ther 31PSS 1Be pistonding yeale s in 1A, INcsgases thegesyling F?*%E‘i! PROVRATITAG-
punps of the present invention that have not heretofore been avail able

i nclude: (1) var i@l @G PRt ¥alues VA rePiRFOoRtine RUSH ¥R typiealy fvidadiivated gheck
design pressure, with inproved efficiency; (2) |ower heat |eak in cold
standby for Vab’ﬁ?%@ﬁﬂ@w f‘%ﬁ'ﬂrﬂ" &G‘Fﬁﬁ‘i‘fﬁ@daé?)éﬁi Wﬁ't WGFFsﬁafﬁaﬁ?fdh? BYMP it achigying

out put pressure capability at reduced speed. Prior art attenpts to inprove
t he per f or mifi'engsst pessibia Qresting §fep S svenwith the epadalty degion Bf tbesg wilveswive
nanmel y, nodifying the size of traditional slider crank-driven reciprocating
punps, i nno@%\%ﬁ/’é offen heoigasen or p RurMedNiupetian. npecdspisapeed ghtiegecireraling ¢
punp designs, and converting to |inear notor powered reciprocating. _
designs. W PHmPé%‘??é@E’ op g"erfﬁﬂli“’fe;di"ﬁbmeﬁ@ flgpz ?tﬁ(jnéﬁhet et Yolma of pipistan in the
crank-driven reciprocating punps, attenpts have been nmade to increase the
punp size tBU'ﬂS‘P&W”GSF- @%&?ﬁalﬁ‘@ﬁtﬁ}‘éﬁptwgﬁ QPGVFWfF@%WWiY%F&ﬂeF?lafger
considered to be necessary. Enploying a bigger punp increases pu costs,
but with thBNEGRPYTIR Sige a%aagﬁwgcawéagmﬁdr Paskaentlsraeticedy nstall @ PURRe
nunber of punp cycles required to deliver a predeterm ned flow, reducing
mai nt enanceoperating at the highest speed permissible, as limited by reciprocating forces, piston ring

wear rates and NPSH requirements. Such high speeds, typically in the range of 200 to 600
rpm, place a heavy bur&en on valve fife.

It is desired to have a reciprocating pump that does not have the aforementioned
drawbacks of traditional reciprocating pumps, an& to actually enhance the positive aspects
associated with traditional reciprocating pumps. The reciprocating pumps of the present

| invention minimize or eliminate traditional reciprocating design dfawbacks, including: (1)
maintenance of weériﬁg parts, such as valves, piston rings and rod packings; (2)
maintenance due to pump ciavitaﬁon damage in-low NPSH applications; (3) leakage of the
pumped ﬂﬁid from the process étream; (4) leakage of the' pumped fluid to the pump
surroundings; (5) high NPSH requirements for installation design; (8) lubrication
contamination of the pumped liquid and pump surroundings; (7) high capital cost; (8} space
requirements for installation and (9} hazards associated with exposed moving parts. With

the present invention, the aforementioned drawbacks are either minimized or eliminated,



cost:$ resultlng frominsufficient NPSH damage, reducing installation costs
to neet a high NPSH requirenent (e.g.,. less tank elevation required), and
i ncreasi ng thernodynam c efficiency due to | over speed operation and
reduced inlet and outlet valve pressure drop |osses. However, the above
stated gains resulting fromthe use of a |arger punp are achieved at the
significant expense of. (1) higher punp capital cost; (2) increased fluid

| eakage fromthe punped streamdue to the |arger piston dianmeter required
to be sealed; (3) increased fluid | eakage to the punp surroundi ngs
resulting fromthe larger dianeter of -6 the required rod seal; (4)

(5) i nor casHI% B %%'?C?@qat el E3lEs Y raoherelpRocinu LR Bidthe o o)

i ncreased arts; and (7) increased cost of residual
mai ntenance{he $ U@ ﬁc’gﬁ?yger size and handling. The bal ancing of the

T i A B R AP STndfl di
new . aynan GoreBire PSRRI BoRke; Phuadk Sfrﬁﬁ“@%%&"}d%é’des@)ﬂowﬁg 5 ng
the inlet / tl et l d di,scl S P

4,792, 289, a@ﬂs%f's%?,ereiﬂﬁeé%@%%waééé@ BaiePual bR diret fealionef grresbia Lo

di scl d US Pa 6,362 396 t rod
second. (or SPEn 9L BREERE BB el cvbi sl S 4
requi r ement |scI osed in US Patent Nos. 4,239,460; 5,511,955 and

5, 575, 626; ‘?HB? 3 fintrodum ng sub-cooling nmechani sms for reducing the

SH [ d f
i scl osed in U s RAT ARt fag@@e@&f ol ms@hregf?fca&*’@h&%%%@esf%ﬁsser
t t ts
ot s B T SR B, R oY ei%ﬁ%% q°nefere ??fé*aiﬁ%ﬁ(f'@at |

surroundi ngs of the rmeti

cryogeni ¢ S mp\%ﬁ%@%@lwqqt%;glrecxprocatmg cry%ge ic an&j/'o? ﬁ:er c pump %esngns,

and converting to linear motor powered reciprocating designs.

With respect to modifying the sizing of traditional slider crank-driven reciprocating
pumps, attempts have been made to increase the pump size to provide a swept volume
greater than is conventionally considered to be necessary. Employing a bigger pump
increases pump costs, but with the benefits of reducing wear-part maintenance by réducing
the number of pump cycles required to deliver a predetermined flow, reducing maintenance
costs resulting from insufficient NPSH damage, reducing installation costs to meet a high
NPSH requirement (e.g., less tank elevation required), and 'increasing thermodynamic
efficiency due t; lower speed operatidn and reduced inlet and ouﬂet valve pressure drop
losses. |

.However, the above stated gains resulting from the use of a larger pump are
achieved at the'siéniﬂcant'expense of: (1) higher bump capitéi cost; (2) increased fluid
leakage from the pumped stream due to the larger piston diameter required to be sealed;

(3) increased fluid leakage té the pump surroundings resulting from the larger diameter of
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coi hs that are mai ntai ned superconductive by virtue of the extrene cold
tenperature of the Iliquid heliumto be punped. Wile this design may be
uni que to the characteristics of liquid helium it is not wdely
applicable for use in punping other fluids. As noted earlier, other prior
aft has suggested the use of a linear notor as a driver for a

reci procating punp. Application of this type of driver to a punp has
suggested benefits in achieving conpact size, reduction of power

consunption, reduction of cost, reduction of -7 S ; ! a maintenance and
application to situations previously inpossible to achieve with
drlven f su h driyvers

has. pr oven {8 iR i @"e%e%ﬁﬁ@ﬁﬂ%ra' itledonFirinete hofrusr of by
Gownho e ”ear(ﬁm e ?%ﬁdr aenl S8 S Tr s 7 HoT A e Ry dndeased

down- hol e

4, 350, 478; 87,054: 5,179 _30 52,043;. 5,409,356 an 734, 209. US
Patent No. FS g%ff R R L T R T
seats to sep the punped-liquid fromthe notor's air-gap between the
stator and ¥W ‘ure. US Patent Nos. 4, 350,478; 5, 179 306; - 5, 252, 043

rom i Ei“bﬁﬁieﬁ'ﬁ ﬁ?ﬁ%‘;}ﬁﬂﬁigfb%?ég%ﬁ8?9%‘?’5)5%2%%}’%8 VRdgs ey
Fecogn: zed PRSI AITHPIGH o e gherhe yeERERaA [ree %mﬁg'n{saé?it“edf aly
hermet Lo seal “‘33%&3&%9*3%&3&3%%? EPRBAIG BT U ) P W1 ¢ el
O her e ectyame REa S AaR=ca R Y RBEHNR Sepiaay Gy maomiis e FUstasobitRhy e
pumpi ng. ( D8NG aEnRoss Ao i TR beint AEE 4 (08 o 5 50 .20 5 85880
doubi c- act FeRPRaTEeHeek SrrgBespaEEREes U PaBat Nas* SHISTERY Hashdtid®
dest gns bl 2ACS"EBh R ) HRSSAAOS, TRARES R Rk Nosr
requirement, as disclosed in US Patent Nos. 4,238,460; 5,511,955 and 5,575,626; and (5)
introducing sub-cooling mechanisms for reducing the NPSH requirement and providing
improved volumetric efficiency, as disclosed in US Patent Nos. 4,396,362; 4,396,354 and
5,51_1,955. However, none of the above enumerated improvements employ a hermetic
design (i.e., ho dynamic seals for the pumped liquid to prevent leakage to the ambient
surroundings of the pumps).
US Patent No. 4,365,942 discldses a hérmetic cryogenic pump including electrical
coils that are maintained superconductive by vi;'tue of the extreme cold temperature of t%;é
fiquid helium to be purﬁped . While this design may be unique to the characteristics of liquid
helium, it is not widely apblicable for use in pumping other fluids.
As noted earlier, other prior art has éuggested the use of a linear motor as a driver

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

in achieving compact size, reduction of power consumption, reduction of cost, reduction of -
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None, of the aforenmentioned prior art teaches a hernetic punp design for

i ntended industrial processes or product delivery applications having all
of the benefits of the present invention. As utilized throughout this
application to describe the various enbodi nents of the invention, the term
"Swept volunme"” in reference to the dispensing chanber and/or the -8 i E .
reservoir chanber, or in reference to the novenent of the. piston assenbly,
refers to the increnental change in volunmes of the fluid-receiving regions
of the dispensing chanber and reservoir chanber caused by novenent of the
pi ston assenbly through either a dispensing stroke or a suction stroke.
During the dispensing stroke of the piston, assenbly_the volune of the
fluid regi om@ptensreefindsericatien f@ﬁ&HﬁE’FS PrRYONRR fTRRASS k‘d@@ﬁ'&%‘“eﬁﬂﬂwadm”aﬂy
substantially the same ampunt that the volume of the fluid region of the
reservoir cldENBRPUTNRErPEGRS sL PSR OhBUChiRgarsTIetor Brivest PRk BroyeN fke apritaie to
assenbly the volunme of the fluid region of the reservoir chanber

i ncr enent al IPpthyermetic ad pRN-herRetia AHNA deFonh el iBasramalRbaRVere RUMPR BARPRRR: of
the fluid region of the dispensing chanber increases. The above-di scussed
i ncrement al disgosee ips use lribe devwi-Bels BYMPIRY whel AR wates pedisrlosed in Mg Ratant Hlost he
di spensing chanber and_reservoir chanber are egual to the increnental
change in véi3RPA7SE 41088.051s3.07°. 808 S04 P #RPIOE BB 3i/98¥8i ng chamber and
reservoir chanber as the piston assenbly nmoves through its dispensing
stroke and sucti & Betegidlo. 4884054 disglorss a Wk gancesion e glons Apfammin shatsh
the cylinder and piston assenmbly is fixed agai nst novenent to the cylinder,
the swept vé& shRaratefienuener dayig é?’@lﬂé%mﬂﬂogf a¥rger Brtvwesa theisiatenand dea.smmiatire.
nmovi ng through the sealing nember (in__either_ the dispensing or suction
Strokes) timps (MO PHEMONGE & IB0ATBORATO APER AT HAAN LAt PO R Scipsto i &Fon
assenbl y which passes through the sealjng nenber. Reference to "hernetic"
or "her met i E&$g4js opgrotapting thereqten 3ir-grp ff%f?th?@wme#&agldp%@ ahthe prigr art seal

i nvention means punps that are free of dynpam c seal s between_ the punped
fluid and ¢aeganbRE the gingn filed géthon v écaB“LﬁrﬁPd Wﬁhﬁﬁ%ﬁ%&ﬂ-s"hﬁgﬁl{‘%é’%

seals bet We?t—:pcoggidzieg %hat’c Q%uaﬂy all of the aforementioned pumps operate fully submerged in the
liquid that_ they pljmp, and therefore, achieving a hermetic seal to prevent leakage to their
ambient surroundings, as desired in the preferred embodiments of the present invention, is
a moot point. |
Other electric linear motor-driven pumps émploying a hérmeﬁc design have been
disclosed for use in a number of applications, such as for blood pumping {US Patent No.
| 4,334,180), large volume, low preséure gas transfer applications (US Patent No. 4,518,317),
a conceptual double-acting pump design (US Patent No. 4,965,8684) and non- hermetic
designs employing conventional flat face linear motors (US Patent No. 5,083,905).
None of the aforemenﬁoned prior art teaches a hermetic pump design for intended
industrial processes or product delivery applications having all of the benefits of the present
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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nove,rel ative to each other with a resulting sliding notion at the sealing
point and function to prevent egress of a fluid froma pressurized area to
an area of |esser pressure. As stated above, no such dynam c seals are
included in hernetic punps within the scope of this invention between the
punped fluid and the anbi ent surroundings of the punp. _g_ BRI EF SUMMARY OF
THE | NVENTI ON Reci procating punps for liquids include a cylinder having
outer walls that provide a closed interior conpartnent having opposed
ends. A piston assenbly has a dispensing end and an opposed end, and this
assenbly is noveably nounted within the conpartnent for novenent in

e G R B R e S
o ston- oyl (BT Re THE0MEPRR=S L LB ABrTS R IRT S RRR ol e SRRt
Compar t menreiand Gefibehbeeran BRuBa offla PR eer DBV Bha e s ABoFTsia
el o duitee 97T hEBedel RBAIPS KRG FRSLSH Y Sl B ™
condu COH R BoheH e I Bn e R SRRl S SR S e e
e o e RSB SY B B B o R ey i,
SLroke: A VA MSoioR Ak o 8 I Sk A MR Bl
25! 19, A0 SRl A wERBSHR  BPE Sl P e
b O SRR 5B -E R e SRR e
Lhe B st ons g3t asal U ad ot G et e
} E\r/gﬁglh Oh’h%s%iévsdﬁ’?ﬁri}%ig)%gf %Ielr_%ﬁﬁlétpilﬂr&]e %lg%ggern aff %Harmegde ig %ﬂgrierrgf%es pig{ontagisgmbly

within the dispensing chamber and reservoir chamber as the piston assembly moves through

its dispénsing 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 memi';wer {in

ejther the d.ispensing or suction strokes) times (x) the cross-sectional area of that fength of

the piston assembly which passes through the sealing member. |

Reference to "hermejic;’ or “hermeticaily sealed” in referring to the various pumps of

this invenﬁoﬁ means pumps that are free of dyn-amic seals betweeh the purﬁ ped fluid 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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In a,preferred enbodi nent of the invention, the energy storage and rel ease
nmedia at least partially fills the reservoir chanber for storing energy
therein as the piston assenbly -14 j t is noved through a swept vol une of
the reservoir chanber during the suction stroke of said piston assenbly.
In the nost preferred enbodi nents of this invention, the energy storage and
rel ease nedia are subject to elastic conpression or expansion to store and
rel ease energy. Most preferably the energy storage and release nedia is a
gaseous substance. Wen a gaseous substance is enployed as the energy
storage and release nedia it preferably at least partially fits the
reservoir chanber of the cylinder. However, within the broadest aspects of
this invention, l|iquid carBREFISUMMARY OR THEINVEBSE®OMoi r chanber at a | evel
such that-that portion of the piston assenbly in the reservoir chanber is
conpl et el y wi t iResipracgtingipunhps forlcuidsiinchelera giimder dating ootenwaliothat piovide a

i nvention the liquid can conpletely fill the reservoir chanber. In a

pr ef er r ed clesboittarientonyiarireat havirgrdpposed dnde. Ampigteetdssembly\hes b sispememgenhase

| inear notor including an el ectronic power supply and a programmuable

m cr opr ocend an chposed@nd} am this mgsérhigly tyrapeablymodintéd withiowes capirtiedtdor

adj ustably control novenent of the piston assenbly. Mst preferably, the
pr ogr ammahioyement nmppossbiitear direcidpsisetebbry thecopposéd efds ofoaet admpertnedntt he
power supply to adjustably control the characteristics of piston assenbly
mot i on sudhsexding meerhimerds Ipravidedtbebkesrothet figtopiastambip aadrthé piston ediabed fonear
direction, the tinme period of such notion in each |inear direction, the
cycl i c r amminddin eelyngmiodaitisea befwaehdhepistoo asseasthearial pistan dylimdercasfthe piston t he
position, velocity and accel eration of the piston assenbly throughout the
entire pasasseniblynmuersevithindhe tibsedastesorisbypanmetief tp pyihedr. | Thesaalingi menbérons,

at every point intinme of that cyclic notion. In addition, piston assenbly
not i on casepzeates thetintefidredmpartmect intda dispenhsiby ehdrbber ahd mgesenpdr ¢hadtber.nAwhj ch
no notion is taking place. These periods of no notion can occur at any
time or | Kresdrimagnstit lrive gayerates|elinearly edviveemagyaticefsld for moving the piston

assembly in opposed linear directions. A valve controlled inlet conduit communicates with
the dispensing chamber of the interior compartment fdr 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 finear direction through a liquid-receiving suction stroke. A valve
controlled outlet conduit communicates with the dispensing chamber of the interior
compartmént for directing pumped ﬁqgid 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- ffispensing 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.

Ina 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-



as desired. -11 In one preferred formof the invention, the programmuable

m croprocessor adjustably controls the tine duration of each stroke of the
pi ston assenbly (e.g., the suction stroke and dispensing stroke) so that
the tinme duration of one stroke (e.g., the suction stroke) is different
fromthe tinme duration of the other stroke (e.g., the dispensing stroke).
In a preferred manner of operating the punp the suction stroke is of a

| onger time duration than the dispensing stroke. In another preferred form
of the invention, the programmabl e m croprocessor adjustably controls the
cyclic nmovenent of the piston assenbly so that it either is continuous or
di scontinugus. That is, the o eratlon of the punp can be controlled so that
a pause inis meYsadhroyeh & syyerlaoiumes theﬁeswl%ﬁhaawer quiiadhe gectionstralkgofsald of
various locations within any cycle of the piston assenbly, or between
successi vePEjY a8egeY% he piston assenbly, each cycle including one suction
stroke and one di spensing, str ok In a preferred enbodi nent of this

i nvention, the p%e&pst Pr@fwé§mbadlf9@§tst°m§ inardian. theamerayplgiacgasd seiease
electrical feedback signal to the programmable m croprocessor of the
magnetic Eiedigar §§§@ 8ghto P!ﬁsqorf@’ﬂ%%s’%r%?éﬁ’?@épf@ﬁﬁ&ﬁ REATeleasa enesoy. estt i on,
the linear magnetic drive includes a stator and armature, with the stator
bei ng | ocaP@Erably heanerayseragh addeleate meda Sumgrseeys subgtancanwhena gaseous

ar mat ur e- bei | ocat ed on the piston assenbly inside of the cylinder. In a
preferred §‘hbt§g@?‘%?e‘ﬁte"6¥°¥[eﬁeaﬁ ﬁh@éﬁ!@fgarﬁfor@a@@eﬁ felegee ampsia | %?féia@beafdﬁéﬁf

rel ease nedia i s -a gaseous substance, an additional nechanical ener

st orage anBetialydls thefasgnioir ghamber o éh%%\f“r’ﬁiﬁj l'f%{el"?fm&’ ithipthe ‘?"f’é%ﬁ’ﬁt B%Deéﬁ’[ﬂfoyed
fori assisting in the storage of energy derived frommotion of the piston
assenbly i W'ﬁjﬁ\éeﬂf’%éfﬁlﬂ'd g e prlydeddn thefreseryall dhaabgpat deve! Ay thatiat perien |
stored eneﬁﬁ% to the piston assenbly during subsequent notion of the piston
assenbly i %P'Pioﬁ@%efﬁki’ Y Bdbs Greppewsbe 5 compiaialy withinfigdd. Byfadcnicerain - 1.0

embodiments of thxs invention the liguid 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 progrémmable microprocessor for |
controlling the operation of the power supply to adjustably control movement of the piston
assembly. | .

