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1．Introduction   
Poppetl√all・eS打e已XtenSiも戸elYllSedinlll・draulic町S－  

tclm5a5Pre5Sure r巳glllal川呂Vall・eS，e．g．，re翫rl√alv∈S，  

Pilotpartsofareducjngvalv巳S，GlleCkvalvesandcar－  

1ridgcl・alvesbecauseofthesimplicitvofTheconstnlC・  

tionandtllellighpressurc－SenSiLiv吋tova）vedisp［ace－  

1nCnt．1tisafat一山inf加ttoen呂1neCrSinthisneldtlIalthe  

SrSle）TljsIiablclo bc11nStable and onen su貌rs frolll  

noj町Cllatt亡ー．Sinc亡山亡instabilihror山el′且llr亡Sisacaus亡  

Or油noma】pe血rma－1C亡抑das8urCeOrnOise，anum－  

berofresearcllerS】laVeSLudieditfbralongtlme．   

Most s11亡IISttLdics dealwil］1111亡10Calbeh且ViorinlllC  

Vi亡ini吋Ofsteady sta（es oftlle5ySteltl．However，仙e  
SySleIn has valious kinds ofnoIトIizl亡arities，e．g．，flow  

Cl一肌IClerlSlicsorval代Sandqd爪c亡preSS11r已一加w亡har－  

aclerislics．drvr「icliロnandcoJlisioI10ftllePOPPet咽alnSt  

tJIC SCnt▲TlluS．1】leglobalbellaVioris soITl巳IillleSV叩・  

diJercnL丘omtllClocalone，Althot）ghtlleSyStem］laSa  

Simp上e slruClllr亡in appeaJ71IICe．Llle PrOblem hasrafelv  

b巳eniIIvCSllgated because of．111e dimcultv ofanalYSis  

du亡t8maqked noIl－1iTleaJltlr a11d complex吋Ofphc－  

noIT］enaOCCurnngi1111．esystelTl・  

In rec巳nlycユrS，lhe situa血11llaS been dmsl血IIY  

Changedb）．Lhcdev巳lop】11entOflligllLSPeedcomputers．  

Thこ11is．itisnow possible toil】1all・ヱC Llle dYnaLnics of  

5）．SIcInSllrith cotnplex non－1incithllrbY111aki】lg uS巳Of  

I－umericalsil】luhLlOn・andtllCClm唱eOfsvsIcITlreSPO（lS－  

es；）CCDrdiI唱tOVnrintionofsγSte111PmlleterSiseasill・  

allこl】Ⅴ己亡d．   

This papcroulliI－e5PilSIsllIdics ol1locillstnbiliLv D［  

JIYdra‖】ic systcJ－1SillCludin岩pOpPCt valves aJld111ell  

dcscTibesLllCCOIJrSCOfstlldics on（he）Tl亡Cll；ulismorl】l亡  

iIIStnbiHtvillldtll亡BIob；）L bcll肌・iorofpoppctvalvecir－  

CLlitsoJIL］lCb；1Sisofllle壬Iu1110r’ssludics［17］－［ユ1】，【23l．  

2．Histori仁aIbackground   
As臨ー且SIaTnaWa陀，tllenrStdiscllSSjonconcemlng  

tlleStabiliLyOfthep叩PetValvewast］1eStudybyLutz  

〔1LwhichllaSbccllquOtCdin”MechallicalⅥbTalionsll  
byDenHartog【21．LuLzhasdealtwiththestabiliFofa  

dicscI・englnefuel－iruec［ion valv巳Which tlaS Similar  

COnStTl］CtlDntOaninflow－tyPCpOpPetValveassl10Wnifl  

FigurelLHel－aSClarifiedLll飢tltcinstabiliLYOFtl柁V主11v亡  

isc辻uSedbythecDmPreSSibil吋OftlleWOrkjllgfluid－  

FRロト1   

FUEL PUMP  

CYLIHDER  

Figur亡1Ilie5亡1印画亡fuclinjcctionlrallrC  

IllLlleneldofl11Tdraulics．Baek6andRihllCllburBCr  

［3］llaVe rePOrledad亡TailcdstudyoIluleStabilitYOfa  

reliefvalve．ThcvIl肌eVeri血：d山e⊂0叩eCturebYBickcl  

aJldAcel［4］tllat（hevalveinstabili巾SIlOtCauSCdbytlle  

COmPreSSibiJityofworkingfluidbecauseofsmallncssor  
Vulvc cllalnber volllTne aJld sl10rt PIP亡1incIcllgtll，but  

