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PaCqeTHbIM aHanM3 pa60TbI ra30BOrO IIOpmHeBOrO .n;eTaImepa
Ha pe)KJIMaX peryJIMpOBaHIDI

A. A. PbDKKOB, 10. II. MOJIO,IJ;OBA,A. II. nPIIJIYl.J;KIIH,
a-p meXH. HayK II. K. nPIIJIYl.J;KIIH

Cam<:m-IIemep6YP2cKuu Hau,uOHaJlbHblU uccJleaOeameJlbCKUU yHueepcumem lfTMO
lfHcmumym XOJlOaa u 6uOmeXHOJl02UU

191002, CaHKm-IIemep6yp2, yJl. JIoMoHocoea, 9

The numerical experiment of rapidlyCH4 piston (reciprocating) expander on different control modes is performed.
The three-circular intake valve with movable restrain of the 1-st plate is analyzed to potential use in two-phase
piston expanders. The spring preload control makes it possible to vary capacity of two-phase piston expander to
a considerable extent. Meanwhile the outlet temperature is provided to be constant at leve of:::::133, 37 K in wide
range of intake parameters.

Keywords: two-phase reciprocating CH4 expander, pulling of intake valve plate, moving plate restraint, capacity control.

KnIO'IeSble cnosa: nopwHeBoC1 napmKII1AKOCTHOC1ra30BblC1 AeTaHAep, ODKII1M nnaCTII1Hbl BnycKHoro KnanaHa,
perynll1pOBaHlI1enp0Il13BOAII1TenbHOCTII1.

B yCJIOBlliIX 3KCIIJIYaTaIUlli rrepMO,lUf'IeCKl1 B03HH-

KaeT Heo6xo,JUIMOCTh pa60ThI ,ll,eTaH,ll;epOB Ha pe)KMMax,

OTJlM'll-IhIX OT paC'IeTHoro (HOMMl-IaJIhHOro) pe)KMMa.

B 60JIhunrncTBe cnyqaeB rrpM coxpaHeHMM HaqaJIhHOM

TeMIIeparyphI 11,ll,aBJIeHlffi ra3a Ha BXO,ll,eM BhIXO,ll,e,ll,eTaH-

,ll,epa Tpe6yeTC5I o6ecrre~h rrepeMeHHhIM pacxo,ll, ra3a,

rrocTYIIaIOIIIero K rrorpe6MTemo, rrpM cOXpaHeHMM KO-

HequoM TeMIIeparyphI Ha rrOCTOJIHHOM ypoBHe. CYIlleCT-

ByIOII.01e MeTO,ll,hIperyJIMpOBaHlffi pacxo,ll,a ra3a B arpera-

Tax C rrOCTOJIHHOM qaCTOTOM BpaIIIeHlffi BaJIa OCHOBaHhI

Ha M3MeHeHMM rrp0,ll,OJDKlITeJIhHOCTM rrpOIlecca HarrOJI-

HeHlffi, qrO COrrpOBO)K,ll,aeTC5I OTKJIOHeHHeM KOHequOM

TeMIIeparyphI ra3a 3a ,ll,eTaI!,ll,epOM OT paCqernOM BeJIMqM-

HhI B 1)' MJIMMHyIO CTOPOHY.

B CTaThe rrpe,ll,CTaBJIeH pacqeTHhIM aHaJIM3 pa60ThI

rrpJIMOToquOM ,ll,eTaH,ll;epHOM CTYIIeHH cpe,ll,Hero ,ll,aBJIe-

Hlffi, pa60TaIOIIIeM Ha rrpMpO,ll,HOM ra3e M YKOMIIJIeK-

TOBaHHOM CaMO,ll,eMCTByIOIIIMM BrryCKHhIM KJIarraHOM.

B KaqeCTBe 06beKTa MCCJIe,ll,OBaHlffi BhI6paH MHoropH,ll,-

HhIM rropIIIHeBOM ,ll,eTaH,ll;ep, CrrpOeKTMpOBaHHhIM Ha 3-x

P5I,ll,HOM BepTHKaJIhHOM 6a3e C ,ll,orryCTMMbIM yCMJIMeM

rro pH,ll,aM 3,OT.