Maost preferably, the programmable microprocessor can adjustably contr'of the
operation of the powér 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 e:ich linear direction, the cyclic rate of reciprocation of the piston
assembly ahd specifically the positio.n, ve_locity 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 ﬁotion can be
controlled to include variable time length periods in which no motion is takif;g place. These
periods of no motion can occur at any time or iocatfon within any cycle, or Eetween cycles, |

as desired.
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In a.preferred enbodi nent of this invention, a liquid sunp is provided in
communi cation with a valve-controlled inlet conduit for supplying liquid to
the punp. Most preferably, when a liquid sunp is provided it is partially
filled with the liquid to be punped and includes a.ullage space with an
el astic conpressible and expansible nedia (e.g., a gas) therein to
mnimze pulsation of liquid flowto the punp (i.e., permt delivery of
li.quid.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,
pul sating flow rate. For sone applications, the ullage space includes a
thermal anti-convection and anti- conduction insulator material, and,
optional |y, a thlsranglprsferceshiomm ©f the invesiiamntheipsogsamiiallednicieprocasser edivstably n
mai ntai ning the surface of the liquid in the sunp.at a desired el evation.
Mbst pr ef ercetrpls thevéime duistiomefiaagl strekeaé the pistereassambly|(6.4., rasuctiefustepke podt
for operating the valve to maintain the liquid In the sunp at a desired
el evati on. dispansingstrekel se that batioeidveation of onersirokeipenitthe puctian sloekehisdifiesent
provi ded for connecting the discharge fromthe punp to a bottom wall :
section of frém thedime duretierhohthearinaratiioke 4a.a., thedispensiuhsiede).omn alprefamed her
enbodi ment of the invention, a conduit is provided for connecting the
di schar ge fmanmerhef qperafingtihe pymptthe sydlinh sfrakade of pderger timeadwatiatmther thg t h
this invention, the liquid sunp can be conpletely filled with the Iliquid
bei ng punpelspansing strokal i ni nate any ul | age space for receiving an elastic
and expansible nedia. In this enbodi nent of the invention, an additional
el astic conpr essinbansthelrpretemedform| & thednventien, ghe piogragmable micreprosessel bl e
bel’l ows or di aphragm accunul ator, is nmintained in communication with the
| nterior ofadiustablycqntrols the eyclid rmeverment atthe aiston assafoplyiso el i sithepis coatinupes
sunmp, i. e., provide for a substantially constant flowrate of liquid into
the sunp. ortisdontinuonscéhatds.the eperetionaf tbe pumpises beweaireliedrso thale ppuse in
constituting the energy storage and

motion of any desired time duration is provided at any one of various locations within any

cycle of the piston assembly, or between successive cycles of the piston assembly; each |
cycle including one suction stroke and one dispensing stroke.

ln'a preférred embodiment of this invention, the piston includes a position sensor that -

' provides an eie&rical feedback signal to the programmable microprocessor of the magnetic
drive system. |

in the most preferred embodiment of this invention, the finear magnetic drive includes
a staior and armatufe, with the stator being located adjacent and outside of the pump
cylinder and the armatljre-geing located on the piston assembly inside of the cylinder.

Ina preferred embodiment of the invention, wherein the energy storage and release
media is a gaseous substance, an additional mechanical energy storage and release media
(e.g., a spring, bellows, etc.) can be employed for assisting in the storage of energy derived
from mpﬁbn of the piston éssembly in one linear direction and for releasing, 61’ imparting, thé
stored énergy 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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rel ease nedia in the reservoir chanber of the punp interior conpartnent is
non- condensible, and is not a vapor of the liquid being punped, and the
punp i ncludes neans for supplying and discharging controlled amunts of

t he non-condensi bl e gas to the punp. In other enbodi nents, the gas
constituting the energy storage and rel ease nedia in the reservoir chanber
of the punp interior conpartnent is partially conposed of vapor of the

| i qui d being punped and partially conposed of a non-condensible gas that is
not a vapor of the |liquid being punped, and the punp includes nmeans for
supplying and di scharging controlled amunts of said non-condensi bl e gas

bSpZ?eof“FﬁéhF? i PR tgﬁf‘esmf 25 ol %ﬁﬁ?ﬁfmﬁﬁﬁgdﬁf:ﬁelh A% tze
2 cr yogen Eémﬁﬁc?ﬁqﬁ \?ﬁfi%eaaé-%ogwﬁé? ﬁliquﬁi‘ﬂﬁf?& S i Bine PRRELI ar ) ng
doeired, col é%ﬁf&@ﬁ%ﬁp@ewﬂ Tde g Armaieed R w@at@ﬂa&wﬁht ST

reservoir chanber as in atter ion at desired

t th ,
har m t enpebaptngeE Fudts % Uelr St WhHaNARSE FOTHESSPEGTE et meds

However i hiﬂ%ﬁ%ﬁ't@%%k@%%ﬁ%%ﬁ@ﬁ% o Rt kot ifedRin g[,esag,; fedtsr
t f t t.h t Wi th, th f
The gas | iR A TR R e Ty SR e 1 f%chhaﬁﬁ@S'%' 868 the

gas. I n another, odlnent of this nven ion,.the reservoir chanber of the
punp chanbg"tawn ’ﬂ@l%@gn&'soﬁlai%c@é#@m BH SeiNg IAWate g t he energy storage
and: rel ease nediLa communjcates, with the bel |l ows sect on such that t

bel | ows section i?"ﬁ[ﬁ?@l‘fﬁ?ﬂﬁr g‘?ﬁ@?%eesﬂaﬁe F”ﬁ@dgﬁém%’ﬁa AroREedpn ?%a‘%i'st on

ase medi a,

bl t t i
T o GrBlieten el o T Ry CatsHYd B eats Biogked Bt an
ety Sgss?sf&ng%ﬂ?’ﬁr@ Shang ey ohhe @%‘%}ﬁeg?ﬁ% HetTep gl d@pfﬁ'nealsﬁ_

thi's enbodi ment t %rebferale V\ﬁressg%ytr?c?ud%g atvggt hrngsg \rléllve and liquid float for operating

the valve to maintain the ﬁquid in the sump at a desired elevation.

In the preferred embodiment of the invention, a conduit is provided for connecting the
discharge from the pump to a bottom wall secﬁon of the sump through a removable _and
sealed connection. |

In another embodiment of the invention, a conduit is provided for connecting the
disc_harge from the pump through the sump ullage space.

In accordance with this invention, the liquid sump can be completely filled with the
liquid being pumped so as to eliminate any ullage space for receiving an elastic and
expansible media. In this embodiment of the invention, an additional elastic compressibie
and extensible media, e.g., a liquid-filled flexible bellows or diaphragm accumulator, is
maintained in communication with the interior of the sump io minimize pulsation of liquid
delivered io the sump, i.e., provide for a substéntiaily constant flow rate of liquid into the

sump.
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charfber ean be filled with a liquid. In a preferred enbodi ment of this
invention a bellows nenber is located in the reservoir chanber and the
energy storage and rel ease nedia is a gaseous substance.filling said
bel l ows section. A nethod for punping a liquid in accordance with this
invention includes the steps of providing a punp having a piston assenbly
nmounted for reciprocating novenent in a closed interior conpartnent of a
pi.ston cylinder having opposed closed ends, the piston assenbly including
a di spensing end and an opposed end; generating a linearly noving nagnetic
field for reciprocating the piston assenbly within the cylinder through a

Egnﬁmbf?mdtss Eﬁé&%ﬁ%’%@%ﬁﬂﬁ%@nﬁ% ‘”%%’:8{ @?;ﬁﬁg %@ﬁéﬁﬂ{n"ﬁf@ ﬁ;ﬁ“‘z&lﬁ%ﬁfﬁi{ Z
re'd spen PSR TEIIR B A IR PerP Ul Btr e Euf
i el R L

s e o R il B P Sl e,

di spens Y ng a nd ”Sh@b?rogﬁne&d%%% rt‘.(‘)ef 9= n%ﬁ‘gpgﬁﬁegg%gﬁ\g%m@ﬁ 3nB ! %%?s&i 'Hﬁhélﬁ‘ '
o1 5t on asSERTRSATRr RS FGUR erd R R PP TP TG < ne
tthhéhth@%ﬁqéﬁgtﬁ@s ﬁiﬁh%%é’%&i?;ﬁ? 'cxmﬁgﬁéﬁ%ia@éﬁ%§ﬁ%e@§ﬁe?s%‘%#%a§:%fé‘#&?f%rsi N
" the reser B AUERR oo el A8 iRl Re08e BB I SSPRT0d0b Askheldl n 2
e a gaseottRye Faneds Shidld RS Renp B GRTo e PR RS, e oot tig BRT [
gpplog;/te L ts a%shéi]@e;ﬁ%ﬁogsggg%ﬁdof?ﬁedva fortop t%e%&lﬁ%@in%sp%%dy (i.e., the end

In a preferred embodiment of the invention, the pump is employed for pumping a

" liquefied gas, which may be a cryogenically liquified gas, and the cyiinder includes heat-
insulating means in _the region of the dispensing chamber to maintain thé liquid at a desired,
cold témperature, and heating means in the region of the reservoir chamber to maintain the
gas in this latter fegion at a desired warm temperature and the pressure of the gas' in the
region of the reservoir chamber is maintained below the critical pressure of the gas.
However, it should be understood that in accordance with the broadest aspects of this
invention the pumps can be operated with the pressure of the gas in the reservoir chamber
at or above the critical preégure of the gas.
In another embodiment of this invent.ion, the reservoir chamber of the pump chamber
includes a bellows section therein, and the energy storage and release media communicates

with the bellows section such that the bellows sections is moved in response to the suction

stroke of the piston assembly to store energy in said energy storage and release media.

-14-



end):.i s .0 the gaseous volune during the entire di spensing and suction
strokes of the piston assenbly. In the preferred nethod including a
gaseous substance as the energy storage and release nedia, a |liquid/vapor
interface between the liquid to be di spensed and the gaseous substance is
establ i shed and nmintained at an el evation in which the sealing nenber is
fully submerged within the liquid during the operation of the punp. In
accordance with the preferred nethods of this invention, the step of
generating the Ilinearly noving nmagnetic field is provided by an el ectronic
power supply controlled by a programmable mcroprocessor. A preferred

met hod of this jnvention i clud he s of ternl n osition of
t he piston assem@;ewr?%FW ?‘H'@eg&ﬂf% IFJRYS ﬁﬁ tE%R? SJISIseﬁtgont %3‘% FMg% ‘F?o Vi ng
magneti c Bbeld onse deter erred et hod of

th
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t fiel t.h t at d
o mat ur o, 40 et o Be el R | bty EhbSimaRas bel S S e ey
i st I d f t bei I ted th t
g!sge_(r)rgl ;C/yl I n érgﬂeg?)ﬁ@&ﬂﬁ@%%er tgr {nra\elrjegy glrggt eocgneai ?ngapebglt \?vegz
i 5 s B A o R |

d th d t th f
gaseous SRV @%rnma%fh%ﬁ?rs'v Sloe st relersededi B iy BHaAce e o
derived fro nqtlon the piston assenbly in either the dispensing stroke
'%P@Wﬁaﬁ fon

or the sucdf and then inparting the stored energy to the piston
assenbly duri ng her stro the piston enbly. in rd
one et hod of | ehietoRi raummga R g el R aton ot g

chanmber is nonagonden5| e. an

f th i idb
and the s PiRehavine Spkide 2oterdy chxym% fof Aoiprarig awﬁé%aﬁﬁ%ﬁ o

amount's of loseg interior compartment of a piston cylinder having opposed closed ends, the piston

nce with

assembly including a dispensing end and an opposed end; generating a linearly moving
magnetic field for reciprocating the piston assembly withfn the cylinder through a dispensing
stroke and a suction stroke, respectively; providing a sealing member between the piston
assembly and pist’on. cylinder to maintain a dynamic fluid seal between the piston assembly
and piston eylinder during the dispensing and return strokes of said piston assembly; said
seal dividing the interior compartment into a dispensing chamber and a reservoir chamber;
introducing liquid to be pumped into the diepensing chamber; maintaining the fiquid in the
cylinder at a level such th_a; a Jower surface of the sealing member and the dispensing end
of the pistoh assembly a;e‘ maintained within the liquid throughout the length of the
dispensing and suction strokes of the piston assembly and providing an energy storage and
release media in a location for storing energy when the piston assembly is moved through

the suction stroke and for imparting the stored energy to the piston assembly as the piston

assembly is moved through the dispensing stroke.
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condénsi bke gas to the punp. In accordance with one nethod of this

i nvention, the gaseous substance in the reservoir chanber is a vapor of
the liquid being punped. in accordance with anot her aspect of the nethod of
thijs invention, the gaseous substance in the reservoir chanber is
partially conmposed of vapor fromthe liquid being punped and is partially
conposed of a non-condensible gas that is not a vapor of the liquid being
pumped, and this nmethod includes the steps of supplying and di schargi ng
controlled anounts of non-condensible gas to the punp. A preferred nethod
of this invention includes the step of nodulating the linearly noving

magnetic field dys bRgrddio MARABreRRRk Hhd:ABy Ef;tln}égﬁ\%’ nE;B%ﬁgghQ@y%g%seq%gm on -

pi ston assenbly. The preferred var €.

assenbly i nedipsesmbiig issﬁr%ﬁide@fn t?‘x@?é@e&?)éﬁ%?nﬁ%r Bﬂég irﬁériér%grﬁggﬂﬁ%h of stroke

of the piston assenbly, the cyclic r reci procation gt‘pi ston

nbly, th i L t ' | . it £t h (
Assenbly and t ho mac darce; i EpRIGHSRERER of g IEpURAEIS ety bieelareh o

the piston EoTean T Eaeaerys Baatte BhE it Aol G deraive R iR B B et
of -17t re%vél%\ﬁ%ﬁ‘%h'a?tﬂ%bgkt?se%mmhé @gﬂoH%séerﬁé]g@?,_g%pe%@foggg,gg%hg@%g@g

liquid level In the su a desir el evatl

onl y par t1 ol 4 T lsSofh VG SurisTRe ol AR Er Bt e S ePet ng

a corrprességgeﬁ,mg?di ain the ullage space within the sunp. |In accordance
wi t h anot her aspect of the method of this invention, the sunp is

TR L o M LR S e

Pl’h gws Sﬁg f %lé@s?_h@d%‘, Q‘Hq&ié%aﬁd_r %r&%ﬁ@{v&e‘%ﬂ thequld 8 %'e%is%ghspe% SdES E:;gs%ohg to
substance is established and maintained at an elevation in which the sealing member is fully
submerged within the liquid during the operation of.the pump.

In accordance with the preferred methods of this invention, the step of generating the
Iinéarly moving magnetic field is provided by an electronic power supply controlled bya .

" programmable microprocessor. |

A preferred method of this invention includes the steps of determining the position
of the piston ass_émbly within the cylinder and coﬁtroliing the linearly moving magnetic field
in response to that determination.

A préferréd methoﬁ of this invention includes the steps of generating the linearly
moving magnetic field with ; linear magnetic drive employing a stator and armature, with the
stator being located adjacent and outside of the piston 'cy.linder of the pump and the
armature being located on the piston assembly inside the piston cylinder to thereby create

an air-gap between the inner surface of the stator and the outer surface of the armature in

which the outer wall of the piston cylinder is disposed.
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A preferked method of this invention includes the step of insulating the
cylinder of the punp in a region of the dispensing chanber to maintain the
liquid to be punped at a desired cold tenperature and heating a region of
the reservoir chanber to maintain said region of said reservoir chanber at
a desired warmtenperature to maintain at | east a portion of the reservoir
chanber volune in a gaseous state. Mst preferably the pressure of the gas
in the reservoir chanber is naintained belowthe critical pressure of the
gas; however, it is within the broadest aspects of this invention to
operate with the gas pressure at or above the critical pressure of the

gas. This met hodAipﬁer%é&&eMb@H HisYehitin lhau‘;é&qi}waaiovlgwﬁgginb%ﬁié@&e;%@

and nore particular cryogenically l'iquefied gas. - cordance wth one

method of thj3idnBy 8R4 ér?éhdit@nﬂ%écﬂ‘éﬁicaﬁ%a%r dt8ri éh\érgiﬁdﬂeﬂbéa ﬁ&h%oﬂwéﬁhgoir

chanber in comunication wth energy storage and rel@ase nmedia such that
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i nvention, OWs section ocat ed i nsi the reservolr chanber and
is filled w : US ~S i 5 ; S} I g
ener gy St or hg0o AR e et o P SGeptith o A o PR R R o
THE' DRAW NG3BLU#IE ads Iothd §5;lgerrati c, sectional view of one enbodi nent of a
hermetic recipr ocatgl ng pur?*p f this invention including, in an enlarged

view, a portion lﬁfack&%ﬁhéé"\%ﬁ‘ﬁ oaér‘?ﬁé%ﬁéd;)@ s i}{\?éntigga,gfﬁ[aega%ei:és SurREAHeRBY e

secti onal view of another enbodi ment a hernet
reservoir chamber is a vapor of the liquid being pumped.

In accordance with another aspect of the method of this inventic-an, the gaseous
' subgtance in the reservoir chamber is partially composed of vépor from the liquid being
purﬁped and is partially composed of a non-condén_sibfe gas that is not a vapor of the liquid
being pumped, and this method includes the steps of supplying and discharging controlled
amount§ of non-condensible gas to the pump.

A preferred methc;d of this invention includes the step of modulating the linearly
moving magnetic field during the pumping operation to vary the motion of the piston
assembily. -

The preférred metho:I .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, fhe 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 assemﬁly. '

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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reci:procating punp in accordance with this invention; Figure 3 1s a
schematic, sectional view of yet another enbodi nent of a hernetic

reci procating punp in accordance with this invention; Figure 4 is a
schematic, sectional view of yet another enbodinment of a hernetic

reci procating punp in accordance with this invention; Figure 4Ais a
fragnmentary sectional view of a nodified reservoir chanber arrangenent in
accordance with yet another enbodi nent of a hernetic reciprocating punp in
accordance with this invention; Figure 5 is a schematic, sectional view of
yet anot her enbodi nent of a hernetic reciprocating punp in accordance with
thi s i nventd pn. L i { I | her
embodi ment T Ao R0 Bl R R AR L R e P e e
invention.dégﬁgé¥%$%doﬁp DESCRI PTI ON OF THE | NVENTI ON A reciprocating punp
in accordance wth a preferred enbodi ment of this invention is generally

n accordance W ey ._ on is general|
assenbly 12 | ocdt B e PR RIS SRS RITR o IRSE Ry Bt O
assembly 12 | | [nder” 14 e
orovi di ng. S0 Bel har i RCHEY b R ) ARIGATZRMiBPd B indling 8, 1o

i s novabl yﬁgﬁkgé%gl?% mg&glm{p]g%"%%cgga%?%tﬁwtgggu%g‘r supporting the piston

assenbly 1 e I nner sur e outer wall 16 of the cylinder 14

ass e r | 6 of the
"t eri of - conpar {RERT T B aftincr feeBL iR FRRERD R Wibfich Fep R
! conpart n al d cyfTnder. - LS _

perf or manc e Lyt Cofolefl RSP iRE4 bf Eibens T hd oF SBpluEiorep, 4
provi ding ﬁ‘eﬂé}? g%@s' o@fb@pf&ﬁ%@ﬁﬁaeﬁ HeﬁlatiQ.{af]J&ﬁieﬂl?@Q?rﬂﬁnéih%ﬁﬁ%v?Hﬁlgé’tfo‘?r The

use of these I'm nates the need for enploying a separate

liquid Iubgﬁ @mb%ipwé% i ;@Pisﬂrgng: The bushings 15 may be nounted to the
p! Yy, as

cyl i nder wall" or on asse desi red.
A preferred method of this invention includes the step of insulating the cylinder of the

pump in a region of the dispensing chamber to maintain the fiquid to bé pumped at a desired
co!d temperature and heating a region of the reservoir chamber to maintain said regioﬁ of
said reservoir chamber at a desired warm temperature to maintain at least a portion of the
‘reservoir chamber Qolume in a gaseous state. Most preferably the pressure of the gas in the
reservoir chamber is maintained below the critical_ pressure of the gas; however, it is within
the broadest aspects of this invention to operate with the gas pressure at or above the critical
pressure of the gas. This method is particularly useful in the pumping of liquefied gas, and
more particullarly, cryoger;iéally liquefied gas. |

In accordance with ;ne method of this invention, a bellows section is provided in said
reservoir chamber in communication with energy storage and release media such that
movement of the piston assembly through the suction stroke moves the bellows section to
store energy in the energy storage and release media.