rntllerbl・theinleractjonbeLlVe巳ntllePOPPetmOtioll？）1d  

OlhcrcontponentsinlhecircILi［sllCllaSPu（r）PSiLndnc－  

1ua10rSaSS】10WniIIFigurel  
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exterT］alperiodicdi5turbances．   

1帖仙illgaれdJoll皿SOn［軋［1明地vGeXamilled山e  

e耽ct ofdistribllted mass dynamics ofthe spring sus－  

pcndin苫tllePOpp∈tOn肋eslibilitYOfthcvalveciTCuit・   

Maeda［1り・［131llaSindicatcd Lh亡OCCufrenCe Of  

tnulSVerSe SClf・CXCited vibralions ducIo し11e unSteadv  

けan飢r亡rS亡n81γhrce．   

CoTICemin呂tlleinstabilitvduetointemalflowoftlle  

POpp軋tlleTehavebe已nSLudiesbyMcCIoyandMcGui－  

gaJl［Ⅰ4）．TlleyllaV亡POintedouttJlatVibrationslnalrbe  

inducedbYtl18Ch皿geOFf10WfbT亡亡a亡COmPanymgule  

ChaJlgeOfflowpaltemsontllCbasisofScllrenk’sobser－  

Vation托■r加wpaltemsis5ul相打0Ⅰ－1ulepロppetV山v6  

inloa⊂Onfincdchamber［15］．   

GreenalldWoods［16‖laVeiJnPlyfivec：luSCSOfirI－  
ShbiliLybYtheflow；lrOuTldLllePOPPet：（1＝TLSLLlbiliLy  

rcsulliI唱frolnCOuPIcdITLOLiロrlSOft］lepOPPetWitllOthcr  

Circuitelcments．（2）Instabilityca11SCdbyfl0ⅥtraJISiLion  

rrolllIaminarloturbulentwitlliIICreヱISingordecreasing  
nowrateaccomp叩ingpoppetdisplac巳Inellt・（〕〕IllS加  

biJityciluSCdbynegativerestoringnowfbrcc．（4）Inslil－  

bilitvcauscdbγPreSSuredi耽rcncebetweellOPenlrLgilnd  

ClosingoftllCVillve（h）TStereSisofnowfbrce）．〔5）Ⅵbm－  
tiollSinduc巳dbvnllCtuationofsupplypressure．   

Tlleinstability（1）hasalreadybeensLat巳dillreftr－  
∈nCe【廿【l叶Asfbr山eiIISubtl吋（5），Ⅵ■eCal川OliI血r  
什om山e paper【16］whetller tlle VibratiollSこ汀e S巳Ifr  

CXCited vibrations or a kind of forced vibralioll．TILe  
iIISLabilities（2），〔3）and（4）aresaidtobc unslablepllC－  

nolll亡11aCこ1uSedbYll帽fk川′血rce，butul∈d∈tailsD川Ie  
P］lenOlnCna are u11Clear，SiT］Ce Gr亡en alld WoodsllilVC  
Sll耶川Il亡i11－ertユICllle；1Sunng柁SultscollC亡mngtllGnOlV  

hrce，nOrtlleYibratorTWnVefbrms．  

PRESSUR〔TRJIHSJし■［ER  

万 上中 止r  

Fi苫ur亡ユ Po押亡IY；llヽ・亡CircuithYI加k丘  

Fl‖kr5111nSrCPOrtedaulCOrClicalstLJdYOnt］tcin・  
nltC】lCCO「1′nlvec】lambervolulllC甜Idpipelille］c［1g山on  