OCHoBHhIe reoMeTp~eCKl1e M pe)KMMHhIe rrapaMeT-

phI MCCJIe,ll,yeMoro ,ll,eTaH,ll;epa rrpMBe,ll,eHhI B Ta6JI. 1.
Ta6Jluu,a 1

OCHOBHwereOMeTpuqeCKHe

H pe.)KJfMHbIe napaMeTpbI )J.eTaH,ll,epa

Pa60qee BeIl\eCTBO MeTaH
HaqarrbHOe ,LIaBneHlle 5 MIla
KOHeQHOe ,LIaBneHlle 0,45 MIla
HaQarrbHaJI TeMnepaTYpa raJa 220K
)J.llaMeTp l.\llnllH,LIpa 90MM
XO,LInopUlIUI llOMM
qacToTa BpaIl\eHIUI Barra 98006/MllH
OTHocllTenbHaH ,LInllHa waTYHa 0,25
MepTBbIll 06beM 13,5%
OKHa 06 - 32wT

(2 pH,LIa,
C3 = 0,845)

ITo OCMTOPIIeBOM KphIIIIKM Ka)K,ll,Oro M3lllfJlllli.1JPOB

,ll,eTaH,ll;epa yCTaHOBJIeH KOJIhIIeBOM HOPMaJIhHO-OTKphI-

ThIM BrryCKHOM KJIarraH C TpeMJI KOHIIeHTp~O paCrrOJIO-

)J(eHHhIMM IIJIaCTMHaMM (CM. pMC. 1). ,IJ;nJI o6eCrreqeHlffi

pa6oTOcrroco6HoCTM ,ll,eTaH,ll;epa B IIIMpOKOM ,ll,Marra30He

HaqaJIhHoro ,ll,aBJIeHlffi B KOHCTpYKIIMJO KJIarraHa rrpe-

,ll,yCMOTpeHhI TOJIKaTeJIM 2, BCTpoeHHhIe BHYTph KJIarraH-

HhIX rrp)')J(llli. TOJIKaTeJIM HarrpaBJImOT M o6ecrre~aIOT

rrpMlIY,ll,MTeJIhHOe rrepeMeIIIeHHe KJIarraHHhIX IIJIaCTMH

Ha BeJIMqMJ!Y 0 < h*KJI < hKJI Ha HepaCqeTHhIX pe)J(MMax

rrpM rrOJIo)J(eHMM rropllIIDl B6JIM3M BMT; 3,ll,eCh hKJI - MaK-

CMMaJIhHO B03MO)J(HaJI BhICOTa rrO,ll,beMa IIJIacTMH, rrpe-

,ll,ycMorpeHHaJI B KOHCTpYKIUlli KJIarraHa. PeryJIMpOBaIille

BhICOThI rrO,ll,beMa rrepBoM IIJIaCTMHhI oCYIlleCTBJIJIeTC5I

rrpM rrOMOII.01 rrO,ll,BM)J(Horo orp~JIJI 4, rr03BOJIJI-

IOIIIero rrpOM3BO,ll,MTh M3MeHeHHe rrpe,ll,BapMTeJIhHoro

Hamra rrp)')J(llli 6e3 pa360pKl1 KJIarraHa. KOHCTpyKllM5I

KJIarraHa o6ecrre~aeT rrOCTOJIHCTBO CYMMhI rrpe,ll,BapM-

TeJIhHOro HaTJIra rrp)')KI1HhI M BhICOThI rrO,ll,'heMa IIJIaCTM-

HhI ho + hKJI = 3,8MM = Const.

BhIXJIOIIHhIe OKHa CTYIIeHH BhillOJllieHhI rro ,ll,Byx-

P5I,ll,HOM cxeMe co CMeIIIeHHeM OTBepcTMM. rro pH,ll,aM

Ha BeJIMqMJ!Y ~ = do + ao; 3,ll,eCh do M ao - ,ll,MaMeTp oTBep-

CTMMM paCCTOJIHHe Me)K,ll,yHHMM COOTBeTCTBeHHO.