In a preferred form of this latter method, the bellows section is an end section of the

reservoir chamber and the energy storage and release media {e.g., a spring) communicates
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A pi gton sealing nenber 17 is interposed between the outer surface of the
piston 13 and the inside surface of the cylinder 14 to divide the closed
interior conpartnent 18 into a dispensing chanber 20 and a reservoir
chanmber 22. This optim zes punping efficiency by effectively m nim zing

i qui d | eakage passed the piston sealing nenber 17 during downward and
upward novenent of the piston assenbly 12 through di spensing and return
strokes, respectively. A suitable design to provide this sealing function
will be obvious to a practitioner skilled in the art and therefore does
not constitute a limtation on the broadest aspects of this invention For

o ot on 11 ndttn St bBns HBEIcY In SRCerREedn oY i onBR Y B8LEks ¥ o

wel I known C%ﬁ%t%?{ﬁeil"*’ﬁhé"ﬁw‘gr eover, sealing devices nmay be desi gned to be

nount ed on ‘ton 13, the cylinder 14, or on both of these
17 s stati onary BeTecBeRLatl e?ﬁgeq%ﬁr%%b@%&w"sﬁrﬁveﬁhﬁ% e
Soxt oo wadtBeHEh b B BN AN RN R0 pleR Y 86 Rl e fq%%éisve
Fhat ' he”peCbaRRiaihe 0 &ty etk AT BB ERRER L and ab stcn w11

operate with some small controlled |liquid | eakage passed it as dictated by
the direction and anmpbunt of differential pressure inposed across it. Still

raﬁffr{:h?p?Stﬁhgziﬁ?s%ﬁW*ﬂéﬁ@'&%&%ﬂ@%ﬁ%@*al*kﬁa%@iﬁ%nfnifoﬁé’ *
27 12 14.

e seon | n Fi gufBUE I3 B 'fos”%oéaﬂnﬁfsﬁl”shto”ﬁ%'s”fns’%?snﬁoa % bargiss
f he di

bel ow di St 54°?§ﬁ€§ %afnpﬁﬁh*s o i, 39 Srraelich c2pd o plinpate e qui o

enters the_clos X end 24 of the conpartnment 18 through inl et condui t 30
and exits PREEY 0@8 end through outlet conduit 32. Inlet and outlet flow

L;F\Tet gz ;Réeg'uﬁr 8fe0§p g\rfés %gsg%%’f"it‘] e\'i"%}'lv 'o?%%%ttfe? e% o%xrmoér!teq bXerlmne!tlgt
reciprocating pump in accordance with this invention;

Figure 3 is a schematic, sectfonal view of yet anbther embodiment of a hermetic
reciprocating pump in accordance with .this invention;

Figure 4 is a schematic, sectional view of yet another embodiment of a hermetic
reciprocating pump in accordance with this invention;

Figure 4A is a fragmentary sectional view of a modified reservoir chamber
arrahgement in accordance with yet another embodiment of a hermetic reciprocating pump
in accordanée with this inv.;ntion;

Figure 5 is a schematic, sectional view of yet another embodiment of a hermetic
reciprocating pump in accordance with this invention; and

Figure 6 is a schematic, sectional view of yet another embodiment of a hermetic

reciprocating pump in accordance with this invention.
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Preferably, the reservoir chanber 22 includes a | ower section 38 having a
cross- sectional area corresponding to that of the dispensing chanber 20,
and an upper, enlarged section 40 of greater cross-sectional area. In the
preferred enbodi nent of this invention, the upper region of the upper,

enl arged section 40 of the reservoir chanber 22 that is above the top of
the piston assenbly 12 during the entire length of the di spensing and
suction strokes of said piston assenbly is either partially or fully
filled wwth a gaseous substance. In the nost preferred -21 enbodinent, the
upper region is fully filled with a gaseous substance; however, when said

A LA
e A WD S
?Egegl gteginﬁf:(?%m{ h%‘g;ﬁfggfﬁ’dé%?fﬁ gﬂ-hﬁ(?:g}pvﬁ‘i:}ﬁg%‘? PR g g aB3od oy e
aliing eaﬁfb:% 13?%E§§sem§§;§ S
Enon::lmggreep?ﬁ gﬁ; (i Qe u §r t\ri?o ft”%jigir? % éﬁghggigfm?g r%i

[he Baoau S ARG éﬁpﬁ? m’. oY o perer S cacpl Lo, a o
rendtr bR ST Z’E‘“ﬁg& SRSy e R sl ieted o
oes hoe" CRSEIIRg S ol oias PfaRsem vw%a?@efﬁa%dp@fﬁﬂgf scfmfewerﬁg‘é oy
Sour ces " s CwiRgS, bﬁ%ﬁﬁﬁﬁﬁgnsf‘%ﬁf&aﬁgf&?ﬁ byl a@%‘fgiﬁﬂ% e

hoating. efé?ﬁﬁﬁ?%ept%ﬂﬁ MaSEperorianc el & Chie eat'.%ﬂ? IR0, 6t pEfmer

Systems, er%gferta{provxglng dry?ubncan rangfgr‘ filth B3R op) op osed sfidzng sél acfeorTh%%getar Pl ling

these latter mateﬁals e[iminates the need for employing a separate liquid lubricant with the
busﬁings. The bushings 15 may be mounted to the cylinder wall or piston assembly, as
desired. ..

A piston sealing member 17 is interposed between the outer surface of the piston 13
and the inside surface of the cylinder 14 to divide the closed interior E:ompartment 18intoa
dispensing chamber 20 and a reservoir chamber 22. This optimizes pumping efficiency by
effectively minimizing liquid leakage passed the piston sealing member 17 during downward
and upward movement of ;e piston assembly 12 through dispensi’ng and return strokes, -
respectively. A suitable design o provide this sealing function will be obvious to a
practitioner skilled in the art and therefore does not constitute a limitation on the broadest
aspects of this invention. For example, the sealing function can be provided by
configurations such as' piston rings, labyrinth seals, segmented piston rod type seals or other

well known sealing devices. Moreover, sealing devices may be desighed to be mounted on
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the fiow bf the gaseous substance into the upper section 40 of the
reservoir chanber 22 of the cylinder 14, and a gas renoval valve 48 for
controlling the renoval of the gaseous substance from said upper section
may be enpl oyed, based on the specifications of the |iquid being punped,
such as the liquid tenperature, pressure and vapor pressure. -22 i e Still
referring to Figure 1, the punp 10 includes a |linear magnetic drive system
generally indicated at 50. The drive system 50 includes a stator 52 that is
closely adjacent to the outer wall 16 of mating cylinder 14, outside of
the closed interior conpartnent 18 housing the piston assenbly 12. The

stator 52 |s r ' § ' y
12 to effect =tb§f§r% Piehoioe BB0BRA oo k) sk il o hpoBlss e
constructed n I ' « i 4 e |y
construct ed ﬁbo I'To tﬁ%hfﬁ%g%ﬁlu gpgr%xbeCﬁ%%gfaﬁ%ar%%g 1%15%@%%83 g%p ”érq"’aalp
(preferably OVIﬁ%% 1,NS r pol ie and
coiled wire Y 2%15' ﬂ@)eeﬁ aﬂlp ﬁﬁ?ﬁ éﬁton E‘Qéﬂ’ﬁ%%% g’%ﬁébgrpéw?dﬁp%%én
alternately al t he, centr s._of Qr K2 creates
2 | Thear Ly’ #60l BEP A eI pof ﬁ"e 'Rn%a'ﬁ&f? Shire 4u”n9§€ a%@d%?wacmq on
of the pisto ield is cre

modul at i on 8&0@ ngglp{%ﬁn %ﬁ???’g }léé?cé’(ggizggg}?grt% ‘F‘@B s\?ﬁ#"@ Wﬁﬁ ! % ‘S%

t hrough electrical conductors ﬁB connected to a ele # %HIC and Bomer
suppl y pack&YBBES 59 FRG aReSHEn WHORRratywih geme T’H@ SPRERIEGHALIS lepkdop paRse

supply package 60, under the control of a software programform ng part of
an ext er nal trascligipied oy daeodir ection archampynt of difgrapBainresrare Rpasgd aciopelites a
nodul ated control_ of voltage and frequency for the electric current to the
wi ndi ngs of t he S§t saferring toFighier bitie evlindard 4ds cloredial §s ernosad endy2d2Band el d
to reciprocate the piston assenbly 12 in opposed |inear directions within
the cl osed the pistoorsseorhat2 isemunted fofreciprocatnglmowgerent dlong penieat axis 8T af thet he
nmodul ated magnetic field of the stator 52 reacts with an armature 62 that
consti t ut es patqroassemblyof2 dridengtingtoyindesdénbly 12. Still referring to Figure
1, the armature 62 is conposed of a plurality of permanent

As can be seen in Figure 1, the fiquid to be pumped enters into and d:scharges from
the dispensing chamber 20 of the cylinder, preferably in a region below distal end 28 of the
piston assembly 12. Specifically, pumped liquid enters the closed end 24 of the
compartment 18 through inlet conduit 30 and exits the closed end through outlet conduit 32.
Inlet and outlet flow from the interior compartment 18 of the cylinder is controlled by inlet
valve 34 and outlet valve 36, respectively.

Preferably, the reservoir chamber 22 includes a lower section 38 having a cross-
sectional area corresboncﬁng to that of the di_spensing chamber 20, and an upper, enlarged
section 40 of greater cross-sectional area.

In the preferred embodiment of this invention, the upper region of the upper,
enlarged section 40 of the reservoir chamber 22 that is above the top of the piston

assembly 12 during the entire lengih' of the dispensing and suction strokes of said piston

assembly is either partially or fully filled with a gaseous substance. In the most preferred
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magnéts 64-and a plurality of magnetically soft pole pieces 66 (preferably
of iron). The permanent nmagnets 64 and the pole pieces 66 are generally
annul ar in shape and are -23 stacked alternately over a center arbor 65
along the center line axis of the armature. The stator 52 and the armature
62 conprise a poly-phase |linear notor, and the interaction of the static
magnetic fields of the armature magnets and the dynam c stator nagnetic
field creates the driving force for reciprocating the piston 'assenbly 12
within the interior conpartnent 16 of the cylinder 14. As noted, in the
preferred enbodi nent of the punp 10, the stator 52 is mounted coaxially

with the cyhipdgimekt: éﬁé‘gp Eéé‘q’id?ﬁk ftf(ﬂ?éﬁéa%ﬂg %eﬁ@éoéu%%ﬁcﬁeﬁ&%\rer Rrsald1®

stator is not wette ein as contai ned

wi thin the S 12.
The annul ar hége %ﬁ%ﬁé?ﬁg%a{g HE&WhOé] €1§§ SPeT ‘?%?%'ﬁ:g tggrﬁ%’gb‘g&r@gs%ﬁapf’%e

i nsi de di anet er 5 52 thr h chthe Lue@ic lines of force
are concent Feﬁ'%mi% Er?SWP'%fg ¥ﬁgen%{ﬁﬁ"§ﬁﬂ\'°"\mﬁ %fﬁe§e§v§ ﬁq trated at 68 in
t he fragrrentary nl arged vi ew of the stator 52 apd armature 62 shown in
Figure 1. In th.%acgp%éﬁg%mws 'rmaﬂ%mf@rgaewﬁa@tam mayigclude a vaper pleasen
the air gap 68, and therefore is fabricated of a non-magnetic material. In

an al t er nat Pithe havia ifemiimpecn of a differest ren-eanrdensible Qgﬁaeﬁf@rmmf&rdyhékmvonﬂimnt ed
inside the cylinder pressure boundary. However, this arrangenment is |ess
preferred beassgye sibstansgjothesippéraesionpbihe Balarg;dtseret:qmmaoﬂtmqmselrvam ditaonberhe
upper volune of gas 40 within the interior conpartnent 18 of the cylinder
14. | n vi en22fabowe Hhexpistonrassemalyet2 providespatdegrés of elastis tcompresditaly) ianted
between the stator conponents and these fluids (i.e., stator with liquid

and stat or stpahsipiiity) whichl miniglizes pressira icharges abbe: the pistdrnassainblyel 2itAeugiad 1 n
the design of the stator 52. As can be seen at the upper end of the punp

10, a magnegAupigistoh byserhblp edtPddtib®Byclé.eedback sensor 72 is nounted in a
non-contacting rel ationship adjacent”to the piston -24
Still referring to Figure 1, the upper, enlarged section 40 is sized and shaped to _

minimize pressure changes in the upper volume during each cycle of the reciprocating
pistonn assembly motion. Most preferably, the temperature of the gaseous substance
above the piston asse'mbiy 12 is controlled by a heét transfer means 44 to maintain the |
proper gas volume and pressure within the upper sectioﬁ 40, Thé particular heat transfer
means that is employed does not constitute a limitation on the broadest asbects of the
present invention, and can lnclude any one of a number of different heat transfer sources |
that are generally known and obvnous to persons skilled in the art. For example, the heat
transfer means 44 can include electrical heating elements, coils of a circulating fluid,
ambient convection systems, etc. If desired, or required, a gas input valve 46 for controlling
the flow of the gaseous substance into the upper section 40 of the reservoir c;hamber 22 of
the cylinder 14, and a gas removal valve 48 for controliing the removal of the gaseous
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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to ttik assenbly 12 to provide an electrical feedback signal, schematically
indicated at 73, representative of the position and velocity of piston 13.
This feedback signal 73 is directed to the electronics and power supply
control package 60, which then nodul ates the voltage and frequency of the
current directed through the electrical conductors 58 to the stator

wi ndi ngs 56. Enploying this feedback or "closed | oop" systemis preferred
in-this invention, since the feedback signal enhances the performance of

t he magnetic driving system However, it should be understood that

enpl oying a feedback systemis not rriandatory, and an "open |oop" node of

operation wit howg, qe%ﬁ@{g dfo%ga;rge]d%%wﬁ F}ﬁﬂ%&ééessoa%ﬁ@aibﬁggﬁé{ﬁl ?%g’ft@xg t he

accordance with t e st aspects i's rnvention

10 h ti I t whi, ch t
P et er v e ShotADEPacaied HOR. e Pk byt 50 TR BePhad Bet B Ry siehht o
t d |.a I dj st t 74 i
i nt ai nedibEE ST w@*‘quéisﬁ‘ng;%anéave BuSUB ! dfe eeed ReEer somemtpantfen

18 of the cylinder, and that interface exists in the_ reservoir chanmber 22
at an el evB@ysing tﬂiegadsf%mﬁmh\b% Thecstpios B2 16 the spugg ofieragasticiferce applied to
particular, an orientation of the punp operating axis 27 that approaches
hori zont al theqrisian essambiy tilodffekioesiptoratingsmovamentiob said sesarobly. Thastatar 522 of
the interior conpartnent 18 to the dispensing chanmber 20 bel ow the piston
seal i ng neistmenstticted df abluratitit efl nyagnetitdily sofivpolei pieres\Wdppreferabiyeohstenctadsafd by
the piston 13. This loss of gas can be initiated by an agitated m xi ng of

these two kbn)iaisl 4 giasalinst doilerwilg windingd i5at(pleferablg \peovidee! B} inbuigted @appary
menber 17. M xing above the piston sealing nenber 17 occurs due to the

notion of B&A th@kst Sile pRéSENYColidd Rindlwingmgaetd §enepillytdrRiufar iH shapdUshd #ret hei r

rel ative buoyancy. Downward | eakage of this gas and |iquid mxture passed

the seali n&ta@@@ﬁferﬁa?el%lohg&!%é@rﬁraﬂ&ré &ahe Bfagsrygr e differential across said
sealing nmenber is disposed for fluid | eakage in that -25 direction. Any

ggsw' f’?kgg?t ' I”;‘ﬂ#};&‘?atﬁﬁ%zo Bre‘?iest thr%'aﬁyerﬂéh rﬁ%’éﬂ@rre?@ iRSth8VitdeBo | Ft ON
punp di scharge stream Such a gas |oss necessitates gas
replenis hn}%@itprocatmg motion of the piston assembly 12, and this moving magnetic field is created
by modulation of electrical current directed to the coiled wire windings 56 through electrical
,cond..uctors 58 connected to an elect_ronics ahd power supply package 60 of any well known
design. The electronics and power supply package 60, under the control of a software
program forming parf of an external microprocessor' {not shown) of conventional design
creates a modulated control of voltage and frequency for the electric current to the winéings
of the stator, to thereby create a linearly moving magnetic field to reciprocate the piston
assembly 12 in opposed linear directions within the closed interior compartment 18 of the
cylinder 14. In particular, the modulated magnetic field of the stator 52 reacts with an
armature 62 that constitutes a portion of the piston assembly 12. |
Still referring to Figure 1, the armature 62 is composed of a plurality of permanent

magnets 64 and a plurality of magnetically soft pole pieces 66 (preferably of iron). The

permanent magnets 64 and the pole pieces 66 are generally annular in shape and are
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b
to the'uppér section 40 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 liquid being punped to that of the gas
in the upper section 40 of the reservoir chanber 22, as well as other
vari ables, such as the length of the stroke of the piston assenbly and the
cyclic speed of that stroke. A precise limtation as to the permtted
angul ar orientation relative to vertical cannot be stated, due to the
nunber of factors involved in establishing such a limtation. However, it
shoul d be noted that if the punp 10 is nounted in a noving installation
subj ect to stackedmitenngtelysvet g center arboefialang Biescentaidine axis of theaarmetirendbel to
be added vectorially to the acceleration of gravity to further limt the
per m ssi bl estatev5atand theodrmaieres B2rgompyise atpolyeprease $nedt ndton mnd ¢he inteméictiohft he
nost preferred node of operation, the nomnal liquid/gas interface 74 is

mai nt ai ned tdé stdtRGhdgnetidfvi@s bhife SpahturgmagmEie and theddynami: $th@r ettighetk field
reci procating stroke of the piston, i.e., both the upper side 75 and .the

| over side tdatgé thdQirigRg! ot fa?rf@@;sroé&mgrme%moﬁ Qs8byibNi ﬁﬂin'thErxhﬁxe' infétiof

phase as the piston 13 1Is reciprocated between its proxi mal upper) and

di stal (I O%Hpa'r&ﬂgnﬁaeiftgé%gﬁrﬁﬁp?@.ti on. The inportant feature is to

precl ude the "gaseous substance within the reservoir chanber 22 of the

cylinder 14 1 O RL 0y PRI Vi3 BRIRG 19, 60\BibV Ll o

punped fromthe I's achi ev mai nt al ni hg at

I t the | ide 77 Of | i L bl h 1 QUi )
s the pi siORay WRE by st 5 B B STR Reeh ity eledi T i bt 95

i mal d, dj |, Limts of ' ion. -26. 9. (A T ti
ocat i on_ ofiet WEHSHDkne U e chabeRAtifine G chdsnfy wipndpE el ner o
the Iiquid bei d. | ticul t t [ ts for.the.
[ qui d bei 6P BIEEA"1aPaK? tPaieBASIEMRY TharbeAnDdabHw PEMeERdNE VAR
substance in the upper section 40 of the reservoir chanber 22, relative to
t he accept giiﬁr@etgbgg Beiapatusefe ead dipeinside diameter of the stator 52 through which the

magnetic lines of force are concentrated is knqwn as the “air gap,” which is iltustrated at
68 ih the fragméntary enlarged view of the stator 52 and armature 62 shown in Figure 1.
" In this arrangemenf, the outer cylinder ﬁa]l 16 is located in the air gap 68, and therefore is
fabricated of a non—fhagneﬁc.mater-iai.
In an alternative arrangement (not illustrated), the stator 52 may be mounted inside
‘the cylinder pressure boundary. However, this arrangement is less preferred because it
exposes the stator 52 to the pump liquid and/or the upper volume of gas 40 within the
interior compartment 18 of the cylinder 14. In view of such expostire, material compatibility
must be established betweén the stator components and theée fluids (i.e., stator with liquid
and stator with gas) and requires that pressure containment be included in the design of the'
stator 52. |
As can be seen at the upper _énd of the pump 10, a magnetostrictive-type position

feedback sensor 72 is mounted in a non-contacting relationship'adjacent to the piston