lh亡Sti】bilitvofapoppetv；11vecircllitsho、ⅤIlinFigltre3，  

iIl、l▼Ilicl－tl－C POPPetis coILnCCted、Vitl”SuPPLYlil把  

1IlrOugllilllOr主nceandapl巳nut－1Cllamb亡r・IntllCaJlalysIS，  

仙已P■pClhcⅥ・aS u■印tCdこIS a】ossI亡S5and dist∫1bu【ed－  

Plral－－eler巳l巳汀忙ntin、、・1－icl1日leCnInPrぢSSibilitYOfDili5  

IllkcnintocoIISideration．Hella5ClaTificdule n］ndll［rIell一  

l；11prop亡rtiesこ］駄cll】1g山cIocillslabi）itvoF（lleSySlemas  

n）ltowsニ（l）llJongpipcl血111akestllCS）TSLcmulSlこIble，  

（2）lh巳Crjtic臼．丘■eqllCrlCyOrStabiliLycuizICidcswitJltll；1t  

ロf（llehlndanlentaL、′ibratory modeofthcpipeline，（3）  

此Io、用「山亡hl■l血¶亡■－ti－＝元町旧IClrjs，i・e・，111eloIlg巳r  

111ePipelil－eis・tllCmOr亡Slablethesystcmis．（4）alargc  

Vilhredispl王IC巳1tlCnLilndalargcdiscllaTgeCOCfncielltOr  

lll亡Orince stこ1bilizeslh亡SlrStem．Sincc L］le COllCltlSions  

…汀e quilLiLaLive．亡OnS亡qLICIltlY，man），Other studiesllユVC  

bcenalleITlptedtocomplelllent上1isll・Ork．  

3・Mechanisヮofinstabil桓′   
mepoppc11ralveclrCllitsaI亡Clas5航巳dintnl、叩lさ′pト  

Calcon月gl，lrations，i．e，aPilロt年PepOPPC（Valvecircuit  

andadir巳Ct－aCtmgpOpp亡tValv亡Circuit．neo山1i11eSa∫C  

5howllinFi卯r∈4〔a）and仲〕．   

Ⅵle苫01■erI山1geq岨血nso川1eCircuitaregil，eninl厄  

＾ppendixtogctherwithtlleline∬i王edfbrlllS，tlleaSSOCi－  

at巳d Er且nS血‾functions and tlle Charactcristic equation．  

Intllisscction，WeCOnSiderulemCC血11isLnOfLll巳insta－  

biJityoftllePOPPCtValvecirmit加mulePOinlDfview  
OFIneCha山cal珊亡rgylr肌5血rred【0山epoppettllrO11旦11  