UeJIhIO HaCTOJIIIIeM pa60ThI JIBMJIOCh:

1. ITonyqeHHe pacqeTHhIM rryTeM TeKYII.IJ1XM MHTer-

PaJIhHhIX rrapaMeTpOB ,ll,eTaH,ll;epHOM CTYIIeHH, pa6oTaIO-

IIIeM B napO:>fCUOKOCmHou o6Jlacmu C O,ll,HOKJIarraHHhIM ra-

30paCrrpe,ll,eJIeHHeM, rrpM M3MeHeHMM HaTJIra rrp)')KI1HhI

rrepBoM IIJIaCTMlIhI BrryCKHOro KJIarraHOB ho' BeJIMqMHa

KOTOpOro rrpM 3a,ll,aHHOM )J(eCTKOCTM rrp)')J(llli rrpMHMMa-

JIaCh B ,ll,Marra30He 3 S. ho S. 3,75MM;

2. AHaJIM3 rronyqeHHhIX pe3YJIhTaTOB M OIIeHKa IIe-

JIeC006pa3HOCTM rrpMMeHeHlffi OT)J(MMa IIJIaCTMH BrryC-

KHhIX KJIarraHOB Ha ,ll,eTaH,ll;epax paCCMOTpeHHorO TMIIa

B yCJIOBlliIX 3KCIIJIYaTaIUlli.

B XO,ll,e~CJIeHHoro 3KCrrepMMeHTa MCrr0JIb30BaJIaCh

rrporpaMMa KOM,IJ;ET, C03,ll,aHHaJI Ha Kac):>e,lI.pe KpMO-

reHHOM TeXHMKM M MCrrOJIb3yeMaJI B rrpOeKTHO-KOHCT-



Puc. 1. 1VlanaH enYCKHOU mpeXKOJlbu,eeOU, HOPMGJlbHO-OmKpblmbIU C npoMe:JICymolfHblM nOaeU:JICHblM 02paHUlfUmeneM nepeou nJlaCmUHbl:
1 - 02paHUlfUmeJlb; 2 - mOJlKamenb; 3 - nJlaCmUHa; 4 - o2paHulfumenb nOaeU:JICHbIU; 5 - ceaJlO; 6 - npy:JICuHa; 7- Kpene:JICHblU eUHm

P)'KTOPCKMX nO,Lq>a3)J.eJIeIDUIX PMa <pHpM, CB5!3aHHhIX

C pa3pa60TKOM noplUHeBbIX KOMTIPeccopoB (KOM)
M)J.eTaH,LJ:epOBmET).

IlpH paClfeTaX 6billO C)J.enaHO )J.ony:r.u:eIDIe 0 repMe-

THlfHOCTH )J.eTaH)J.epHOM CTYJleIDI - 3a30PbI B KJIanaHe
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H B ynJIOTIDITeJIbHOM )'3JIe OTCyrCTBYJOT, KJIanaH pa6o-

TaeT 6e3 TOJIKaTeJIeM. PaClfeTbI npOH3BO)J.HJIHCb C yqeTOM

peaJIbHbIX CBOMCTBpa6olfero areHTa [1-3].
)Jjrn ynpoIIJ;eHH5l pe3YJIbTaTOB paCqeTHoro aHa-

JIH3a, nOKa3aHHhIX Ha pHC. 2, BBe)J.eM 0603HaqeHH5l
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Puc. 2. TeKYU1ue napaMempbl cmyneHu e 3aeUCUMocmu om omHocumenbH020 xoaa nopUJllJl:

-- - npu ho =3,OMM;----- - npu ho =3,75MM



xapaKTepHbIX TOqeK II OCHOBHbIX np01.l,eCCOB pa6oqe-

ro 1.I,lIKJIa,ll,eTaH,ll,epa: 1 - nOnO)KeHlIe nopllllUl B BMT

(BnyCKHOM KnanaH OTKphIT); 1-2 - np01.l,ecc HanOnHe-

HlliI; 2 - 3aKphITl1e BnyCKHOro KnanaHa (HaqanO npo-

1.I,eCca pacnrnpeHlliI 2-p-3); P - TO'lKa, COOTBeTcTBy-

IOl1.I,a5IpaBeHcTBy TeMI1epaTYP ra3a II CTeHOK 1.I,l1JlliH,ll,pa

B np01.l,ecce pacnrnpeHlliI; 3 - MOMem Haqana OTKphl-

TIDl BhIXnOllHbIX OKOH; 3-)J(p-4 - npo1.l,eCC BhIXnO-

na; )J(p - TO'lKa, COOTBeTCTBYIOl1.I,a5IHaqany nepeXO,ll,a

pa6oqero Bel1.l,eCTBa 1I3 ra30Boro B napo- )KJ1,ll,KOCTHoe

COCT051HlIe; 4 - nOnO)KeHlIe nopllllUl B HMT (Bhl-

xnollHble OKHa nOnHOCThIO OTKphlThl); 4-5 - np01.l,ecc

BhITeCHeHlliI pacnrnplIBllleroC51 ra3a; 5 - MOMeHT 3a-

KphlTIDl BhIXnOllHbIX OKOH (HaqanO np01.l,ecca C)KaTIDl

5-cJ!( -c-6); )J(C - TO'lKa, cooTBeTcTBYIOl1.I,a5I o6paT-

HOMY nepexo,ll,y pa6oqero Bel1.l,eCTBa 1I3 napO)KJ1,ll,KOCT-

HOro B ra30BOe COCT05lHl1e; C - TO'lKa, COOTBeTCTBYIO-
l1.I,a5IpaBeHcTBy TeMI1epaTYP ra3a II CTeHOK 1.I,l1JlliH,ll,pa

B np01.l,ecce C)KaTIDl; 6 - OKOH'laHlIe np01.l,ecca C)KaTIDl

npIIP6 < PH (MOMeHT Haqana OTKphlTIDl BnyCKHOro Kna-

naHa); 6-6' - np01.l,ecc BnyCKa (KpaTKOBpeMeHHbrn

B paccMaTplIBaeMoM cnyqae); 6' - MOMeHT paBeHCTBa

,ll,anneHMil B 1.I,l1.Jll1H,ll,peII BnyCKHOM nonOCTlI (P6' = pJ;
6' -1 - np01.l,ecc HarneTaHlliI (KpaTKOBpeMeHHbrn B pac-

cMaTplIBaeMoM cnyqae); )J(p-4-5-)J(C - yqacTOK1.I,lIK-

na, cooTBeTCTBYIOl1.I,l1ll napO)KJ1,ll,KOCTHOMY COCT05lHl1lO

pa6oqero BelI\eCTBa C pa3nl1'lHOM CTeneHbIO CYXOCTIIx.

Ha PIIC. 2 nOKa3aHhi COBMel1.l,eHHble ,ll,lIarpaMMhl

TeKYl1.l,lIXnapaMeTpOB ,ll,eTaH,ll,epHOM CTYTIeHl1. IIplI Ha-

T51re KnanaHHhIX np~H ho = 3 MM pe)KJ1M pa60Thi

,ll,eTaH,ll,epa COOTBeTcTByeT HOMIIHanhHOMY, nplI KO-

TOpOM o6eCneqlIBaeTC51 MaKCIIManhHhlM pacxo,ll, ra3a

m
HOM

II Tpe6yeMa5I KOHeqHa5I TeMnepaTYPa T
K

• TeKYl1.l,lIe

napaMeTphl CTYTIeHII nplI nOHJ1)KeHHOM pacxo,ll,e ra3a

m' nOKa3aHhi KpaCHhlM 1.I,BeTOMII COOTBeTcTByeT HaT51-

ry np~ ho = 3,75MM. B 060lIX BapIIaHTaX qaCTh pa-

6oqero 1.I,IIKna npOTeKaeT B napO)KJ1,ll,KOCTHOM 06naCTII

COCT05lHIDl pa6oqero areHTa. O,ll,HaKO nplI HOMIIHanh-

HOM pe)KJ1Me pa60Qee Bel1.l,eCTBO Ha BhIXO,ll,e 1I3 cTYTIe-

HII HaxO,ll,IITC51B O,ll,Ho<pa3HoM ra30BOM COCT051HIIII, TaK

KaK npo1.l,eCC 06pa30BaHIDl )KJ1,ll,KOM<pa3hl B pa60QeM

KaMepe HaQIIHaeTC51 BO BTOPOM nOnOBIIHe np01.l,eCca

BhIXnona ClK]) = 0,94 (C3 = 0,85). KOHeQHhle napaMeTphl
peaJIbHO?O pa6oQero Bel1.l,eCTBa Ha BhIXO,ll,e 1I3 ,ll,eTaH,ll,epa

onpe,ll,en51IOTC51 no Cpe,ll,HeMaCCoBoM 3HTanhlll1l1 B npo-

1.I,eccax BhIXnona II BhITeCHeHlliI:

L,(h"llm3-s8m)
- KOHe'lHa5I 3HTanhllIDl ra3a hK = ---~ ---'-;

L,llm3-s8~

- KOHe'lHa5ITeMI1epaTYPa 1;.. = !(PK,hK).