D4



limt's of ‘¢he stator 52 and the armature 62, are critical factors that need
to be taken into account in properly designing the |ocation of the
liquid/gas interface 74 along the length of the piston assenbly 12. It is
important that the pressure of the gas and liquid within the reservoir
chanber 22 be maintained at.a level to assure that the net |iquid | eakage
past the piston sealing nenber 17 during each cycle of reciprocating
notion is substantially zero. Specifically, on a downward, or liquid

di spensi ng stroke of the piston assenbly 12, | eakage past the piston

seal ing nenber 17 is upward, while on an upward or retracting stroke

| aakage 1 esva Phor2 1 QU AN ekl 1ERRRR siteh PPl A8 8 1

during the i 4 strake of th pston,13.. The particul ar hejght or
vol une of o nEPeEERAREY SeTiobBF ) vaiy BtAER 14 e erlBrk s Yona Abeites
is not stri gtl %oqstant, but doeﬁ fl L@ uatke sonewhat through the progress
each re ?H%o SHORIGS E)d PRWESrSUPRE C BiPkage ERpvyich thenmoditlaienihe voltagen
| eakage in each cycle results in a tinme average |iquid/gas interface |evel
that is nei GREeUENGILOiGE CHERMY digeter tarough fhe aleelriggecanduelbrst Fiato therstatos
substantially constant in height. O course, the instant aneous el evation
of the |i quivindings 36 tRsrpieying this fegdback ¢rédosaddodrdisystauns paféneddn ¢his invention,
fluctuating*l eakage .passed the piston sealing menber 17 as a result of the
reci procat i stpeaohe deedbfack Isignpl sthancesateepdfoymatcd bf thegimagheticsdrvireesystag! h
and the resultant fluctuating pressure differential -27 across said -
seal i ng nenblewevéiiveheild basndersibaithatreeniloirg o fectibsckisysRmail AbBEanddtehii sHagas
interface level 74 is neither rising nor falling. Control of the pressure

of the gaseans “spérsicptendde dhepartiRar wittst i20posbrofecdbick 5R3EHVANS cshdaber

22 to achieve zero net |eakage of |iquid past the piston sealing nenber 17

may be accospiplayseth ftofdayies Mth IRAISaddsPadhiticts SFhi8invehfiéh. Pressure. is
controlled to a |evel approximtely md-way between the liquid inlet

pressure and theakigstsle®d SimpHE RSHoGn iP5 shg@ca@gdt'ﬂ? ve igéli cﬁ%ﬁ&tﬂhﬁl Wi is

pressure of the gaseous substance In the upper s n € reservoir -

chanber 22 pftepleortdd® HalEveR! ddvidhidh dron? @96 1RA S richiRioR S beMRERtd Wme

degree, as long as a relatively distinct interface 74 ié maintained between the liquid and gas
phases of the interior compartment 18 of the cylinder, and that interf_ace 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 membér 17 and ultimately to the
working swept volume traversed by the piston 13. This loss of gas can be iniﬁafed 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 a;ction 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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menber 17. This | eakage will occur at potentially different rates in the
upward and downward directions as the piston assenbly 12 noves downward
and upward, respectively. The pressure of the gaseous substance in the
upper section 40 of the reservoir chanber 22 and the pressure in the

di spensi ng chanber 20 as the piston assenbly 12 noves through the swept

vol unme serve to define the differential pressure driving liquid |eakage
past the piston sealing nmenber 17 at all points in the notion of the piston
assenbly 12. Gven that the pressure in the swept volume of the dispensing
chanber 20 is fixed by the process application of the punp, the pressure

of the gasequs voI the u sectr voi r chanber

is controll Q?ct?f‘ ?@gﬁﬁ&gﬁ? rﬁﬂ’ﬂné? W”F‘Paﬁﬁﬁf“g eé&%%‘i%wrt%ﬁ%%toﬁast
t he piston seal in rrerrber 17 to achieve_the condition of nomnally zero

net | eakagel M |eﬁ%‘“éa% Rumpdischaies peRrat Prtp 2973 lesorecertiaiisdasiepledemnn 12,
Li qui d | eakage passed the piston sealing nenber 17 is in the direction of
hi gh-to-1 ovtog*reeewée@tmﬁ@roémerrwew%rcﬁm ef 2o wiicht eomplicates wgenationsd cortrad t he
amount of said | eakage increases with the increasing pressure differential
across sai dfdrampumg. Mbaipermissibig degreedsieviatiorsofttbe aume operating rayisi2y fiame itsipper
section 40 of the reservoir chanber 22 above the piston assenbly 12 has an
ener gy st onertigaf erietationis d fangtian bf ihe relativedpnsitydatioaftheoliyubf b&ﬂigeptmhﬁd(w that
assenbly 12 through its suction stroke requires little magnetic work input

to draw | owfEHeagesUn éhd ipper Bedtioh @0oR theSreeioly BhamBergl, bH%ellbSs BRRS Vathbfdaanber
20 below the piston 13; however, the pressure differential across the

pi ston asseubh ¥s ¥ 15@%1 bf B8 s@okerm@,teoh BESEMIN afPBBRY LI SMRBY oEIHEE Sokk! OM

the |linear magnetic drive system 50 during the upward notion of "the pi ston -

assenbly 1 o{QiskNenigtes 8845 He %ﬁ‘mmr%@ﬁ 0%'%%%&%“’6%%"\’%&1 éé@ﬁoﬂ» Clur d

pressure devel oped on the punpe I qui be ow t he piston as t

di scharges ;fhr o Légg é&lﬁ%ln%hrb\é%f\ﬁct inJoRBdiif @&agﬁsgrﬂr féuﬁﬁ‘gtirnf@tréwe' ﬂ?\ﬂ%\/er i

wor k i nput pr oV the ownwar ansin

B et ur e 62na ¥, 6ol lfétééypuﬁtév 4% RERELT o tﬁ% TERoF S4B Mle
by the re-ex i on of the resse aseous subs da th
oomen ary, or cyclic acce et ons, suc RS ltlons riee t ed vegtorrglgef\o the

acceleration of gravity to further limit the permissible deviation of the pump operating axis

27 from vertical.

In the most preferred mode of operation, the nominal liquid/gas interface 74 is
maintained distinctly above the sea!ing member 17 during the entire reciprocating stroke of
the piston, i,e;, both the upper side 75 and the lower side 77 of the sealing member 17
remain solely within the liquid phase as the piston 13 is reciprocated between its proximal
(upper) and dietal (lower) limits of reciprocation. The important feature is to preciude the
gaseous substance within the reservoir chamber 22 of the cylinder 14 from moving passed
the sealing member 17 into the liquid being pumped from the dispensing chamber 20. Thie
is achieved by maintaining at least the lower side 77 of the sealing member 17 within the
liquid phase as the piston 13 is reciprocated in a dispensing stroke between its proximal and

distal limits of reciprocation. -



secti‘on 40-of the reservoir chamber 22. Magnetic energy input during the up
stroke of the piston assenbly 12 that is stored in the gaseous substance
in the upper section 40 of the reservoir chanber 22 as pressure/vol une
energy is released back to the piston assenbly 12 during the downstroke.
This permits a nomnally equal |oading of the magnetic driving system 50
on both the upward and downward strokes of the piston assenbly 12. In an
alternative enbodi nent, a storage of potential energy during the upward, or
retracting suction stroke of the piston assenbly 12 can be achieved by a
conpression spring 78, either with our without a gaseous substance, acting

bet ween the uppemhg iogﬁ‘tﬁ?mt‘?i%ﬁgﬁ Wf ﬁ\@‘ﬁﬁe@écetﬁlﬁs %ﬂ:éﬂ?:l‘éﬁf orHfhe18h i Qf%glﬁﬂcgﬁ{gor

pr oxi ma:c end surface o I ston aSSﬁﬂb e JaI s?) ST W |
mmgnet ¢ Ao, RUREEERE oLplEC By BB Al SPem e e fudiveing

conpressed_gasequs 29 .substance descrbed .,hefetof ore. wever, e use or
t nese al tePﬂ’QPF@gmﬂ meaﬁgpwgctg?n]dogr Eé@pg{j{gr JA5PPEY SURSIRNRS| iByihe yrRete
gaseous substance in the upper sectjon 40 of the reservoir chanber 22, due
Lo the facPeqtiof4d oidhe SssPorchambek2 delatyedp dh Aecepiahiapreratingstemperature
conplications. It should be noted that the punp 10 in accordance with the
nost pr ef elimiEsof hepetrhesn andthe armatuie 63t areritical fanters Juatawetido bk takenatte al |
dynanmi c seals between the punped liquid and the anbient surroundings of
the punp, 2esounldn mpepy desigringtha dcatian afdhe §quidigad ietbrizoe 74 ralorigitios lengtheof
dynam c seals enployed in prior art devices act to prevent egress of a
flui d fronthepigiomssagnbhetl.area to an anbi ent area of | esser pressure,

bet ween bodi es that usually contain the pressurized fluid and are in

moti on rel ati velttsodmpadbntahhicthe ptesstiread s gzaind ek Wit ik reserdiNEambehe
stationary body typically is a punp housing seal and the noving body is a -

pi ston rod22 be Fheintaingtici arlevs! e b&iufe HRAEHRUTER liGAY Hdkags Pasichb Wt BENagi cal
work to the fluid. The use of such dynam c seals is elimnated from1he

oo AP RSSO A il M0 6 B8], o
a downward, or {iquid dispensing stroke of the piston assembly 12, leakage past the piston
sealing member 17 is upward, while on an upward or retracting stroke (suction) of the piston
assembly the leakége is downward, drawing on the leakage reservoir of !iquid 76 existing
above the piston sealing member 17 during the entire upward stroke of the piston 13,

The particﬁlar height or volume of the Ieakage reservoir of liquid 76 in the reservoir
chamber 22 is not strictly constant, but does fluctuate somewhat thréugh the progress of
each reciprocating cycle qf the piston assembly 12. A zero net piston leakage in each cycle
results in a time average !i?;uid/gas interface level that is neither rising nor falling, i.e., an
average le\)el that remains substar{tiaﬂy constant in height. Of course, the instantaneous
elevation of the liquid/gas interface 74 will rise and fall nominally due to ﬂuctuatiné'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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i nvention‘the reciprocating punps are not required to be hernetic punps.
The reciprocating piston assenbly 12 is driven by nagnetic |ines of force,
whi ch are produced by el ectro-magnetic neans, as described above. in
particular, notion of the piston assenbly 12 is nade to occur by

nodul ating nultiple external magnetic fields. The nodul ation of the
external magnetic fields is acconplished by nodul ati on of the electrical
currents producing the nagnetic fields and this nodul ation permts variable
control of the piston assenbly notion, which includes variable and

adj ustabl e control of the length of the |linear stroke of the piston

assenbly, t %rd%.‘é“éai&sé‘aﬁﬁﬁhﬁ%ﬁfbﬁr.Olfioﬁ/é\%r,@ssété’t@d%?éﬁdﬂ%ly}’thaatﬁn%%/raﬁlri vidgas W

the position, velocity and acceleration of the piston asse ughout

the entire %Eﬁaéglevér‘?ﬁmfhepfisiﬁé‘ﬁ?ﬁ?ﬁgw' y in the opposed |inear

directions at every point 1ntine o cyclic motion. In a.preferred

node of operatio | tQr,. | o prpvide different .  tine
peri ods for conplrbe n&%godthgigé&gg%o% t@% §%%%%§%g8§{ﬁécedﬁlt%é’PQersﬁerc %iﬁf’f e

pi ston assenbl 12 respectively:, with the sugction roke preferably being
sl ower than "ﬁ%" Qﬂreq%ia(}@? ?%ﬁ'@yg?ﬂbgﬁ Fﬂ@ge;‘?? gq“lé‘f?%%tﬂ?ﬁﬂﬁtogﬁeﬁlﬂ'ﬁfﬁ?méw t he
programmabl e_m croprocessor adjustably controls the cyclic novenent of the
pi ston assedBI2%Be reamRlished by saveral magns HuRAItcWar, thei Resmrs iswentrolletiiam i s,
the operation of the punp can be controlled so that a pause in notion of
any desir ed‘etVPh%DPdQﬁ"'éﬁfP'Mr'?'"ij@’aiblbéwe&ééhedtqukﬁfdlﬂfptﬁjgsﬁu&afﬂ(?@ﬁéiqwi phllat prasgurey cl e
of the piston assenbly, or between successive cycles of the piston

assenbl y; eatthedmre Yariencelinthe prassurenf theogaseats dikstanceiim thesuppek sectibs 490t ed
earlier in this application, In accordance with the broadest aspects of
this invenof the tasenioirmbambepfa@ragffectsrthaghtet dfeliquidpakagempast the misteh kealingcan
be enployed to vary a nunber of different attributes of the piston

assenbl y notieatber RGt eThis rigakage Fivil weeur2at potsettatin diifferdatdiateznin 1B whvized eI C
reci procating punp in accordance with this invention is illustrated at

100. 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 points in the motion of the piston assembly 12.
Given that the pressure iﬁ the swept volume of the dispensing chamber 20 is fixed by the
process application of the pump, the pressure of the gasesous volume in the upper section
40 of the reservoir chamber 22 is controlled to adjust the upward and downward liquid
leakage rates past the pist;i?l sealing fnember 17 to achieve the condition of nominally zero
net leakage during each full reciprocating cy.cle of the piston assembly 12. Liquid leakage
passed the piston sealing member 17 is in the direction of high-to-tow 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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The hernetd ¢ reci procating punp 100 is specially designed for punping
liquids that are bel ow anbient tenperature, and which exist only in a
vapor state at ambient tenperature, (e.g., liquefied industrial gases,
typically, nitrogen, oxygen, argon, hydrogen, helium nethane, etc.). In
this construction, the preferred nethod for controlling 'gas pressure in

t he upper section 102 of reservoir chanber 22 above the piston sealing
menber 17 is by boiling off of the |iquid phase being punped. This results
in the upper section 102 -31 of the reservoir chanber 22 being filled
substantially conpletely with the vapor phase of the |iquid being punped.
If there is excessive vapor inventory.in the u r section 102 of the
Feservorr chanbdneSRset R PSg N ot BpeEESRIoD 40, anteseap R haPRAar o
toward the cryogenic tenperature end 106 of the closed cylinder 108 and
the reci pr 88a4oN8 the piston asgemblviioyhasian enprgs stering &estian.p Bt parieulas upward/apor
inventory to colder surface tenperatures at the |ower end of the thernal

gr adi ent r ettion of 11 pistenssseroiy 42 througlvitmenstionsirele ragwires |ittie magnetic woetkuses
a reduction in the vapor inventory and restores the |I|iquid/ vapor interface
104 upwar dinput tSainae iesaprgssurd liquitdnte thessvaapt voigrmé bf the dispensimpchambee 20 belpwi n

t he upper section 102, the |[|iquid/vapor interface 104 will automatically
rise, ther ¢laypistspas; Hwvevirethei pnesstrepdifierentidd auress tHeepiston aesernisiph  Agquiresaer .

17 to warner surface tenperatures in the thermal gradient region 112. This
Wi Il causenyRBRihdAbf MBgrittic Wdek driefyl fibm thegihednmadhietie BHahéyatert BE duARPthe
inventory in the upper section 102. Fromthe above explanation, it should

be appar enf,ibat mbih SR pRlonWsséhBly 2P Tn theBUBSE Rt B&Nﬁ\b&d}'ﬂﬁﬁépéﬁ@lnﬁne
102! of the punp 100 iIs based upon control of the thermal gradient along

the | engt hopld B HAPSBLAY bévaBEd 30methoelfail bR A BRI 16, 3 freliie’ N

In those cases e gaseou$S subst e upper section

(UL o  HRER R b e VRS ol MWD RS,

o e L PP Pl b Y LY R30I e
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 {o the piston assembly

12 during the downstroke. This permits a nominally equal loading of thé magnetic driving

system 50 on both the upward and downward strokes of the piston assembly 12.

In an alternative er.ﬁ'bodiment, 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 withdut a gaseous substance, acting between the upper inner end
surface of the cylinder 14 and the upber or proximal end surface of the pisfoh 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
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gradi‘’ent df decreasing fluid density in the thermal gradient direction of
increasing tenperature of the fluid will exist. In this latter situation,
a mxing of the cold and denser "liquid-like fluid® with the warnmer and

| ess dense "gas-like fluid" affects the operation of the -32 e a jA punp.
Accommodations in punp design nust be nmade to deal with this problem such
as increasing the length of the thermal gradi ent between the liquid-Ilike
and gas-li ke zones to assure mninmal mxing of these fluids, acceptable
heat transfer by conduction and acceptable heat transfer by residual

m xing in stable tenperature profiles throughout. It should be noted that

the 'critigRliRbeaetihbes b I%Hrg.dh{)\ﬂe\gp,qxgF%eaalittﬂ%en%{e?ﬁ&}%%to Saendedydl 2t

whi ch there I's no I nct separat i on ‘of gaseous t~ any
t enperature, Be hi ritical,pressure istinct conditign

condensat i'Bh &5 é%%dé?g %sogmpfoaﬁgéhgﬁgg%o% H 3%98?“‘“ g?e PRRET| ﬁeﬁﬁg’f g@tclf e
tenperature (al.sq kno as th oilin t enper.at ur nd a |iquid/vapor

i nterface "rg oug%ag{k_e\pﬂ%edsugm&le&ﬁg ﬂlai%‘cgrﬁl‘:?“t‘ﬁé‘%? éSé‘?gi'%‘eﬁ?s qreate jaddr
magnetic drive (which are schematically illustrated in Figure 2, but can
be i dent i €@MANREOBAst ruction to the armature 62 and stator 52 enpl oyed in
the punp 10) preferably operate at sonewhat above anbient tenperature to
al | ow heat (il llsheddde potedatdst ther pup 1108ini acoprdamee wijh Henmoat edeférged

el ectrical resistive and eddy current | osses to be rejected to the anbi ent
sur r oundi regrboglirdentreftihe onvéndiop dsvpenfigliieguio celiminats lab ulydamie seatsebetvben tHecat
input to the cryogenic liquid decreases thernodynam c punp efficiency and
i ncr eases pumped diquid asdrihetamntient stiRSEiddings bithe pumpowitmgety prodde Alhehnetighlly
omtted fromFigure 2, it should be understood that the nagnetic drive

syst em enpksaigddohstrichen.punp 100 can be identical to the linear magnetic
drive system 50 enployed in the punp 10. That is, the linear nmagnetic

drive system enplQySshit Bedi§8mBlYEY in bASF JredbvicBs batds prevBntddfist PR 0 8
armature and stator construction substantially identical = to the armature

62 and st gt Qbsariz80RFYR%HA Bmblafit RARf IdsePretirs! Pétvedh BbGBE BEEIR0AIy

contain the. pressurized ﬂuid. and are in motion relative to each other. In traditional
reciprocating pumps, the statiohary body typically is a pump housing seal and the moving
body is a piston rod. - The piston rod enters the pump housing te deliver mechanical work
to the fluid. The use of such dynamic seals is eliminated frofn the hermetfcaﬂy sealed
variants of the present invention. However, in accordance with the broadest aspects of this
invention the'reciprocating pumps are hot required to be hermetic pumps.

The reciprocating piston assembly 12 is driven by magnetic lines of force, which are
produced by electro—magr.{étic meahs, as described above. [n particular, motion of the .
pistbn assembly 12 is made to occur by modulating multiple external mégnetic fields. The
modulation of the external magnetic fields is accomplished by modulation of the electrical
currents producing the magnetic fields and this modulation permits'variabke control of the
piston assembly motion, which includes variable and adjustable controt of the lehgth of the

linear stroke of the piston assembly, the cyclic frequency of the piston assembly, as well as
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cont rel | ed. el ectroni cs and power supply package substantially identical to
the electronics -33 e 1 w and power supply package 60 enpl oyed in the punp
10. Moreover, the control of the electrical output of the package in.the
punp 100 can be the sane as the control of the electrical output of the
package 60 i.n the punp 10; preferably by a software program In addition,
the drive systemenployed in the punp 100 can include a position feedback
system of the same type that is enployed in the punp 10. As noted earlier
in this application, NPSH is the difference between the inlet |iquid

static pressure and the vapor pressure of that liquid at the inlet

t enper at ur X1 j terns..o i 0] Jns fICI ent
NPSH 1 esul T8 p%ﬁﬁ?r?ir%ﬁ%%q RGBSR gﬁ"\&%ﬁteow voapor
resulting fromt cli n subs uent col | apse Vi 0

br essur | 2 dEPURTIPH GfIGR BEARERG NG B8 TREH bRt BeayRaTtean pips of it
transmtted shock waves in the liquid. This can cause damage to the punp's
mechani cal CY@B‘Frﬁ@H%’hts Therefore, it should be understood that a punp
design with a lowrequired NPSH is desirable to allow punping fromvessels
with | ow |iqui dinaprefesredmere of pperationy the Hngagpnaior ixpgpraterhie R]'P‘é@%d@‘ﬁf@f
chanber 20 bel ow the piston sealing nenber 17 nust be naintained at a
cryogeni ¢ timevparicss fareompleting thbisiction stickeranguihe defiverysirake ofjhepisionassamidhe
punp for properly controlling the |iquid/vapor interface |level 104. The
sucti on of12, hespeotigely; Wb teasudien atogiei peefectiblyelging sibeercthen jregdediverylstrake. d
inlet supply line (not shown) or froma cryogenic inlet sunp 120. Use of a

sunp is prefer rlﬁdnmefr;eefehed Mol oitopefationthe pairammabie midrbprotedset adjistabiyd 122
is low. The anmount of "sub-cooling"” as referred to in this application

e g LR S WBR BRI e 13t et ipons of
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 successi\}e 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 r.notor, through the programmable controller, can be employed to vary
a number of different atiributes of the piston assémbly motion.