tllCnOIV托汀Cet17］．   

FromtheliIlearizedeqltation（13）ofpoppetlT10tion，  

ule佃‖011血geIl∈r訂叩Ia【ionisderilノCd：   

A斤＝だコ此＝－£】∂拍十粋ユれ  
り）  

1VllCreg（刊モ㌔／ユ＋正三乃）jsulelmCCllan血Iell巴戦・Or  

tllePOPPCt，L［⊥＝E（Tl）．Eユ＝E（7ち）iuldT（＝T；Tl）［hcpcriod  

OrilV抽ratio11．   

AEislhcillCreme］lLaJc】l封IgCOrtllelrl亡CllnLliclllcn亡r昌y  

Ⅹ○▲○∴ l．。  

仰H仰川酬。亡ノ・．  

Figur亡ユ P叩l｝亡t、・由仁仁iI■CuitbvFunli  

LcIljkaw；1n）1dNnk抑一Llra［6］1】aVC山corcLicn）］yand  

CXPerim⊂ntallYinves一階此dtlleefn：CLoFcllaJtlbcrvoLIL－  

】11CalldpipcljncIcn9］1011111e5tabiLityofadircct－；lCting  

POPPell・；1h・CCircL）itind弛iI．   

K；］S；li［71・［R）llaSillVCSLig＝1ted111eCETtctoFtlleし叩・  

S】rc；一I11andlJ．cdo廿nSlrcmnpIPeli＝COrlllCPOPPetVaJvc  

O11Lh已Slitb土IilY；1IldllaS血ri＼・Cd n criticnlcolldition rbT  

Sl；）bi】jtv・FL］rthcmlロre．hcllilSIlrg11亡d111eOreLjcill］vⅢld  

CIPCrim巳）1tilllvlhal山亡CircILilbccoJtlCS unStilbJedlle tO  

一「2一   



匝）Direct・aCtirlgpOPpetValvecircuit  （a）Pilottypepoppelvalvecircuit   

Figurc4 Schjmnticdiagramsofpoppctl′aLYC亡jr（Uits  

OJltheotllCrIlaIld，if山esystemllaSne苫ativedampinE，  

i．e．，∂く0．itbe亡Om∈St－nSlablc・¶lC CaUSeS Ofpoppel  

valveinstabiLilYarCSumr11anZedasfollows：  
（a）de）ayduetocompressibil吋OftlleWOrkingfluid．  

（b）lligll－Orderdelayduetot］leinteractjonbyotller  

COmpOn臼1tS，  

（C）ncgatiⅦd皿IP山g血Ⅰ■Ce．  

4．Localstability   
Prior to describing theglobalnature of山e system  

sl10WIlinFig11re4Tth亡localstabililYWillbementioned  

bri巳丑†・．   

Fi即re5shows stnbilitvITlaPS Calculated ffom tlle  

CllaLaCteristicequatiozl（15）こtlle）Tareplottedusing5uPPl），  

pressurcP．．andYalvedisplacement・rFigllrC5〔a）s）10WS  
tllel11aPforapilot吋PeCircuithavlngrlロPIPelifleL＝O・  

TlleSII5temisslablefbrtlleSmallvalvedispla亡亡menL  

lVhereasitbecomesullStablefbrtller巳Iativ巳1vlargeYalve  

rorac）rCle．Tll巳VibrationisamplifiedfbrAE＞t）ilfldis  

att巳11uated丘）rA丘＜n．   

Hcr亡1rellSSIItne tllと】tuleVEdYedisplaccIllCnt甜Idthe  

l・；）Lrc cllamber pressurG Change sinusoidBLly aboula  

slcadv stale as 
∫＝∫ロSln丘け  

p。＝一仇Si上l（研一抑  
（ユ）   

FromEq．（1）aLldEq・（2L11ノC Obl…）iT11】lefblIowing  

equation・  

亜＝一成〟∫言＋方口p捏。Si咤  （］）  

TllCrirstterlllrePreS巳】1tlnglhecrleTgydissIPatiロnbvtlle  

dalllPillgfbrcc．TlleSCCOlldLcnnistlleWOrkdon亡0－1Llle  

POpP巳L叫rt】lC恥、、・佃丁亡∈dllri鴨之1Cγdeofvibratjm．   

Since亘＞0，i，e‥（lledlambcrpr亡SSurePriIleVitably  
dcLav5、VilhrespecILo山evalve）t101io11．Lhl）Sthesecond  