IIplI pe)KJ1Me, COOTBeTCTBYIOl1.I,eMYMaKClIManhHOMY

HaT5lry nnaCTl1Hb1 ho = 3,75 MM, Ha BhIXO,ll,e1I3 ,ll,eTaH,ll,epa

CO,ll,ep)KaHlIe )KJ1,ll,KOM<pa3hl B MeTaHe COCTaBn5leT 4,43%.

IIonyqeHHble ,ll,aHHble ,ll,alOTHarn5l,ll,HOe npe,ll,CTaBne-

HlIe 0 TOM, '-ITOYBenM'leHlIe HaT5lra KnanaHHbIX np)')Kl1H

nplIBO,ll,l1T K YMeHbllleHlIlO ,ll,JIllTenhHOCTII npo1.l,eCca Ha-

nOnHeHlliI 1-2 II KaK cne,ll,CTBlIe K YBenM'leHlIlO npo,ll,on-

)KJ1TenhHOCTII np01.l,ecca pacnrnpeHlliI 2-3. TeMI1epaTYPa

pa6oQero Bel1.l,eCTBaBKOH1.l,enp01.l,eCca pacnrnpeHlliI (TOQ-

Ka 3) 3Ha'll1TenhHO YMeHblllaeTC51, '-ITOnplIBO,ll,l1T K TOMY,

'lTO HaQanO 06pa30BaHlliI )KJ1,ll,KOM<Pa3hl (TO'lKa)J(p) Ha-

'llIHaeTC51 npaKTl1'leCKlI Cpa3Y nocne TOl.{Klf3. MHa BhIXO-

,ll,e1I3 CTYTIeHlI 06pa3yeTC51 napO)KJ1,ll,KOCTHa5ICMeCh.

Ta6Jlul/a 2

IIHTerpa.JIhHble napaMeTpbI ,lI,eTaIl,lJ,epHOU cryneHH npH OTIKHMe BuyrpeHHeu nJIaCTHHbI

3-x KOJIbueBoro BnyCKHOro KJIanaHa

IIapaMeTp
IlepeMeIl\eHlfe IIO,lJ:BJDKHOroorpaHlfqlfTeJUI Ho' MM

0,0 0,2 0,4 0,6 0,75

hO,l'MM 3,0 3,2 3,4 3,6 3,75

h"""MM 0,8 0,6 0,4 0,2 0,05

T"K 133,6 133,4

C2 0,5557 0,4924 0,4284 0,3712 0,3294

P4, MIla 0,556 0,512 0,478 0,456 0,450

T4,K 137,2 135,7 134,4 133,6 133,4

Pmm, MIla 0,451 0,450
Tmin, K 133,4

C 0,9400 0,9266 0,9098 0,8868 0,8562
lKp

TlKp' K 160,0 159,9

C"'c 0,1989 0,1993 0,1996 0,2012

T",c' K 159,8 159,6

V , M3/MIIH 30,537 26,590 23,020 19,665 17,223
II. Y

NmUl,KBT 32,201 29,734 27,135 24,350 22,093 t
m, Kr/Y 1224,83 1066,5 923,33 788,76 690,79 t
h" K,l:J:)j(/Kf 826,74 821,01 815,62 810,34 806,24 t
11, 0,611 0,648 0,683 0,717 0,743 t
X, 1,0 0,989 0,977 0,966 0,957

cr= m/mt 1,0 0,871 0,754 0,644 0,564
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Puc. 3. HHmei!pGJIbHble napaMempbl MemaHOeOi!O nopumeeOi!O oe-
maHoepa CpeOHei!O OaeAeHUJI e 3aeUCUMocmu om npeoeapUmeAb-

HOi!O HamJIi!a npy:>ICuH nepeou nAaCmUHbl enYC/CHOi!OlCAanaHa

H3MeHeHJ1e npe)l;BapIITeJIhHoro Hamra np)')lillH

BnyCKHOro KJIarraHa He B.JIIDIeT Ha rrpou;eCCbI, npOTe-

KaJOll..(He Ha 06paTHOM Xomr rropIJJIDI: BbITeCHeI-I:IDI 4-5
1106paTHoro c)J(aTllil 5-6.