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

The hermetic reciprzcating pump 100 is specially designed for pumping liquids that
are below ambient temperature,. and which exist only in a vapor state at ambient
temperature, {6.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 boiling off of the liquid phase being pumped. This results in the upper section 102
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In ac¢orddnce.with this invention, the inlet sunp 120 includes a pressure
vessel 124 that is designed for the pressure of the liquid at the inlet to
the punp. This pressure vessel 124 is nmounted at its proximl, or upper
end to the warmend of the punp 100, and is nomnally an axi-symetric
structure, with the axis of the pressure vessel being nomnally
co-extensive with the center line of the outer cylinder 108 and pi ston
assenbly 110. The pressure vessel 124 is fabricated of a nmaterial suitable
for cryogenic tenperatures and otherwise is conpatible with the liquid to
be punped. As can be seen In Figure 2, the pressure vessel 124 of the sunp

i s mount edgt ﬁe%ser@aﬁﬂﬁény&r@b%&g%@? E%bsg%ﬁn%wéémﬁ&gQ’OWtﬁ B P%@R%%S%i?{:nd

this plate serves as a closure pressure cavity

pressure v : 1 iS . igned to .mnimze heat trapnsfer from
its warm ﬁ%ﬁ@b‘&%p‘?&% H%d'cgflq aé%ﬁ?%éﬁ?%ﬁ%v%{ﬁﬁ 'WQ{O%'Q%E%FP%%I%%%%&Z of

mai nt ai ni ng _t t ient.along jts.verrical length. The exterior
ur face.of Peirse ik e 2 b i BptniaEes ThA s Fgrad Sovimertiowe e
schematically indicated at 1 of by an other suitable insulating neans
for pr even?riyﬁ%erﬂ‘é REAHE &7 ?Pﬁ P{Jg’Fr%ll‘?%H @&Mﬁ@dIWGBWIPMWWQ pistes 130)
fromthe surroundi n8 anbient into the sunp 120. As is illustrated in Figure
2, cryogen?¥semhild0: o This mxprIEe R Wﬂtql?eggﬂ?ﬁ) VEDY #vealory te heoldenngurfaze
through a suitable inlet conduit indicated schematically at 132 via an
openi ng i empesatukes| atahe tigwerpenst slithe thewsall gradiant rEgmnetfa eThisl induded res
drawn into the punp 100 from the sunp 120 through inlet valve 134, which
is of a cownernsalionl whiek, ighurnheauses aceqiattibr irothe vEporcihvenorygndndstbregty®geni ¢
tenperature conditions. It should be understood that liquid is drawn into

t he punp lRPidMepar intediacedCpupwandiye i n the di stal swept volunme that is
created by the upward, or suction stroke of the piston assenbly 110. -35 B

, On the other (L‘rmvdnselylIﬂtﬁeﬁle&ﬁﬁhﬁ%ﬁvé@éﬁiﬁ@t&ymhé%ﬁ@gsécﬁ@n dgywmear d

novenent of the reciprocating piston assenbly 110 throug di spensi ng

s It ' ozl;estezl itqqgir%\lragfaﬂg%tk’fagﬁg gf@avgl?’agt!tdéﬁatfbg@ A8 tHePellyUkbEEnG tHe IRfuid fHRsE 4BBve 20
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 vépor

_ inventorﬁ( in ghe upper sectioﬁ 102.

i From the above explanation, it should 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 th_e closed cylinder 108 and the piston assembly 110 therein.

In those cases where the gaseous substénce in the upper section 102 is fully or
largely coﬁstituted by vapgr from the liqhid being pumped, and the pressure ébove the
piston assembly 110 is above the critiqal pressure of the liquid being pumped, a distinct
liquid/vapor interface surface wiil 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-fike fluid” affects the operation of the
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seal éd cofinection 138. This seal ed connection pernmits renoval of the punp
100 fromthe sunp 120 for nai ntenance, or for any other desired purpose.
Al ternatively, the discharged |iquid may be directed out of the sunp 120
by. routing it through the adaptive plate 126, as is schematically
illustrated by the dash Iine 127, for applications where heat transfer to
the discharged liquid is permssible. Inthis latter arrangenent, the
adaptive plate 126 nust be suitably designed for receiving a focal cold
penetration, and such a design is obvious to persons skilled in the art,
and is often found on cryogenic vacuum j acket ed assenblies. Accordi ngly,

the particul ar d ed for  receiving | ogc enetration i s not
consi dered tRyMHR écq%qu Q;dnampﬁ@sxg? pygihe ‘F‘ﬁg% ‘i’?ﬂiwuhgrﬂﬂpwbl'qmvrﬁ‘i?h Bé

di scussed further, herein. The sunp 120, in addition to serving as a storage
vessel for t'h@'eﬁ‘%@édﬂﬂtﬂ' Pighe éh%a* gadisatrhsbmeasthetiguigdikp ang gasdke zonsstoes
as an accunulator to mnimze punp suction pressure fluctuations during
each reci pr assufengnicig@l enighg tdicthpses floids,ageeptable heet transfer \byl coneluctionvapdr
140 above the liquid in the sunp 120 serves as a. conpressible elenment |
al l owi ng a aeckptablerheabiransifardyaesidishhixiad intstable temmpdratyes profiles ¢hrodghibutiur i ng
each piston assenbly reciprocating cycle, with consequently mnim zed -

pressure changes [pshouRYbeaictedtbat the “drifial pregpure” rdidrtad] 100 0@ isothaf gr8sSivd1Bf a
liquid | evel 142 can be controlled by several nethods, depending |argely

upon the apgiuidat ivhichotherd18s PlaNBistindt depAEHEH &M@hﬁ%n@b&sé@ishﬁﬁaée% 8Y any
controlling the thermal gradient along the sunp vessel, in the sane nmanner

as descri beq?m é&@é%@a mﬁ.sfcﬁﬁéaﬁ g}ésgm 4 digirlct %ef'!d‘i’c{ogao? chd sae&ﬁfr&ﬁ\ggls to

inside the closed cylinder provid efined |l ocation™tor the

:t Lﬂ“iaﬁa'pf ES%Q%T&ZP*‘%Q’? ?%Zaﬁﬁ‘?%’@%%?‘f '%“Eﬁ"al"%é“la!]%pﬁ@@*é'@éﬁ%%ﬁﬁf I, ne
T
et hor mal 19/ R8BI/ EHest MRrRCERal 68 her i 1y noul ated from

heat transfer to_the vol une of or. 140 abaqv, thell uid,i
except for the di'SPaFTMaANe tﬂér@?ﬁlﬂpﬁﬂ@ér&ﬁ of the ‘linear magnetic five ?Wh'éi‘ are

schematically illustrated in Figure 2, but can be identical in construction to the armature 62
and stator 52 employed in the pump 10) preferably operate at somewhat above ambient

. temperature to allow heat (Hustrated by wavy arrows 118 in Figure 2) generated by
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.

Al.though'o'mitted g'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 tht_e pump
100 can include, in addition to an armature and stator construction substénﬁally identical
to the armature 62 and stator 52 empioyed in the pump 10, an external microprocessor

controlled electronics and power supply package substantially identical to the electronics
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or di‘stal ‘end of the el enent 144 provides a.boiling initiation point for a
rising liquid level. The warm upper end of the thermally conductive

el enent 144 may be maintained at a suitable warmtenperature by a
conductive design, a convection design to the anbient atnosphere, by
electrical elements, or by any other neans suitable for that purpose. The
particul ar neans enpl oyed for maintaining the upper end of the conductive
el enent 144 warmis not considered a limtation on the broadest aspects of
the present invention, the particular neans enpl oyed bei ng obvious to
persons skilled in the art. Referring to Figure 3, an alternative

enbodi nent of a hernetic reciprocatjng pu in accordance with thi

i nvent i on P8diROWEE SRR #agkags) e'?ﬂl@y%ﬁ‘sé‘rglﬂ?mpo -og’[qr?ﬁ@r'ﬁﬁnﬁﬁc’f‘%‘q of the
substantially identical to the construction of the punp 100, and therefore
el ement s i Rleckical putpgt ofdhe PRgkagarie theewmp dAP cap beithesAms asrthe rentsel b theno
are given the sanme nunerals as enployed in Figure 2, and function in the
sane nmanneelesticabadpitin theapankage A0 sothe umpct?; prafenabiyiky s sofvarg heegeara| Brent s
wi |l not be discussed in detail in connection with the punp 200. It should
be under st additibhathe tdniee regsteat empidyed i thesiuem ¢0H lcay dubiide 2 ipesiionfeeBback s
identical to the drive systens enployed in the punps 10 and 100, and -

t her ef or e wdtbmn@thdsamdliype disit aslerhpioydeein thepenp.10-37 a | u ° The punp 200
differs fromthe punp 100 in the construction and nmethod for controlling

the sunp |iquidaseweld ekfier il thisdaiplibatish aNPSHhetHERSRPEn I BktaySet 818 ihiel liquid
controlling the sunp liquid level 142 in the punp 200 is desirable for

appl i cati opss k i e i : e the
PP, ﬁ@n&s falss 8 GHH Efge \%m §§§surefof {Hawy qcugc[ %Itztﬁé ﬁxiéilfé?ﬂpéﬂa&w%, éaa;sl;esgégﬁrn

i
punp and t np nust Ined at a tenperature for qu
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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 td allow pumping from vessels with low liquid levels, and thus, low available
NPSH.
The dispensing chamber 20 below the piston sealing member 17 must bé
.maintained at a cryogenic tem.perature to establish the required thermal gradient in the
' pump for properly contro!lipg the liquid/vapor interface level 104. The suction of the pump
100 can be applied directt?z 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 fiquid 122 is low. The amount of “sub-cooling” as referred to in this application
means the differént between the teﬁnperature of the inlet liquid and the bdiiing temperature

of that liquid at the inlet pressure.
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vapof-to ¥ent fromthe sunp 120 through the vapor vent |ine 204, based upon
the vent line termnating at a sink of |esser pressure than the pressure
wi thin the sunp. The venting of vapors through the vapor vent |ine 204
allows the liquid level in the sunp 120 to rise, as a greater inlet flow
of liquid to the sunp occurs based on the reduction of sunp pressure by
vapor renoval. Conversely, a high liquid |evel within the sunp 120 cl oses
the float valve 202. By «closing the vapor vent |line fromthe sunp, the
vapor vol une increases due to boiling of the sunp liquid that is caused by
normal heat transfer fromthe warmend of the sunp vessel 124 down to the

distal, or cold . P . QC ﬁﬁﬂ!:? ] i nt
with the liquid ﬁggcecf’%égé)‘%ng Erﬁ% @’r?%%éﬁig%é?{ér a V'{SZCGI’%HIQ?(;BSB% 'er %selﬁ% ?oest 1\%% ve
202. In thi arrangenmen a _conductive. el.enen ch as e thermal |
conduct i ve BebRrROReTor e MefPi dfihe i3 HENst e BB, Hif Yoy ssighen
the boiling process under, high liquid |evel conditions. The use of the

fl oat val ve@@? %H”?H@?gﬁrﬂﬁ@@f’éldggﬁﬁ’ﬂ?r\?aﬂg? Rewer ieﬂg % fhe p‘HFB\?QHt%ﬂJ]’éw or
zero punp flow conditions fromboiling the s,u&p dry. -38 It should be noted
that the i nneminglingn axi-gumenefriewtictyrey wik theaxispfdbe prssus iessel heingi naminally
poi nt of the thermal gradient region 210 of the cylinder and piston '
assenbl y. Leéarexignsive wik the cantar lipe ohthe 20tak(cylindes 108 asd pistantassamblytidat Theom
the wall of the cylinder 108, as is generated by novenent between the

| i qui d seal pregsurentessel 1244 tatribatediof B onatéal suitatile foredrpogenit teerpecatune mhdof

this invention, an anti-convection and insulating structure 212 is nounted

in the vapogthemdseisebmipatbie with tHe2iyuidtoBerpumped. excessi ve heat 'transfer
t hrough the vapor fromthe upper warmend .to the |ower cold end of the

sunp vessel 124. AJBarSbe8ddrrin FRIMEE thdpreadiste vVBSdd! 804 BOthe sLBlis FRUARd t6an be
of any conventional design capable of providing its intended function, as

set forth herejife pRRl €6t b Wandrdr fetbun® T00, BRe thie e defRRtasY cidsuRefdret i

reci procating pu In "accordance with this invention is illustrated at

200" 172 o8 S TGNy 1 e BReD T UG A s 1
minimize heat transfer 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 meéns for preventir_z_g heat transfer (illustrated schematically by.
wavy lines 130) from the surrounding ambient into the sump 120.

As is fllustrated in Figure 2, cryogenic liquid to be handled by the pump 100 enters
the sump 120 through a suitable iniet conduit indicated schematically at 132 via an opening
in the wall of the pressure vessel 124, Thereatfter, 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 c;onditions. it 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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abové ‘'t he’pi ston assenbly that can be filled with a non-condensi bl e gas
that is different fromthe vapor of the |iquid being punped. For purposes
of brevity, elenments in the punp 300 that are the sanme as correspondi ng

el enments in the punp 10 are identified by the sane nunerals enployed in
Figure 1, and will not be discussed in detail herein. It should be noted
that the magnetic drive systemenployed in the punp 300 is identical to the
drive systens enployed in the earlier described punps 10, 100 and 200. The
punp 300 is specifically designed for punping liquids that are nore nearly
at anbient tenperature (non-cryogenic liquids) and where the inlet

t enper at ure vapor ~ _pLessur f.such liquids.is a.small fractiop of the
average of the i nP5t {hgngtHSﬁpggq' qu&qjidggf‘\lﬂgggsfmﬁe IpH"}pr1i1§8t'§ypE‘?ofj°‘%”dﬂﬂdt he
regi on of upper section 40 .of the reservoir chanber 22 above the piston
assembly 12 ﬁ‘lﬂ?mﬁﬁt of; tF? EECIRPP#ING RISFAD ESRRBHK i@loégﬁ’é’gh digeansingjstrakgoexits
inventory of the gas nust be maintained by adding or renoving gas through
the upper -VHFHeB quistyelve 8o ad ISéPUtgﬁé’Uf(Rféier%-lnﬂ% Q¥R Resiatipoarya hut sparable,
respectively. The operation of these valves 302 and 304 to naintain the
proper | ocat$efedotonnedionigsi hig aealetheennketiva pramits tempvak diéhd purgp MO0 fromhtae

pi ston assenbly 12 is effected, or controlled by suitable |iquid-Ievel
measur ement $umsp i 20vion treirdenhneedrifar any othercdesiredpumpbie. known t o persons
skilled in the art and do not forma limtation on the broadest aspects of

the present invenAlteomativélprthedistirgsd liqulienay be gireeeo@ of B &itp 830 Yy Rikihgb! e
nmet hods for sensing liquid | evel and controlling the operation of  the

val ves to nai frQigh thbadsRReipiRe 1beval is sthamaraly MudtateSBY Bl d2R 1AL 1941 &P
woul d be obvious to persons skilled in the art. In the 1llustrated

enbodi ment , dopAcAleAD wHaf heat tPér%YérQ@Cihé"io‘ié_%hﬁrgE]@qtﬁEfgr@ LPJH?I&%%%?ern %’sﬁgﬁgf

communi cating wi.th the upper interior region-o pper section 4

mper “Sect SRR acabl BT ol U800 SERUTOT I AARER 4 ol B

ot on of ¢ e ey Aioph A S TR BB BB U s BHBITP LA by

and 304 1 n 2" RERe TRt RREEbisn. ARl ok g parthllar dsion mpiciedTor
receiving local cold penetration is not considered to be a lir_nitation 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 bumped by the pun;p 1 00, also serves as.an accumulator to mfnimize pump suction
pressure fluctuations during each reciprocating cycle of the piston assembly 110. The
volume of vapor 149 abqve the liquid in the sump 120 serves as a compressible element
allowing a cyclic, minor *rise and fall of the sump liquid level 142 during each piston
assembly reéiprgcating 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 vessal, in the same manner as described
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fluct’uati dn peak differential between acceptable maxi num and mi ni mum
predeterm ned values. An excessively |ow gas volune increases the cyclic
pressure fluctuation differential. An excessively high gas vol une
decreases the cyclic pressure -fluctuation differential.. Selection of the
non- condensi bl e gas for the upper volune 40 nust be conpatible with the

| i qui d bei ng punped and preferably shoul d-not be considered a contam nant
in-the punp discharge stream since some anmount of the gas will be

di ssolved into the punped liquid. Referring to Fig. 4A, a nodified
construction to the punp 300 is illustrated, which permts the punp to be

I d wit - i bl t . nat b i bl -40 with
the 17 qui d BBos B oeBEa R Ry 8 b e B S o S nBe 08 LR PPYIER o
Form of a ot MRGSIg; taspion, i e Jad 1sysf 4fEce drarily sbafustvg atareert 144 s
non- condensi bl e gas and separating t1%z§atatg1%s fromthe liquid in the upper

section 40 droymed theaughylbs adapfiyaplate VB YRPRS end of heravmp weaseld 24\ t h
a as inlet and outlet through inlet and outlet gas controlled val ves 302

and 304, rdbelower eelfJocativtredasised for thersuoip lighigddevel aTheesutgOirfane oBibé theymally
mai ntain a desired gas pressure in the bellows can be the sane as '
descri bed alwondudtive etemerdttiddrshall bé thenmalynibeulated itor heatt thremsfert i trvomé Bf
Fig. 4. Specifically, the punp can be provided with a pressure transducer

306 comuni vapbmntpOmtidve tieliquid iRthesure 420 rxoéptifbrehd alstd Whd Hdledh 1TOE Wivetn
upper wall -26 of the reservoir chanber 22. The pressure of the gaseous

substance i rdRtalepkl Fice elemeRPl44/prolibiés & bblihg HitRtiBS bORETbra Ming MU BR8. 2
m ni mum val ue during each cycle of reciprocating notion of the piston

assenbly 12:1ha wahy Gpse? Hnb s ted tfﬁ%aiiyscﬁﬁﬂétfvﬁl élé‘rﬁeﬁm&h{ﬁay %gz{ﬁéﬂﬁtamedté? &

pressure transducer to operate the control valves 302 an in a manner

e o0 LOslifle WafndgRoliaRRe W) & LGk deainPE Ak oER LBOLH & vhoLNEER:

accept abl e naxi num an ni nu eterm ned Vvalues. An €xtessi ve

0 ) e ARy LSSl SESYRE ShUEHA Bl PR Bl e
(rj'e];:c g: gggi ?haﬁ%ﬁ%ﬁ queiggg an%to';zrieg %'Jrema?hta%%fg tﬁg ﬂéé‘éerren%%??r?é gc?nrgituct?\}ce é’j}erggrgtrﬁw ¢
' warth 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 flustrated at 200. The construction of this pump is
substantially identical to the constrﬁction of the pump 100, and therefore elements in the
pump 200 that are identical o eleménts in the pump 100 are given the same numerals as
employed in Figure 2, and g.mction in the same manner as described abové in connection.
with Figure 2. These elements will not be discussed in detail in connection with the pump
200. }t should be understood that the magnetic drive system employed in the pump 200 is

_identica! to the drive systems employed in the pumps 10 and 100, and therefbre will not be

discussed further herein.



accordancé with this invention is illustrated at 400. This punp 400, |like
the punp 300, includes a nunber of elenents that are simlar to the punp
10 illustrated at Figure 1. However, the punp 400 has specific features
that make it extrenely well suited for use in punping liquids that are
nearly at anbient tenperatures and where the vapor pressure of such
liquids at the inlet tenperature is a significant fraction of the liquid
inlet pressure and -41 wherein the vapor pressure rises significantly with
an increase in tenperature. In this environnment the region of upper
section 40 of the reservoir chanmber 22 above the piston assenbly 12 may be
conposed sol ely of vapor fromthe liquid if the per section 40 above the
pi ston assenbly iT&enrumnp 208 «tiffers feom Seppumputld ia ¢ econptauction arndemiethqdifar

bel ow, by enploying various heat transfer neans 44 to nmaintain the proper
gas vol une. catiteollirepthe sumpriglicrlevat a42 Ipartiouldrethamyettved bnd sysiem dendoaieollirg

di scussed previously in connection with the punp 10 illustrated in Figure
1. That di sthessunamliquid level 42 irethe ppapt2ed ihdssirable fooapplipatiope st refuireperiddsy .