lcnllOrEq，口）isallⅦySpOSitiヽ′e▲汀A丘■＞0，山enul巳  

totこ11Ill巳亡t－allical亡nCrgyOrll一亡pOppetiI－CreaSeSfbreYery  

CyCIcoftllCVibm血Ilandco11SCquentlvthevibmLionis  
alTIPlined．Othenviseitdeca）rS．   

¶1ere打モaV加印・Ofcausesortl－亡血Ⅰ叩Oftl帽d厄1Ⅲ  

bcrpressllrG¢dependingoncircltitconfigurntinn．For  

亡㍊‖叩1e，iful亡CロⅠ叩rCSSibil吋Ofoiljl川IEVal、′eCllam－  

bcrisnotigl10rCdiJl山亡亡ir亡uiLSl101†・ninFigl］re4（a），Llle  

deLa）rOfcha］llberpressllreisgivc）lby摩＝Lnn▲1〔T叫＞u  

rorL＝〔1fromEq．（17）inAppcndix，TlluS．111eSeCOnd  

termofEq．（3）b巳COmeSal、Va）rS POSiLive・Thi5ilnP）ies  

tll；）1tlledelavduetoLJleCOmPreSSibililYOfoiJlllaYb巳n  

†actorofinstabi】ity．TlletraJ］Smissio）ld亡l抑dlIetOalong  

PIPelinecana［sobeafhctorofillSlnbi）itv・   

TlledalllPJllgfbrccissosmnJllll之1ttlleValveisap［tO  

Vibral亡CX⊂CSSil・・CIv．uLd亡SSilisacLiv巳1YilllellSificd，．Tl血  

islhecss巳l血】lrei】SOnlVllV tlle POPPelvalv亡Circui［is  

Liilble10becomc1日lStnble．Evenift】1CCLrccIof111eCOl］l－  

PrCSSibj】iL）T Of oilcこ1［lbc）g（10red．1hc valvc cl仙11bcr  

PrCSS11TC Oftclldel之11TS Wit】1reSPCCtlo the poppeldis・  

PlとICCJnenL LIS tlle reSLlIt oftll巳inLCrilCliollbcnTeellt］le  

、■illlrCInOtiollarldol］lCrSlrStCmCOmPOnCnls，e．g．，PllmPS．  

acllln（OrSiuldotllerCOnu・Oll・・alvcs．TllissortofdelilYnlso  

CnllSCSinslabililY．  

2  4  6  

Ps〔MPa）  

（a）Pilottypepoppetl・alvecircuit  

∈  

E  －  

凸 H  

U  ユ  ヰ  6  

P5［MPa］  

（b）DirecL－；lClingpoppcEValvcircuit  

Figurc5 ShbilitymnpofpopLICtVaLvc亡ircuits  
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disp）；1CC】llC＝LLt■ll】lisc；）SC．1IIClIllSL；】btcvibrnljDL111壬IS山c  

POPPC（l・’；1LYe什cqlIC［1Clr∫iLldj亡；1LCdi‖Eq．〔ヰ）．On tlle  

OIIICrl”（ld・fbrこ1dirccトヱ】CL】IlgPOPPell・・ヱ）lvecircltitL≠い．  

111CSn”］h・；tEvcdisp］｛一CC＝lCntrCg10nbcco‖leSlI‖St；1bLc；tS  

SCCIliLIFigtlre5（b）il［ld tllC ul）S（ilbl亡VibmLio［1lldS tlle  

Pipelill亡加qllenClr長．  

Assccllil－FiBure611hciI－StilbilityreglOnCOIISisIsofllle  

、′nlvcll10dei［lSlabiJitvaIldll－CplPelineInOdeil－SlabiliLY．  

AsillCrea511唱PJl）lo［1g thc stalic valve displaccz－1CnL  

Ctln・re SllOlt，rn bv王IdBSll巳dlille，tllC町StCm becomes  

tl］1SLablciJltllCiIILcrvaL AB alld uleintervalCDl111C  
fbr）nerCOrTeSPO－1dsLoLllCplPelinemodeand山c）atteTLo  