Li kew se, a heat transfer nmeans 406 may be necessary to be provided at the

warm end of of |8, b&IreBlimp Ned! BRwhéRAhE U iant B sumad Shubt Ry MBintiNeyCHt 8oid

This heat transfer neans 406 may be cooling water coils, anbient

convection c i 0
Chose. ski| RporabpIEt digeten “3’3*#{?%%‘@&?“* Hitosvang 202s conteldy i

pr opane or & 't'nﬁé 2DECYNEIGRS a0l TB2 1d okl i fle SBA) \Ea) 904 of B

upper struc € punp can excess steam from
cart i or. - ForStel SRR el ﬁs’fae‘ﬂ{i%?ie\’e ggfﬁﬂﬁt%‘*"’*%gﬁf@%g@aﬁ@%’é 262,7%¢
g;g;ergggea{jﬁgn@f’%g Gt %‘\éelt%‘neﬂtr%'géﬁwegroeﬁwﬁ oRE N APHNE Y Pl 2%
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300, and theref ore will not be discussed further herein. A thernal grad| ent

region, il|YAROF i et Femdhesirer 29 thegudhtiee vanes vent ine 204, $aged pppnctre vedt logi st

inthe liquid to be punped, as well as in the outer cylinder 14 and piston
assenbly 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 iiquid 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 to the distal, or cgld end thereof. | This pfocess 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 employéd to augment the boiling process under high liquid

level conditions. The use of the float vglvé 202 and the connected sump vapor vent line 204

prevents low or zero pump flow conditions from boiling the sump dry.
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12 bet'weed*the thermal |y separated hot and warm ends of the punp. The
liquidlgas interface surface 74 is located in this thermal gradient

region. -42 It is inportant to establish a desired thernal isolation of the
two tenperature zones in the punp 400, since excessive tenperature is
detrinmental to conponents of the linear notor drive system such as the
per manent nmagnets and insulation on the electrical wndings formng part
of -the stator. To achieve the desired thermal isolation between the two
tenperature zones, an insulating spacer 404 is provided as part of the

pi ston assenbly 12 This insulating spacer 404 al so prevents excessive

m xi ng of |i qui e t he tur Such m xing can cause increased
heat transfer gf q&@%@l‘ﬂ’%ﬁ%ﬁ*'@'? eyeloide esiablighesithrylowsr. or gista, a
further enbodi nent of a hernmetic punp in accordance with this invention is
i |1 ust r at RPTBOT Kgdhermal gragianregipn Eé@ of the evlindar ancepisionsshersbly. bidvistindnt s in
that a gaseous substance is not relied upon to provide the energy storage
and r el eadeletfsumn 128maiso rempvesiiidionalihast fromethgwalitobthagyliraied 108; las éssgeneratiida i n
the punp 500 is external to -piston cylinder 502, which houses the -

r eci pr ocathyngoyersent hetwesarthé Yiqli seding heaberr £5 and th&ﬂsﬂwm SP0a bhAérrety € t he
sane or substantially the sanme as the features in the punp 10 1llustrated

in Fig. | embddirhentioffhtsineshtion, dyarthensédton wrwan!la&in?%tm&ﬁm 2ved nhdhn%og 1.
The reciprocating piston assenbly 12 is substantially identical to the

earlier q#e&@riﬁaﬁacbpabééﬁﬁe 3§HE AR i inintiz emxsfb@hém%ﬁ@%? ttﬁB@% vg{a‘or

length. As in the above- described embodi ments, a sealing nme

provi ded Beveenubhe virst 85 &5 ¥RMRlr L8id é’?ﬂd%ftﬁﬁlg ﬁh‘n]&doogfsrel 292 His SRRarate

the interior conpartnent into a dispensing c reservoir

chanber 2%&@?&1‘8@ 308 ?ns%%?ﬂg's?rugbgée?&océmge o?%ﬁgvcgb\aengﬁﬁéﬁbcgesxg%zcgabe St

cyl i nder |ncIu es an sectio

conpl etel%rgvH"llgeﬁs 1\44&198&&91%%10 DE' DG RVAREY: S_I nce the liquid -43 E. G

Referring to Figure 4, a further embodiment of a hermetic reciprocating pump in
accordance with this invention is illus’trate;i at 300. The pump 300 is very similar to the
pump 10 Hllustrated 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 p'umped. 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 F'igure 1, and will not be discussed in detail herein. [t should be
noted that the magnetic d(ive system employed in. the pump 300 is identical to the drive
systems employed in thé e;rlier described pumps 10, 100 and 200.

The pump 300 is specifically designed for pumping liquids that are more nearly at
ambient temperature (ﬁon—cryogenic liquids) and where the inlet temperature vapor
préséure of sqch fiquids 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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filli‘mg the reservoir chamber 22 is essentially non-conpressible, and since
very little | eakage of the liquid passed the sealing nenber 17 wll occur,
the volune within the reservoir chanber is 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 proximal mounting plate 510 of the punp that is secured to one end of
circunferentially spaced-apart support nenbers 512. The opposed ends of

t he support nenbers 512 are secured by any suitable neans (e.g., welding)

L0 e OGS B Sl o RTROR sl BRI AR B e, 20
o ol 233l 208 Sl e BB o d LR, LBt e

medi a. Each of the support nmenbers 512 includes a notch 514 internediate
its ends t@ESBNQWP%%OMMWIHWWWﬂi"?atf%.’(ﬂfﬁ'& igtigfgas interfacey45i®9and
518, respectively. These stop surfaces limt the amount of permitted

ext ensi on thedlepgimph thecbigiomassersblip i 20is affestedber icontsollsd 4wt suitabler kigujd-isvelser ve
the elastic characteristic of said bellows. These stop surfaces 516 and -
518 ar, nomeaagremestinstointemtcamt conkrblsdwhigh areewélbkrsvit togpesstinstskifled imthp lazgt e
506 during normal operation, but rather are limts to notion during

start-up, shditio doifornoa limitdtion ontiebreadust aspecEss thesesoht inviattionl FopaxarRsebl y
12 noves through a suction stroke toward the proximal - nmounting plate 510,

the swept iHerelaRe Sdvetdl poRRinGilRbURSISE MdthodsTol $8hsingIRUNAEVe! @RAEBRK oI thel | |
di spl ace the non-conpressible liquid therein; resulting in an extension of

the bel | owgp&8tion Gtk Jdh@s tOMhaRtdd B8 Zéé’lﬂﬁrbé'i RYsiOfhd paHRLGr ééi’elﬁ:ﬁoﬁ bt @hiams@ﬁed

(proximal) position of the force - transmtting end plate 506 is own -

Ln dotted bé BRvibERILRLabRA Lalkad ekt Hh i uisﬁ‘atTeHreﬂ-\bodErgérm,gﬁg%gﬁqgtfb% §Pring

508 to store potenti energy thereln. the reverse, nsi ng

?Er{oglr('?egf . %ﬁatgﬁga %@Q p?e%éﬁ'@?rjaxgd]u%er §%Mﬂ$@tfﬁd‘@ﬁﬂ%eiquéﬁx‘?teﬁtWrE&Qn bfthe

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 tﬁe 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 écceptabte maxix.'num and minimum predete:-'mined-
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 pﬁmped 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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pl at & 506 the liquid therein, and then to the upper end. of the piston
assenbly 12. The- conpressed (distal) condition of the force transmtting
end plate 506 is shown in dotted fine representation at 509. Limts to the
operational liquid inlet pressure to the punp and outlet pressure from the
punp are dictated by the need to protect the bell ows 504 from over
extensi on and/or conpression, to thereby preserve the elastic
characteristics of the bellows, and, nore specifically, to prevent
operationalinpacting of the end plate 506 agai nst the stop surfaces 516
and 518. A mechani sm (not shown) can be provided to vary, or change t he

Lo moai fy 1t HEAIER (RUEHG PUFARRG. A E0Y ARRabLPe & SpFaSeaRer heb Pdstalrpte o

screw adj ustment can be provided for relocating the pI‘OXI mal end of th
spring 508 rapdif QWFFHU@RE atRxRle ﬁ'@ﬁ}ﬂeéﬁé&arefer te forrg o g séa'ﬁ'é%ét&ﬁ ng
mechani sm has di sadvantages that are not present in the use of a gaseous
subst ance a$elows, @r@ﬁ‘@?eﬂgfpbfemngﬁhé nperc siplecias . andiseparating babgasdrom the
mechani cal spring, the anmount of spring force change per change in spring
defl ecti on (iygid jn thhepsemsentipn 40af shecnasgrvaiscHaimbed 22.r Eba belloass316fcotrimeunioatasnt
of deflection of the spring fromits free length. It should be noted tHhat
the amount efithcy gbé dniétnand ocatiet theoughninlet ahd sptiétnmsdaintrelisd eglves BORIBREE04,S
al ways constant if the stroke of the piston assenbly'is constant. Assumi ng

a constant réﬁpébm)élysmhéléﬁeraf@ﬁ)fm@sbI%I%SISDZEHGI:JW% AIARNAIS aldBsifddaR Grdsetiree | s
constant through each cycle, even as the average spring operation |ength

and average yf mé%nmcéa%eqﬁé Ysheds deycnsear laB&vet i) %oh@é‘ét‘ibh VihQhe bRBodMaN ol

end of the spring in either the proxwra or distal -45 directions. This
results in t t
i ustment T BUmPagiv R, AR SR EE D gUPR AR IR Rt re

pressures Han%ﬂ%o,fgcoépﬁ%gﬁﬂ,%aﬁﬁ%{he %Qeﬂo\fy?% bitfie B%ff%m%osﬂ%b ar? 8%)&; or ce

conpressionan m NI UM Sprin
b cochas AR B RS RIS,
's directly n rm l())fr\;[nfl ﬂu&uate%e heeens Ha@ Jrr? ra% 'a rg'nrr]wlargu rvea useu{juermagl esaochfclygl(éto ates
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 ﬂuctuatior} differential.
Referring to Figure%, yet another embodiment of a hermetic reciprocating bump 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 ilfustrated at Figure 1.
However, the pump 400 has spec*;iﬁc features that make it extremely well suited for use in

pumping fiquids 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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to a'greater and greater degree at each point in the cyclic notion of

t he-pi ston assenbly, as the average pressure of the liquid inlet and
outl et of the punp decreases. For exanmple, wth a fixed inlet pressure
this occurs if the discharge pressure drops. A significantly fluctuating
pressure in the reservoir chanber 22 is detrinmental to achieving a maxi num
and constant energy output fromthe linear notor. On the other hand,

enpl oyi ng a gaseous substance as the energy storage and release nedia does
not have such a limtation due to the flexibility of being able to adjust
its gas inventory. FiIIing or venting inventory of the gaseous substance

h t t. I
changes. 1 nenePEintng VaBer QS Strt skl Sh{ESYS wifh, By lcPeyss R eBeralie, B s

h J h f t. dth th
change. | n SVESITR 5B S pRPrasete) a@oﬁ?«em r%ex"%ﬁ?a?%%m@a AT o of
maxi mumto ninj me val ues. This assures that t e ene flow fromthe
li near no@SPerRRY 12imay hei sompoprdislsly of vaperdrare e ’QU'ééfﬁgg PREr B8N 4P @PO¥ot h
the suction and di spensing strokes in each cycle of the piston assenbly:

noti on. T Pisterupesenikl isnaintainadcated éﬁ;mraﬁra&urﬁe abeygethat pf heriguisylatewn by t

shoul d be noted, however, that the punp 500 has advantages; particularly
for cert amlwinmearbq@plweemram meginsetd tomaintaindhe prapes ges vaumeniThedeab
operating within a narrower -46 . , Qrange of inlet and outl et pressures,
as di scus $adsfabmesans 44 mnrbesanytweli gnoemdeviperastdisensses! prevadusty iv ednneciompeitit  and
there are no conplicated control neans for preserving thermal gradients or

control | tg poepvid Wostraiéd gasigure dnyTieneligussion Wil eohbe repdtes Rergitlifor A
desirabl e application for the punp 500 is one in which the inlet and outl et

Pressur es pafRsey S itevity ADkewisé 4 hed: BanstardiadHsame ndy Behdceddtinptodoviday be
nount ed |n any position and subjected to any degree of accel eratl ve

mot i on, P&% W é‘nd St tRO tHERhHI GhaibhtHds hidas saldﬁh@frﬁa@@?ad?éﬂ fage nbhat
woul d, or could, be disrupted to- cause the punp to loose ' gas inventory

fromthe %Ré?é%baﬁé £ by bEodig WBEPEoils, 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 fof pumping liquid propane or as a boiler feed water
pump. In the 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 earfier. For these applications, the stator 52 and armature 62 most preferably are
mounted near fhe distal,; or lower temperature end of the pump, whet;e the liquid to be
pumped is located.- It should be noted that the magnetic drive system employéd in the
pump 400 is identical to the?frive systems employed in the earlier descriﬁed 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 pistén 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 shoul d® be understood that a nunber of variations can be nmade in the punp
designs in accordance with this invention for punping liquids with

t enperatures bel ow and above anbient and of varying relative vapor
pressures. In accordance with certain preferred enbodi ments of this
invention, it is inportant to establish and maintain a proper volune of
gas above the piston assenbly during operation, and to establish acceptable
t hermal gradi ents between the reservoir and di spensing chanmbers in the

pi ston cylinder, where required (e.g., when punping cryogenic liquids)..
From t he above di scussion, it should be apparent that the reciprocating

punps of the pr ﬁ@ﬁpoh@?ﬁﬁ&%ﬁﬁlisﬂraedééﬁ%& th%%ﬁ%x:{t@hggg%mt'émg&?awrk bnes

processes and enpl oy ‘a uniqué cooperatio motor drive System
f drivi ng; i I ia li : i.C..f t i

of the swepl VSR SREE pleetelstomiSiafln s BATTHYya S Pofiges s feads " ©
G o GascBULh, chimavs. Si%har dr Partaneth mEaBrg,end BFUEEPRAD e PeadEal

neaia, e.g. a hernetically seal ed device. The

,_nginzgrin?, whi | e maintainin_% s . |

| i near mot oM orging Ratt e St TP iRchiRke therdnsired targakiselption briwpen te
this invention replaces the use of conventional -47 6. yt nmechanical drive
system e. giwo tegparaluraEenassaninsyating spagendd4|is previdedas pah otiba pistari assembly
devices, in punps which are not hernetically sealed. The punps of the
present i nvéht Thisingdetingrapageradd aisoqgeventstexcessive ragiplgiof idulidabave théermpturpi ng
of both cryogenic and non-cryogenic liquids. In all fornms of the invention,
the punps 6&ySushphising aam causerimdredsey haattrdnafer befwican dite twat tempdestingregibag. i s
desi‘gned to operate at or near roomtenperature. For applications wherein

the |iquids to bReferinge&sFigos, adtirthep embbdimentla Hegmefic gunep WRicosrdamtecliPIRis
proximty to the punping section, such as is the case for punping

cryogeni ¢ fihwrfion istilustrate SE800. | THIEHrhS BiffefSHony Sarflersdistised fibbaitheRtsSh SHht

arrangenment and establi shes adequate physical separation of the punp from

the linear a#&¥e0lis substance is not refied 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 tﬁe 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 t‘né same numerals as
employed in Fig. 1. |

The feciprocaiihg 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, é’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. 8, 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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The‘present invention has nunerous advantages, particularly over existing
cryogeni c reciprocating punping devices. Mreover, nmany of these

advant ages are applicable to non- cryogeni c punping applications, as have
been detail ed previously herein. As noted earlier, the geonetry of
establishing the cylindrical air gap in the linear notor of the present

i nvention between the stator and the armature permts a non-magnetic |iner
to be affixed to the bore of the stator in the air gap. This isolates the
stator assenbly fromthe armature, allow ng stator materials and
construction to be standard, as provided fromthe manufacture of the
linear notor. In other words, this isolation avoids requirenents for

Tqu d oxyoen TS X%S%Er’i%ﬁqepﬂ‘?. ik “'%"d BRI ik alte

application of f t toth ton | i nes, of
magnet | ¢ for ce SanFgURIFSRTHeeAIreHETDT Rt SRR % NERMEHine fasgE o
integral with the pressuri. zed i qU| d boundary of the punp section, thus
creating a tot afhambesisretatiely fifpdseal ed punp design. -48 The present
invention, unlike the prior art, very effectively mnimzes | eakage past

t he piston seal by rAseimke Q%@F@@s%ﬁ@?@%eﬂtﬁ]éfﬂﬁ%h@ml@ﬁ&ct@m‘é%etﬂu afhese
back, or proximal side of the piston. This is achieved with virtually no
detriment to pifsansmittiog epd pleientpol agaksigdhichane ead ot dorhpressianf spring5¢8 is bizaed. od,
since dynam c seal s preventing | eakage to-the anbient  surroundi ngs of the
punp enpl oyed iTheasposad endaf thp compressidn spdngis Hidsatl against agrowrhdlynousiing plateed
to excessive wear are not enployed in the nost preferred punp constructions

of the present §1veMieqiumPBeREItSRcires t@Ons ead of ERkags et fbpaéb@apén Suppbrti N
the punps of this invention and not |lost fromthe liquid inventory wthin

the punp. the dash6ers®ha! ife gRbedehts oithd thaORBIbAL S ABLEkY hpaIEBECS

with a correspondi ng beneflt in reduced frictional heat input

punped 1i quid byesmdy 1RbuEAAR L BESIPG 02 e btk o Pl

| eakage may repr esent a nom rretrl o cl en

greater benefit rdgg Fr?e%%tré vaﬁl%ﬂorﬂrm R@g{> for B‘lérmﬁgxmggf ﬁx?&%@m%ﬁ@m

reduci ng undesi vaporlza |on eCl-procati ng punps € presen
I nvention, whi (ioca%ons erH) o 42 Itl shou?c%e Qr%grs{%od fhat in the pump 500 the compressaon spring

508 is the energy storage and release media.

Each of the support members 512 includes a notch 514 intermediate its ends fo
provide downwardly énd upwardly facing stop surfaces 516 and 518, respecﬁve!y.. These
stop surfaces limit the amount of permitted extension and permitted conipres'sion of the
bellows 504 to thereby preserve the elastic characieristic of said bellows. ﬁese stop
surfaces 516 and 518 zre not intended fo be controlled by the force transmittor end plate
506 'dur:'ng normat operation, but rather are fimits to motion during start-up, shut-down of
other transient occassions. |

As the piston assembly 12 moves through a sud_icn stroke toward the proximal
mounting plate 510, the swept volum.e of the piston assembly in the reservoir chamber 22
will displace the non-compressible liquid therein; resulting in an extension of the Eeﬁows 504

and the force transmitting end plate 506. This extended {proximal) position of the force
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not or.,, of.f.er significant advantages over prior art reciprocating punps that
enploy rotary to |inear nechanical conversion devices to reciprocate a

pi ston rod assenbly, generally through a fixed piston stroke |ength and
generally fixed sinusoidal notion. The linear notors enployed in the punps
of the present invention offer adjustable stroke |ength operation and
programmabl e notion definition versus fixed sinusoidal notion. These
flexibillties in operation of the punps of the present invention are
acgust abl e before operation of the punp, or while the punp actually is in
service. Mnimzation of peak piston -velocity on the inlet portion of the
pi ston notion and non-equal suction and discharge tine periods are

consi dered : (oY ' ral 4. ey r 2
ctects ont"(RATIRESA) pRtez0s b SRR doBD IR eI 47, T B8 o1
are not ach] Lth. - ' Js | | &es,

o g sl aspbFeRsfe Peispn S8 G RRHERREART LB AR Non SRS 0 SR BSTRD
Moreover, the ability to adjust stroke, speed and motjon . of the piston
hosenbly' i APKE St InRelstoRaBAmaN 15dRe St Sanl T e iR Bipaped io 6wl uoe
of such punps for dutjes that are not possible wth current reciprocating
cryogeni ¢ g@ﬁ%é@av theliguidithersine 8ne fanyto ithe HRRRE £ng i the PisonssemBlY pignpdiess -
the present invention at any flowrate fromO to 100% of design, a node of
oper ati on RoMpPeRSEeE(digtalcanditipn ptihe fivee Fensatiting endpalste 308 is phavwen ipdeled ingr i or
art reciprocating punps use flywheels for speed stabilization and cannot’
achi eve t hrepresetdationajd08f out put flow rates. Specifically,; flywheels store
energy based on kinetics, which is speed dependent. The presént invention
stores energy byingssto theespemationaldiquidtitier pre$sase tacthe gappessli outletpressypafremy e
medi a, which is independent of speed, Prior art reciprocating punp designs
have t endethd pumpdrcdictatidely the aeed ogrbiedpthe Wellghd S0nfromdeer &entsion dnd/or '
vibration effects to the installation and punp bearings. In view of the

fact that boepRiseRR, & tHehyireseid tHewiagtld GHaradterighies IF tHeeBelloWs 0RRd, ahéreW t h
| onger stroke I|engths and slower cyclic rates, the limtation on

reci procat kﬁ&xﬂﬁ%{[ﬁ Eﬁr]%ﬂez?lﬁ ?P&‘éﬁorﬁﬂhﬁa&ﬁ% B i endl 'E)lét% 866 Qﬁﬁcét{i%é gﬁggfsnrf&%swee n

t he warm and col yogeni ¢ punps I n accordance pr esent

i nvent i on, sHALAR st BERRYCHIRRRERSES RS LNEE BRvidRR3b vhS2K: dfihge tHiendiahd end

or a\)erage compression of the energy storage spring 508 in order to rhodify the permissible
pump inlet and ouﬂet pressures. For eXample, a screw adjustment can be pfovided for
relocating the proximal end of the spring 508 relative to the mounting piate 510. Hc\;vever,
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, fhe amount of spﬁng_  force change per change in spring deflection (ie., the spring
constant) is fixed, regardless of the amount of deflection of the spring from its free length. -
it should be noted that the amognt of cyclic {maximum fo minimum) spriﬁg defiection
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 opsration 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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of the purp. While applicant considers this to be a significant benefit for
thernndynanic punp efficiency and reduction of NPSH requirenent, it also
permts a "constant cold-on standby” situation. In this regard, prior art
constructions have a punp cold end relatively closely coupled to the warm
end. Thus, the cold end warms quickly after the punp is shut down; a
problen1that is not encountered with the punps of the present invention.
Thus, prior art punps require a period of cool-down prior to restart if
the period of punp outage is nore than several hours. This represents a
nui sance in operation and a | oss of product -a0- 4 QP A to vaporization
occurring during the cool -down process. The present invention elimnates

or mnlmzes uirenment, so lon d, i nyent.ory. i ns
vl | abl et ieRESnes e SERite I 8 e SRR T ML e reeldbet i SHRRGIGH Wih S
vapori zatio n cold standby will be returned to, the ullage volune of the
cryogeni c | @#Jl‘l‘%mﬁ‘ﬁif’z?d@ragﬁlﬁ’%g PRRRTepgOMANHTC Ot Atlawer Q@@%@PF%W eRN
still further benefit of the present invention is that it offers a decrease
in mechani dath %mnéaaspparah%@ wh‘pﬁeé@epmw@spﬂwé% FRmPressiomantt fersaitclow,
requirenents. As noted earlier, in contrast to 'prior art reciprocating
punps, the pghepatiost mavgmprre@emm%mmm\semg toarceninorgasesaehs the mingmpmrspeng force

i ncl udi ng no crankshaft, connecting rod, piston rod, cross-head,

wWri st-pin, fdppnbeobes zbe:l, ttse dorde Gaticrrapmoap‘tdsl iefrity. LBkmMssdiqutthesmme iiro izer y
part count is-reduced by elimnating nunerous parts, e.g., belt guard,

not or nount resarvelechambiea@Xis directiy preportianalto tesspring forces thad pressume also flictiates r od .
di stance piece, and piston rod packing and rod w per assenbly. In the

present i nvepilbatbhasegledts? de§RERDBEEH po:ﬁruﬁtﬁee@lcﬁ@@adﬁan bfithéPistcRl &sérhﬁl?' c
control and power package requiring substantially |ess maintenance than its

mechani cal  cyRk ghdhagd @eséﬁ{ré BPME g{q&!& E)rfﬁ lan& bahe Bﬁtt:b ?Jﬂmptdé‘érefagése Ger @%ﬁg@%‘ SO

fully illustrate ny Tnvention th ers may, by applying current

future knowGgag k&Rt HreBdRR ik "SR Pt Uisdiife HeELure 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 é 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 o.r venting inventory of the gaseous substance changés ﬁot only
the force it provides at a nominat volume, but also changés 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 pfoximal sidé of the piston has a fixed ratio of
maximum to minimum values. This assures that the energy flow from 'the finear motor can
be maintained at 2 more nearly constant level fof both the suction and dispensing‘strokes
in each cycle of the piston assembly motion. This assures maximum efficiency of the

overail 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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varifeus ecenditions of service. -51 s x CLAIM5S What is clainmed: 1 A nethod
for punping a liquid including the steps of. (a) providing a punp including
a piston assenbly mounted for reciprocating novenent in a closed interior
conpartnment of piston cylinder having opposed closed ends, the piston
assenbly including a dispensing end and an opposed end; . (b) generating a
linearly noving magnetic field for reciprocating, the piston assenbly
within the cylinder through a dispensing stroke and a suction stroke,
respectively; (c) providing a sealing nenber between the piston assenbly
and piston cylinder to maintain a dynamc fluid seal between the piston
assenbly and piston cylinder during the entire |inear dispensing and

return strokgsgeobf Bt GnpictioNpreaqaedRisydisciabed abald, Nige revtitRg cbnfipstbieh &ai d
interior conpartnment into a dispensing chanber housi ng the liquid to he

di spensed apglafivdPeaiiaia ndqhéﬂmé,no(eamnaété@%ﬁﬂra%ém%ﬁ Pé%e%gfﬂh@ﬁﬁgl

Into the dispensing c mai ntaining the liquid in the cylinder

o el il ovd v 8, 5o SRR e SRR

renath o SRR dgébe%tofgéﬁewﬁﬂe‘%‘aﬁm0%%%3@@ A

cner 9y, bnen L e bR, e BARE TRt 1 REP e S M SR Ao |

's moved t 2[18}2 tgdttggngldség?enestlafn cczltexr'a%ve motion, since there is no natural hqu:d-to-gas
interface surface that would, or could, be disrupted te 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 mad_e in the pump
designs in accordance with this invention for pumping liquids wi.th temperatures below and
above ambient and of varying relative vapor pressures. In accordance with ‘certéin
preferred smbodiments of this invention. it is important to establish and maintain a proper
volume of gas ab_ovel the pisfon assemblg during operation, and to establish acceptable
thermal gradients between the reservoir and dispensing chambers in the piéton 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 wi!l suited for use in industrial processes and employ a unique
coopération of a linear motor drive system for drivihg a piston assembiy 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 'ar; energy storage and release media, e.g., a
gaseous volume, or cooperate with an energy storage and release media, e.g., a spring,
while maintaining a hermeﬁcaﬁy 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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2. The nethod of claim1l, including the step of providing the energy
storage and release nedia in the reservoir chanber of the interior
conpartnment. 3. The method of claim11, including the step of generating the
linearly noving magnetic field through an el ectronic power supply
controll ed by a programmable mcroprocessor. 4. The nethod of claim1,

I ncl uding the steps of determ ning the position of the piston assenbly
within the cylinder and controlling, the linearly noving nagnetic field in
response to that determnation. 5. The nethod of claim1, including the
step of generating the linearly noving magnetic field with a |inear
magnetic drive enploying a stator and armature, the stator being |ocated

adjacent andnefgdfailo hiemPh st At Wickad Ritn Al RETIrRAPRIORIHIIEsBREBYILES

bei ng | ocated on the piston assenb y 1nside the piston cylinder to thereéby

create an Mmmm&mﬁn&%@?hs@g@ace of the stator and the outer

surface of tﬁé’arn&ture outer wall of the piston cylinder |s
di sposed. -52 1 | 111111 11111 1 thod of. c
wherei n sai d ener ° e*erapag%éﬁaesreg% Bl ﬁéa?%nﬁgﬂx ol agaesrfﬁ § gdpicabd'ed
substance. 7, The netQ%d of cl a 8 |nclud|n e st F ?§1abllsh| g and
mai nt ai ni ng WePFANGPT bojh |‘i53(9987“\9§f3 Pon‘ﬁ‘iygg?"é% - {h 8l forms of fer inyandiap.dhe
between the |iquid and the gaseous substance durln operation of the punp
8. The met hoRMIBPS BRRFMPIGY aicREMeRs#Y ayvailabletinparsotes demsg thatés desigapd i qerate
chanber with said gaseous substance to a | evel such that the opposed end.
of the pistoat erseaanseym temperatusai Borgepplications wharedn therliauigs it e enimped do not
dlspen5|ng and suction strokes of said piston assenbly. .
permit coupling of the motor in close prox:mtty 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
meotor. -
The presenf 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 detaile_d previously herein.

- As noted earlier, the geometry of establishing the cylindrical air gap in the linear
motor of the present invention between the stator and the armature permits a non—magﬁeﬁc
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
frorﬁ 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 finer, the liner

may be made integral with the pre'ssurized fiquid boundary of the pump section, thus

creating a totally hermetically sealed pump design.
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9. The nethod of claim6, wherein the gaseous substance is non-condensible
and is not a vapor of the liquid being punped, including the steps of
suppl ying and di scharging controlled amunts of .sai d non-condensi bl e
gaseous substance to said punp. 10. The method of claim®6, wherein the
gaseous substance is a vapor of the liquid being punped. 11. The nethod of
claim®6, wherein the gaseous substance is partially conposed of vapor from
the liquid being punped and is partially conposed of a non-condensi ble gas
that is not a vapor of the liquid being punped, including the steps of
supplying and discharging controlled amounts of said non-condensi bl e gas
to said punp. 12. The nethod of claim1, including the step of nobdulating
the |inear noving Thagressntinventiondurdie tegprion artpyanp ERRrtivehe minimises leakegapgstt he
notion of the piston assenbly. 13. The nethod of claim 12, wherein varying
the notion othe histosi seabby caisiagible\préssuteliddise rasarvplr cbarober oprthenback, afpraximsl
| ength of stroke of the piston assenbly in each linear . direction, the tine
period of theidetafthespistbn.t Tids jsischievedwsitrevithhally ino dewiniant tb piston relf paeking leskaget he
cyclic rate of reciprocation of the piston assenbly including the position,
velocity angyrasdiRlegnied bORe @istdmdpsiﬁé@ayr@&ﬁ@swyf&bémg RaKigeliBeheMmitisnst -
path of nmovenent of . the assenbly in the opposed linear directions at every
point in ti ' | Bor | ] i ' ' | di ng
the step of n%‘r'lgéwﬁiﬁ% g)/?\% epgr\u g’r{{rg @Fﬁgec&iﬁf g?”ﬁ%ﬁé@g?mtﬁp‘g}l’% ptg%lt]s‘% ﬁgbgﬁ“gke
and t he suct Qg r ' Het | | din
S05e5iek 18 SxcdSRRNE LB it ofibjovdd RS pilersBlap bt e 10

the step of succ
 nel Udi ng. ond TEgseRer yUEnb FadRa PRE SalerGReh i fintiona ® iR dund el o
mor e of var i GETCAATA SR R YRR ofthiies Broudie SsBanohy Sedden
cycle including one dispensing stroke and one suctjon stroke. 17. The -
met hod of cl &f'¢W FOMENERt AP lerkags EfeoWith A SPIarRRIdIne anefit inoreficed dichaeRli nt o
the heat input to the pumped liquid by reduction of seal contact pressurs. 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 reciprdcating pumps of the present invention, which all e.mploy alinear magnetic
-motor, offer significant advantages over prior art reciprocating pumps that empioy rotéry to
finear mechanical conversi_on. devices to reciprocate a piston rod assembly, generally
through a fixed p'iston étroke tength and genéraﬂy fixed sinusﬁidal motion. The linear
motors employed in the pumps of the presént invention offer adjustable stroke length
operation and programmable motion definition versus fixed sinusoidal motion. These
ﬂexibiﬁﬁeé 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 pision motion and hon-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 controls are not achievable with
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piston cylinder froma liquid sunp. 18. The nethod of claim 17, including
the step of maintaining the liquid level in the sunp at a desired
elevation. 3_ 1 hill 111112112121 Jill: Il 1111 ~c L rs s 19. The nethod of
claim17, including the step of partially filling the sunp with the liquid
t'o be punped and including a conpressible nedia in a ullage space within
the sunp. 20. The nethod of claim2, including the step of insulating the
outer cylinder of the punp in a region of the dispensing chanmber to
maintain the liquid to he punped at a desired cold tenperature and heating
a region of the reservoir chanber to maintain said region of said
reservoir chanber at a desired warmtenperature and maintaining the

pressure of ' e e ) L L e of
Phe gas. - 2PoMERSoRLrRchatcel S bR etRALRcE, Rk RMGhE ik SV, BEGHY C 2
| i quefied gas., 22..Th t hod of, cl ai m.20,,. ret.n . the |liquid to he nped
S TaCtr yogoBRkbs inHIGL B PP olgeods s pilll R ik M ook Bod BB L e
step of insulating the oyter cylinder of the punp .in a region of the
Gt Shensi ng. CHBREERoR SeItN it6E GREANTIOIGT drEG FYETHS e Pup i Rt b U o
tenperature and heating a region of the reservoir chanber to naintain said
regi on of s@f sHcheyrpy &irduien e pet RpsgiBle; WikiFumgtReciPrRsatnRg cyedeitpumps.
mai ntaining the pressure of the gas in the reservoir chanber at or above
t he criti caFhipthessficallydncludesepgrason githe Pumpaef hedpregent Inyention3t anjrloverate t he
liquid to be punped is a liquefied gas. 25. The nethod of claim 23, wherein
the |iquid fromlietop0t¥hen desigm acmydeefmpesitiby nbi sphietalse in wrims art 26nstiistionsethod
of claim11, including the step of providing a bellows section’in said
r _es.ﬁr VOi I. chatibelar, pricr a0 retiprbetihg POmpaiude dnshapis Bt epagstabilizatioh aas earmetli a
W t . : _
' achieve this wide range of output flow rates. Specifically, fiywheels store energy based on
kinetics, which js 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 re_duce total reciprocating
weiéht in order to limit vibration effects to the installation and pump bearings. In view of the
'ﬁdmmmewmmoﬂmpm%Mh%MMmmpmm%dmommmmmbmwﬂmm
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 applicant considers this to be a significant benefit for thermodynamic
pump efficiency and reduction of NPSH requirement, it aiso permits a “constant cold-on |
standby” situation. In this regard, pfior art constructions have a pump cold end relatively
closely coupled fo the warm end. Thus, the cold end warms quickly after the pump is shut
down: a prablem 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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sai d del ows section such that novenent of the piston assenbly through the
suction stroke noves the bellows section to store energy in the energy
storage and rel ease nedia. 27. The nethod of claim 26, including the step
of locating the bellows section inside the reservoir chanber and filling
said bell ows nenber with a gaseous substance, said gaseous substance being
said energy storage and rel ease nedia. 28. The nethod of claim 26,

i pcluding the step of providing the bell ows section as an end section of
the reservoir chanber and engagi ng an outer wall of the bellows section

wi th said energy storage and rel ease nedia. 29. The nethod of claim 28,

i ncluding the step of providing a spring nenber as the energy storage and
rel ease neditava@dlizafidreocomrting duddg bk 2bohdd@n proedsediThe prédent Bertioafelimiddténg
the bellows section with a l[iquid. 31. A nethod for punping a liquid

i ncl udi ng t he nehifies His cdoRHouk RGLIFErHENt 80 wgas QGY HreRBnAreRiafs A0aifkbRAT e/
nount ed for reci pr ocat | ng - novenent 1 n a close Interior corrpart ment of a

pi ston cyli 551@&; d&%@ﬁg Anoé’&%gﬁﬂy@ﬁﬁ%ﬁgﬁ%mﬁhﬁpﬁﬂmiﬁ%ﬁ@%ﬁt}ﬁiﬂr%.”9

a di spensin an opposed e Tl 11 Tvii cLs

b di . S>eE s . - i . of |
o " ot at o, B3 E Vedie Bk EdRENERLOE SR RIS Sk Bl
pi ston assgﬁ){s%/ {jor Eooperati ng with the stator, (c) providing a _

modul ati ng A8 P@8hrrent to the stator for generating linearly moving

magnetic field that |nposes a na tie force on the piston assenbl in
opposed |inear di® St i ‘Hﬂ?rt%ﬁtggpg'& BressHanYRRIoR of tg%"cltpﬂf@ﬁsdtai ﬁ%c%?ﬁ? n
pi ston assenbly within the cylinder through a di spensing stroké and a

suction st reeedianicakgaamiexty ppd a corresponding réduction of maintenance requirements. As

noted earlier, in contrast to prior art reciprocating pumps, tﬁe 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 staﬁonary'part

count is reduced by e!iminating numerous parts, e.g., belf guard, mbtof mount, slider, crank

; ho’usihg, main bearings, shaft seals, pistoh rod distance piece, and piston rod packing and

rod wiper assembly. In the present invention these later components are replaced with an

electronic contral and power packagé requiring substantially fess maintenance than its
mechanical codnterparts.

Mthout further elaboration, the foregoing MH so fully illustrate my invention that

others may, _by applying curient or future knowledge, readily adapt the same for use under

various conditions of service.
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(d) providing a sealing nmenber between the piston assenbly and piston
cylinder to nmaintain a seal between the piston assenbly and piston
cylinder during the entire linear dispensing and return strokes of said

pi ston assenbly, said sealing nmenber dividing said interior conpartnent
into a dispensing chanber housing the liquid to be di spensed and a
reservoir chanber; (e) introducing liquid to be punped into the dispensing
chanber, (f) maintaining the liquid i nq-ﬁélv'%yl i nder at a | evel such that a

| ower surfage of the sealing nmenber and the dispensing end of the piston
assenbl y af@at 5838t ned within the Iiquid. throughout the Iength of the

di spensi ng, and ,suction strokes of the piston assenbly; and (g) providing
an energy Etora@é”e&wf!"él"éﬁ@'ﬁgﬁé'ﬂwﬁ‘WW‘@‘be@éfeipéﬁfifor storing energy when
t he piston assenbly is .nmoved by the magnetic force through the suction
stroke and for P&l ed¥PHENELR Bgugingr 4 yPisten taseerpbly t mAURted dab rgcipecatinge
pi ston assenbly is nBYEINET iR Glesedibtedios gam d of piRlentsylindes heving opreased
force provided by tHao5eg|e8g8he pistancassemplydn &9 dispensing embamhagm eppased
force inposed on tH&%i ston assenbly in the direction of the dispensing
stroke by the |inear magnetic drive. 32. The nethod of claim 31, including
the step* of priBYi digfgeraHBg ¢hdipegrlys movingemageeticr Beld foe ragipogating, tthe piston
reservoi r chanber ofaSEgfEbly within Jhe wylipsier ttheawgh a3lispeneingnstioke arfd al stictioB1,

i ncl udi ng the step StrokRresreCtivY:the |inearly noving magnetic field in the
stator through an electronic power supply controlled by a programuable

m cropr ocessor .(CB4. Peiiding 2 §ealingrmemberhetween the pisimassemblysanshiiston cylinder
deternini ng the posit? ANaIN # wiynamis fiid saalsketwegn e Ristont assepyly and misiond
control ling the |in&¥ndgr Auinchternyrretinear diseprsinthand estworsttokes of ait! piston
deternination. 35. PREETRRIY:N&RID sealingmenber dividing saisyinterisr nospartotent into a
generating the |ine&iSP§nsiRg ichambamyaesing the dndvipt he slispensed andgmeeservairi ve
enpl oyi ng a stator &R¥MB®frature, | ocating :

(o) introducing liquid to be pumped into the dispensing chamber; -

(e) maintaining the liquid in the cylinder at a level such that a lower surface of the
sealing member and the dispensing end of the piston assembly are
maintained within the liquid throughout the length of the dispensing and
suction strokes of the piston assembly; and

() providing an energy storage and release media in a location for storing
energy when the piston assembly is moved through the suction stroke and for
imparting the stored energy to the piston assembly as the piston assembly is
moved through the dispensing stroke.