tlleValvc mode as seeninFigure7wllichsI10WS tl把  

1inear freque11Cics 亡alculaLcd丘om tlte cllaraClerisLic  

equation（15）・EachcurvecロincideswithtllCrCSP巳Ctive  

natl）mlffequenciesofEq・（4〕aLtlleValv亡CraCkingpoill一  

戸．．＝PJf．   
TlleSl・lnboIs O aJld●inFigure7i）1dicaletllCSClf一  

亡XCited丘■eque11CiesoftllePIPelineaJldthevalve（TlOdc  

CalculatedbYllumCrjcA］simuLationrespectivcIv，Frolll  

Llle ellergy tranSftrequation（3），itisillftrred t］ldL the  

Valve modeinslabilityis causedbytllel軸hpresst］re  

S巳nSihvityofthepilotq，PeValve」∂PJaJqOn5eCnin  

Figure呂andEq・（5），WhichisderivedsubstiL11tlngEq．  

（17〕inAppendixintoEq．（3〕．  

／ユれ ム＝抑／ユ方（ヰ〕   

Figur巳G（il）sl10、、′Stll亡Slab叫′Ofapilo［lrpepoppet  

V；1lvccirclIilllaVlng山cpIPeli）lelV仙viscロlISrCSistallCe  

抑d山epa叫enlarBCdm叩issl10WninFigllr亡6仲）－  

「
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址＝打方0                 」  一曲＋隼   
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P馬（MP且〕  OntJl巳0山erhaIId，itisreas□ned山且L山e pLPelirLe  

modeinstabil輌i50WlrLgtOtheamplincatioL10fp。by  

山ercsonanceDftll巳PIPelin巳1110de．  
（a）S【abilitざⅢap  

け  0．1  〔l．：  t）．］  

Ⅹ   

別糾re写 Shti亡亡h札「此t亡血tj亡5けrpiIotpoppdv；ltVe   

5．NonlinearbehaviorI   
TllePOPPetValvecircuitssllOwnillFigure4freq11entlY  

exhibitstmlgebellaViors，i．e．，disagreementofthcorcti・  

CalresultswidleXperimentalones and occllITCnCC Of  
CllaOtic vibrations wldcllCan be unexpected froTn t］1e  

localnatureoftlleSySte）r）．However，nOShldY王IaSbeen  

Pe血medtoclari＆［lleOmena・Pnlere去entdevel－  
OPItl巳ntOfnulllericalsiInulatlOn eXJlibits thepowerto  

analvzE SuCll且CO川PIEX町St∈m．比和山e auulOr血11  

describe sevcrこ11globalbehaviDrS Ofdle POppet Valve  

Circuitonth巳basisofI血sttldies【17］－【21L［23J．  

5．1Hardself－eXCitedvibration   

Figure9s）101ySareSuLtofnu）11ericalsimuhtlOnCar－  
ricdouttoexElminctlleinfluenceofdisturbaJICeSOlltlle  
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Appendix  
Governlngequations   

Tlle gOVemlllg eqtulions fbr山e circuits showJlill  

Figureヰ町ed血vedas血1101l・S：  

（；t）I）i10ttyTl叩OPPCtVa［vc亡jrcuit   

TheeqLlatioI10fmotioJ10fthepoppetis  

From Eq．（13），ule血1lowing血1S良工■且HIC山川S are  

d〔汀ilr仁d．  

新宮＿㌔   1  

（14）  モ（∫）′′＝：＋ユー♪以グ∫＋鴎  

モ（∫） c∫   （Jcv∫＋l〕  

一t■〔∫） 亡rCJ（∫ユ＋ヱFェ〟上∫＋甜三〕   

椚＋謹＋項叫）＝F  
d  

nleCh∬aCteristic已quationofthesystemis  

∫4＋．鶴∫j＋4∫‥＋卑＋ノも＝0  

1Vhere  

心拍弼＋硝（壁／昆瑚㌔一ノ川，  

4＝如両・屯刊腐十駈仲q，  

1    ノち＝巧十房十〔和中晦咄．   

（6）  

す；5：l  

、、′llCrelheflowforceac11ngOntllePOPPe（isc叩reSSedas   

（7〕   

瑚卜若sinヰ  
TllereLationb亡tWCCn t］leYC10CiLi亡Sbefbreandaftcra  

CロIlisio）10f111∈POPPet昭ainsttlleValveseatis  

Jl「（「〕＝一己叩‾〕，  （8）  

WhereeisLllCCOemCientofrestittltionfbrtllepOPpettO  

tlleVall′eSeataLld［‾aJ．dt＋arctiIneSJuStbeforeallda血：r  

Cロ1Iision，reSPeClivelY．   

Tll巳COIltinulqIequalionofthevalvechamberis   

廿日r・  桝   

Tlle equation of motio110f tllefluid cDJuInn jn Lhe  
PIPelinebYalu－nPedparameterapproximaLiollis  

〔16）  

4＝年上叫＋屯町  

域＝揖〝ち 蚕＝（叫由仰  

屯苗＝叫，屯q＝ら／亡十村り  

睡掴瑚＝q′砿＋㌔）  

FDrL＝0，□rl＝O，th巳PよrinEq．（lヰ〕isreducedto  

打  
苫（J）＝  

．で（∫） n＋1  

Wll巳reK＝Cx／（C．，＋ち）＝aPJaXl。and7tC／（Cv＋㌔）．  

（17）  

Nomenclature  
」⊥：CrOSS－SeCtional訂eaOrpipe血e   

A。：OpenulgafeaOforiLice   

Ap ＝CrOSS－SeCtio11alareaorva】veseat   

C。：discZlargeCOem亡i亡IltOforiLi亡e   

ち：山sc王1argCCOC伍cientofpoppetvalve   

屯：dianleterOfpoppetvalveseat   

F：aXialnoⅥ・■f加C亡aC山1gOIlpOPPet  

／：Pert血ationロHlow氏汀C已   

五：鮎quencyofpipelinemode  

亮：加q11印CyOFpopp巳lv…ltV巳mOde   

た：5日血l∈SSOrpOPpetSPnng   

ム：l亡n昌仙orpipeline   

椚：pOppetIⅥaSS   

P。：preS餌reinl唱lvccllambcr   

P。：upSlrcalnpr亡SSllreOrOr摘c已   

P∫：Sllpplypressu柑   

Pr：Pert11fbatiorLOfch且nlberpressure   

臼。：加1Vrat巳血ougllPOpPetV且1v仁   

Q。：nOWratetllrOu呂110rificc   

曾亡：peHllrbationofl√alvcnow   

q。：Perlurbalionofo［i缶cel10W   

Lニ：VOlumeofv且1veplenumcll且111ber   

ユー ：ヽ・alv亡Ii丘   

耳β：Slaticvalvel山   

∬：perturba山nofvalveli托   

旦 二initiallycoltlPrCSSedlcngu10fsuspensionspr】n苫   

α：llalfⅦgl亡Ofpoppet   

β：bu［kInOdulusofworkingfluid（Oil）   

∂：Viscol射加画t唱C粥爪cicnt   

β 二d亡nSilyofwork主ng】1uid（Oiり  

／一丁・（J〔）。  

4一 班  

（10）  ＝ギ9－P             l  

TllCnOWCllaraCteristicoftllePOPPeLvalveis  

（11）  臼‘＝亡′打d′∫sinα  

囲血gノ〕r＝0，11■11enf｝亡く0．   

TlleftowcllaLaCterisljcoftheorificeis  

（12）  乱＝亡。月。  

（11）Dir亡亡t－11Ctir．gpo］7PCtVilhrccircujt   

PLlttjngtlledischargecoemcientoft］lCOriLicec。→00  

inEq・（12）and T／二＝ALLinEq・（9）．weobtaintllCgOVern－  

iJl呂eqlIa山flSforadirect－aCtIngPOPPetValvecircuit．  

Linearjzed equations and transfer  

fun亡titInS   

Weobtainlllefblloll■】nglincahzedeqltatiorL5fromEqs，  

tGト（12）at且Cella血st亡adyst封息  

〟】上＋揖←点上∫＝ロ′βf  

（13）  
印ぐ＝甘。一弘，J軋＝一戸。  

甘r三亡∫＝亡．几，甘。＝亡、．広一凸）   
Whcrc C（＝［／7P）jsllle Valve cllELmber capacitaLIC亡，  

＝刊叫叫．）t厄pip亡1illCin畑ance，Cl．＝（∂せノ∂▲り。，  

Cr＝り¢ノ∂Pr）か C．．＝（∂¢J∂（P。－Pr））。，んx報・り〃∂．m，  

打，＝（∂♪7∂i｝J8andLlleSubscrip【OtneansasLcadystate．  
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