2. The method of claim 1, including the step of providing the energy storage and
release media in the reservoir chamber of the interior compartment.

3. The method of claim 1, including the step of generating the linearly moving magnetic
field through an electronic power supply controlled by a programmable
microprocessor.

4, The method of claim 1, including the steps of determining the position of the piston
assembly within the cylinder and controlling, the linearly moving magnetic field in
response to that determination.

5. The method of claim 1, including the step of generating the linearly moving magnetic
field with a linear magnetic drive employing a stator and armature, the stator being
located adjacent and outside of the piston cylinder of the pump and the armature
being located on the piston assembly inside the piston cylinder to thereby create an
air gap between the inner surface of the stator and the outer surface of the armature
in which the outer wall of the piston cylinder is disposed. -
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the stator adjacent and outside of the piston cylinder of the punp to
thereby create an air gap between the inner surface of the stator and the
outer surface of the armature in which the outer wall of the piston
cylinder is disposed. 36. The nethod of claim 32, wherein said energy
storage afd rel s’@eWQSiQi g8iB| Ly qderen sgidnsiey SotrgeAddelegse megdia Wé'?‘ﬁ%’iiaof
claim 36, incl SRS ILSAER of establi shing and maintaining a defined,
li-quid vapor interface in the reservoir chamber between the |liquid and the
gaseous dubst afedMelied ﬁ%gb%ﬁatmc@ﬁmsﬁhe ﬁféppﬂﬁﬁﬁt.abilsh'fiq and mainfgining adefingd, |
111111 C L K 389uidfyaparinfrstacgsin dresespryeir chg@pei hetween dhes igid agd ke gareoups a
vapor of the |iS4apt@nceeiring oRemsion of e PUMPe nethod of claitft 36, wherein
t he gaseous substance is partially conposed of vapor fromthe |iquid being
purped and i s JAEUTENGY o S b dycing forsion At e geseniar ehamoarsviogald
vapor of the |iS§apepspRibai@npe i@ ievel such et top prrRosed epd obfherigipn gesagbhsigdn
di schar gi ng corf@iddaseausariume dugng the; entirp AiSeensingnnasuctign strekes<afisgidigipn
40. The met hod @Fe®PY%i m 31, including the step of nodul ating the |inear
movi ng magnetic  field during the punping operation to vary one or nore of
the | engt B of Jfps@hes ofigiRim & whersin thegareqys sulstanemisinonandensitie andis not he
time period of avaposeithrdawd beig pimpedninclydiog it §eps obsinpiinenang disehaeging on,
the cyclic rat &ogifolied @mpupteafisald non-copdensibie gaseoys submbanceitp spiddumy. t he
position velocity and accel ération of the piston assenbly throughout the
entire paf® of Theweatees offlaif whessinthe gasgoyheubsianes éxia vaprrf thediquisihsingh s
at every poi nt PHMPEEme of that cyclic notion. 41. The nethod of clai m 40,
including the step of providing different tine durations for . the
di spensi ngl-st r dke ragthod 19 claim §. oMhaeip JRe gapeaysesyhstanc is partiaiy comppsrstiobf
cl ai m 40, i ncl ¥argidramhthesliauid being peraped Agd i& rariidly comppsed ohdnpasondsasipieen
successi ve recPps Highis fet 2 yepof die auid peiag SHMRSd JReLding dhe-stepeef SHARIAIG ng
and discharging controlled amounts of said non-condensible gas to said pump.

12. The method of claim 1, including the step of modulating the linear moving magnetic
field during the pumping operation to vary the motion of the piston assembly.

13. The method of claim 12, wherein varying the motion of the piston assembly includes
varying one or more of 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 thin cyclic
motion. -

14, The method of claim 13, including the step of providing different time durations for
the dispensing stroke and the suction stroke, respectively.

18. The method of claim 13, including the step of providing a time delay of motion
between successive reciprocating cycles of the piston assembly, each reciprocating
cycle including one dispensing stroke and one suction stroke.

16. The method of claim 13, including the step of providing a time delay of motion at one
or more of various locations within any cycle of the piston assembly, each cycle
including one dispensing stroke and one suction stroke.

17. The method of claim 1, including the step of providing liguid to he pumped into the
piston cylinder from a liquid sump.

18. The method of claim 17, including the step of maintaining the liquid level in the sump
at a desired elevation.
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cycle‘incruding one di spensi ng stroke and one suction stroke. 43. The
nmet hod of claim40, including the step of providing a tinme delay of notion
at one or nore of various Iocations mﬁthin any cycle of the piston

ST O A P L RSN AR A

to be punped into pIS onc oma UId

?)}‘ q ﬁ ! Si rh[ g i nﬁl,éJ % f%,[?& %pmglfudi?ta tgéﬂl%:?éf E{M; E%Sttle %ggrig@ Lhy Ldg ?ge

within the surrpdes, ioh BF hH ntaln

i nsul ating the rid‘l‘& %Qﬁ Afs"ggrés OEF' P%n%‘gg;é efired Wg’% 80 fgﬁ
chanmber to nai | é’?ﬁg re
and heating ar |d§% o?e hg'lér sseﬁravtofgrr c?gonber b%rb tgl it P&etsé!

said reservoir anber at a desired warm tenperature and mai nt a| ni ng the

The gas. 7. THE RebReb gpnte r'h%h%n%%ﬁgﬁﬁffﬂ%?hﬁmeg?ﬁ%'t%e'fé SFped 15 a o
o cry o cafmPanaT P 2 el el BrRThnboTie s faden e FalitRy

the step of i nsti® atlng the out er cyllnder of the purrp in a region Sf tlhg
t
e 3?252?1‘5*‘%"55 £ 85312, g % g f;t@gg i 8 36'" i i
regi on of sald Pré T 5 #egﬁfn 4 m .
b
P e ey f?“z‘:?%té‘at‘tfw o

24.  The method of claim 23, wherein the liquid to be pumped is a liquefied gas.

mai nt ai ni ng t

Lo gat
the critical pr 9' %
liquid to be p Peree e R
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25.  The method of claim 23, wherein the liquid to be pumped is a cryogenically liquefied
gas. :

26. The method of claim 1, including the step of providing a bellows section in said
reservoir chamber and communicating said energy storage and release media with
said bellows section such that movement of the piston assembly through the suction
stroke moves the bellows section to store energy in the energy storage and release
media.

. 27, The method of claim 26, including the step of locating the bellows section inside the
reservoir chamber and filling said bellows member with a gaseous substance, said
gaseous substance being said energy storage and release media.

28.  The method of claim 26; including the step of providing the bellows section as an end
section of the reservoir chamber and engaging an outer wall of the bellows section
with said energy storage and release media.

29.  The method of claim 28, including the step of providing a spring member as the
energy storage and release media.

30.  The method of claim 28, including, the step of filling the bellows section with a liquid.

31. A method for pumping a liquid including the steps of:

(a) providing a pump including a piston assembly mounted for reciprocating
movement in a closed interior compartment of a piston cylinder having
opposed closed ends, the piston assembly including a dispensing end and an
opposed end;
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Ls "i ed 51. The nmethod of claim49, wherein the liquid to be punped is a
cryogenically liquefied gas. 52. The nethod of claim 32, including the
step of providing a bellows section in said reservoir chanber and

canmmuni cating said energy storage and rel ease nedia with said bellows
section such tHBl noveviding atinaanenganstio drive indusing emresughure 19ad . statasnsaid
stroke noves the belSt@0kbejag arigpent saisk ematwra angysaich ampaiurgnkeing o8 tseidagjetoand
rel ease nedia. 53. 3ss@mblder qoepergtingwvitytheistaled i ncl udi ng the steps of: a.
provi ding a punp including a piston assenbly nmounted for reciprocating
novenent in a dFbsedrevidieg aomoddating elnetic current a1 theostatoy Ifermaenerating ingarly
opposed cl osed ends,maving praralic fighibatmposerca mAgngtiafomesprine pigor mgseimly an
opposed end; b. gendt am%gda_n?armi@a@mzs Hrougtysaichgraatiee for ecipragiing the piston
reci procating the piass@mbly axifunithe, oylinder rihiokgh 3/ |dispeasing trokgrand @i 34s8eRI ng
stroke and a sucti ostreke. saspeciivelpect i vel y; c. providing a seal i ng nenber
bet ween the piston assenbly and piston cylinder to maintain a dynamc
fluid seal betwden PrvidingasaalingJesmnber a5 the pistorcgasempbr anglipistag covlinger
entire |inear di spef@maftaing sealkhetwean thepistoroasssably gndsnigen crindendiring thaai d
seal i ng menber divi @ntig kngian dispeasing r@nd oeplm tsiiokes johtsgida pistiins pesemibly said
chanber housi ng t he sealfgiraembertsividing paid Jueriol samparnmselivlei a dispensingahamger

i ntroduci ng |iquid heusirg therliguid te he dispersediadgd@rspenyoicpamker e. nmai nt ai ni ng
the liquid in the cylinder at a |level such that a |ower surface of the

seal i ng menber {&nd intreducing liqiid fepecruinred intadhe dispensingsehemberar e mai nt ai ned
within the liquid throughout the | ength of the dispensing and suction

st rokes of maintaining the liquid in the cylinder at a level such that a lower surface of the

sealing member and the dispensing end of the piston assembly are
maintained within the liquid throughout the length of the dispensing and
suction strokes of the piston assembly; and

(9) providing an energy storage and release media in a location for storing
energy when the piston assembly is moved by the magnetic force through the
suction stroke and for releasing the stored energy to the piston assembly as
the piston assembly is moved through the dispensing stroke by the combined
force provided by the release of the stored energy and by the magnetic force
imposed on the piston assembly in the direction of the dispensing stroke by
the linear magnetic drive.

32. The method of claim 31, including the step of providing the energy storage and
release media in the reservoir chamber of the interior compartment.

33. The method of claim 31, including the step of generating the linearly moving
magnetic field in the stator through an electronic power supply controlled by a
programmable microprocessor.

34. The method of claim 31, including the steps of determining the position of the piston
assembly within the cylinder and controlling the linearly moving magnetic field in

response to that determination.

35. The method of claim 31, including the steps of generating the linearly moving
magnetic field with a linear magnetic drive employing a stator and armature, locating
the stator adjacent and outside of the piston cylinder of the pump to thereby create
an air gap between the inner surface of the stator and the outer surface of the
armature in which the outer wall of the piston cylinder is disposed. '

36. The method of claim 32, wherein said energy storage and release media includes a
gaseous substance.

37. The method of claim 386, including the step of establishing and maintaining a defined,
liquid vapor interface in the reservoir chamber between the liquid and the gaseous
substance during operation of the pump. .
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t he pkston assenbly; f. providing an energy storage and rel ease nedi a

I ncl udi ng a gaseous substance in a |ocation for storing energy when the

pi ston assenbly is noved through the suction stroke andrr{)?)r i mparti gg t he
stored ene tg the piston assenbly as the piston assenbly is noved

t hrough t hégéi sgeﬁéﬁ‘ﬁ 0‘2986@;‘ 3B miretpin theneassors sybstarcey il avapemal the diswidr e
of the gaseous S®PEPHRPELin said location for stori ngmziI desihred ﬁm)ﬁnt of
ener as resylt of the noyement of the piston assenbly through the
suction st #3ke ﬁ"\%l medhod ef aih 56, Whereingthsi gaseousasiistancefis padiallyl comeespyl ofo
the piston asse¥#9 el hediapidelig pspadhand s partially sempesesiefra nbr-canidepsiblei ng
stroke. 54. Thed#%tRbi Rt acYapopehthe lignid baintpurnped, dncyding therstepsiohayppliing
energy storage #Mbdischarging eonieliedamapunts of said Ben-eendessitielgas to saitpampnt erior
conpartment. 55._ The nethod of claim53, includi n‘gat he step of generating
the |inearty nolithgethedphelaire 3, iasladipa thasier afmeduatingghe Gnearwrovingipagnetic
control | ed by &6k 8y [RUETPING apeEAsion de ¥aiyroness mora of thet lsdgthotf strbkd of the,

i ncl udi ng the sRIBEN@ESeBRKIMERHY linase direetioar iy tims peripd ofala ettioke fof thecpistonh a
| i near magnet i ASEEMBY BrnpR@Y fiRRAradisaction thaneclie wate ueferecipnecatios 7of| the | piston
LEEEEE 1T 1113sgemply inpluding | the tesitpn velostyy 120d saceeleeatipa i rthe apistom iasseralaly of
the piston cyl ithtpsghet thaeensiampatingl mryemantrat thee asssiniy lio dbe expposed: lirear

pi st on assenbl ydifegtiongeat emery point infings ofi thatayclicanetiosr eby create an air gap
between the inner surface of the stator and the outer surface of the

armat ur e i41- whilde mAod of elaimeA0; instudingethpistaroef rroviting elifferent dinsg derationssfpr
The nethod of dhedispensing stcake @nd ghe sustien stpokes respédtively t he reservoir chanber

w th said _gaseous substance to a |evel such that the opposed end of the
pi ston aséeénbl yhesmethod of claim 40, including the step of providing a time delay of motion

between successive reciprocating cycles of the piston assembly, each reciprocating
cycle including one dispensing stroke and one suction stroke.

43, The method of claim 40, including the step of providing a time delay of motion at one
or more of various locations within any cycle of the piston assembly, each cycle
including one dispensing stroke and one suction stroke.

44, The method of claim 31, including the step of providing liquid to be pumped into the
piston cylinder from a fiquid sump. '

45, The method of claim 44, including the step of partially filling the sump with the liquid
to be pumped and including a compressible media in a ullage space within the sump.

48. The method of claim 32, including the step of insulating the outer cylinder of the
pump in a region of the dispensing chamber to maintain the liquid to be pumped at a
desired cold temperature and heating a region of the reservoir chamber to maintain
said region of said reservoir chamber at a desired warm temperature and maintaining
the pressure of the gas in the reservoir chamber below the critical pressure of the
gas.

47. The method of claim 46, wherein the liquid to be pumped is a liquefied gas.

48. The method of claim 46, wherein the liquid to he pumped is a cryogenically liquefied
gas.

49, The method of claim 32, including the step of insulating the outer cylinder of the
pump in a region of the dispensing chamber to maintain the liquid to be pumped at a
desired cold temperature and heating a region of the reservoir chamber to maintain
said region of said reservoir chamber at a desired warm temperature and maintaining
the pressure of the gas in the reservoir chamber at or above the critical pressure of
the gas.

50. The method of claim 49, wherein the liquid to be pumped is a liquefied gas.

_—
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sai d gasedus vol une during the entire dispensing and suction strokes of

said piston assenbly. 58. The nethod of claim54, wherein the gaseous

substance i ncludes a non-condensi ble substance that is not a vapor of the
controlling the volaﬁrre and

liquid being p ed and wherein the step of | > an

pr essur e &F-thﬁgmﬁﬁog%m 4hathereit i IRcbe PR & ShipaRTyRally Teefed
di schargi ng co88fol | ed anounts of sai d non-condensi bl e gaseous substance
to said reservQjr ch er for staqring ener in said punp. 59. The net hod
of oraim B3 | be APRGD G sl dpciysng e Hgp of @G ackslawmseation A e
pi ston cyl i ndef®¥ am _riaﬂ‘dﬁf?ﬁlg.‘ neRsling fRlY REFHSIBraTe se mediauvithg
the step of naSROREAPHE SeHON SUGh et mayementofithe pisianAssemdly throygh ghe suction
el evation. 61. SRS meveHresrelipws sastiog o siake GRETTY IR Hie Anesyy sleragaranddelegse
filling, the st th the liquid to be punped and including a
conpressible nedia in _a ullage space within the sunp. 62. The nethod of
cl ai m 54, Pncl Adnegot frs Pempnadiauldripsluding e stepsiafows section in said
reservoi r chanber and conmmuni cating sai d gaseous substance with said _

bel | ows secti&n sufPViding anPWBREREUHRT @ Bisfans aSReMRs MWNed Fr oiggiRMOCAENg
suction stroke nove8OVERENh# [Boflesed Mter EMRITBRENt 9fed (BIStER @WE&JS
subst ance. 63. The ABRIFEE cised eadmirpision @ssembply inoisling 2gispensi an
bel | ows section i nsPBROSEAENd; eservoir chanber. 11111111111111111 1111111 C
L N-58 '

Sy
-

b. generating a linearly moving magnetic field for reciprocating the piston
assembly within the cylinder through a dispensing stroke and a suction stroke
respectively;

c. providing a sealing member between the piston assembly and piston cylinder

to maintain a dynamic fluid seal between the piston assembly and piston
cylinder during the entire linear dispensing and return strokes of said piston
assembly, said sealing member dividing said interior compartment into a
dispensing chamber housing the liquid to be dispensed and a reservoir
chamber; '

d. introducing liquid to be pumped into the dispensing chamber;

e. maintaining the liquid in the cylinder at a level such that a lower surface of the
sealing member and the dispensing end of the piton assembly are maintained
within the liquid throughout the length of the dispensing and suction strokes of
the piston assembly;

f. providing an energy storage and release media including a gaseous
substance in a location for storing energy when the piston assembly is moved
through the suction stroke and for imparting the stored energy to the piston
assembly as the piston assembly is moved through the dispensing stroke;
and

g. controlling the volume and pressure of the gaseous substance in said location
for storing a desired amount of energy as a result of the movement of the
piston assembly through the suction stroke and for releasing said desired
amount of stored energy to the piston assembly as the piston assembly is
moved through the dispensing stroke.

54, The method of claim 53, including the step of providing the energy storage and
release media in the reservoir chamber of the interior compartment.

55. The method of claim 53, including the step of generating the linearly moving
magnetic field through an electronic power supply controlled by a programmable
microprocessof, :

56. The method of claim 53, including the step of generating the linearly moving
magnetic field with a linear magnetic drive employing a stator and armature, the
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57.

58.

59.

60.

61.

62.

63,

stator being located adjacent and outside of the piston cylinder of the pump and the
armature being located on the piston assembly inside the piston cylinder to thereby
create an air gap between the inner surface of the stator and the outer surface of the
armature in which the outer wall of the piston cylinder is disposed.

The method of claim 54, including the step of filling the reservoir chamber with said
gaseous substance to a level such that the opposed end of the piston assembly is in
said gaseous volume during the entire dispensing and suction strokes of said piston

assembly.

The method of claim 54, wherein the gaseous substance includes a non-condensible
substance that is not a vapor of the liquid being pumped and wherein the step of
controlling the volume and pressure of the gaseous substance includes the steps of
supplying and discharging controlled amounts of said non-condensible gaseous
substance to said reservoir chamber for storing energy in said pump.

The method of claim 57, including the step of providing liquid to be pumped into the
piston cylinder from a liquid sump.

The method of claim 59, including the step of maintaining the liquid level in the sump
at a desired elevation.

The method of claim 58, including the step of partially filling, the sump with the liquid
to be pumped and including a compressible media in a ullage space within the sump.

The method of claim 54, including the step of providing a bellows section in said
reservoir chamber and communicating said gaseous substance with said bellows
section such that movement of the piston assembly through the suction stroke moves

the bellows section to store energy in said gaseous substance.

The method of claim 62, including the step of locating bellows section inside the
reservoir chamber.
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