H3MeHeHJ1e l1HTerpaJIhHbIX rrapaMerpOB cryrreHJ1

B 3aBl1CMMOCTl1 OT YBe.JIWIeI-I:IDI Hanrra KJIarraHa npe.n:-

CTaBJIeHbI Ha PI1C. 3 11.B Ta6J1. 2.

OrHoweHJ1e (l" = m'jm
HOM

xapaKTepl1.3yeT CTerreHb

CHJ1.)J(eI-I:IDIpacxo.n:a fa3a npl1. rrp011.3BOJIhHO 3a.n:aHHOM

B YCJlOBl15IX3KCIIJIyaTau;l1.l1. HanlTe rrp)')lillH. B paCCMaT-

pl1.BaeMOM JJ:l1ana30He 3 < ho"'S 3,75 pacxo.n: fa3a C~-

eTC5I co 100.n:0 56,4%, a l1.HJJ:l1KaTOpHa5I MOIIJ;HOCTb NHHIJ.

YMeHbwaeTC5I Ha 31,4%, 11.303HrpOIIHbrn KTI)l, .n:eTaH-

LJ,epa YBe.JI:l1.'Il1.BaeTC5IC 0,61 .n:o 0,74%. IIpl1. 3TOM TeMIIe-

parypa CTeHOK pa60qeJ:\. KaMepbI Tr:r 11KOHe~a5I TeMIIe-

parypa fa3a 3a .n:eTaHJJ:epOM T
K

OCTaJOTC5I rrpaKTmecKl1.

nOCT05lHHb1Ml1.. IIpl1. HOMl1HaJIhHOM pe)J(J1Me pa60ThI

KOHe~a5I TeMIIeparypa T
K

COCTaBJl5leT 133,6 K. OJJ:HaKO,

YMeHbWa51 rrpOLJ,OJl)J(J1TeJIhHOCTh HarrOJIHeI-I:IDI cryrreHJ1

nyTeM OT)J(J1Ma IIJIaCTl1.HbI C Hal1.MeHbIlIMM JJ:l1aMerpOM,

pa60'llii1 areHT nepeXOJJ:l1T BO BJI~O-rrapOBoe COCT05l-

HJ1e, C nOCT05IHHOM TeMIIeparypoM T
K

B IlIl1.pOKOM JJ:l1a-

rra30He 113MeHeI-I:IDI napaMerpOB COCT05II-I:IDI B Haqane

rrpou;ecca paCIlIl1.peI-I:IDI.

AHaJIl1.3 pa60ThI BnyCKHOro KJIarraHa rrOKa3bmaeT,

qrO B JJ:l1arra30He 11.3MeHeI-I:IDIho = 3,0 ... 3,75 MM LJ,l1HaMl1.-

Ka )l;BJ1.)J(eI-I:IDIIIJIaCTl1.HbI OCTaeTC5I 6e3 KaqeCTBeHHbIX 11.3-

MeHeHMH (pl1c. 4).

KnarraH xapaKTepl13yeTc5I 3aBblIlIeHHblMl1. CKOPO-
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PUC. 4. Bblcoma noobeMa nAaCmUH lCAanaHa:
a - l-R nAaCmUHa; 6 - 2-R U 3-R nAaCmUHa;

--- npuho=3,OMM,- - --npuho=3,75MM

CT5IMl1. rroCaJJ:Kl1. IIJIaCTl1.HbI Ha HOMl1HaJIhHOM pe)J(J1Me

pa60ThI. C YMeHbWeHJ1eM npO.n:OJl)J(l1TeJIhHOCTl1 rrpo-

u;ecca HarrOJIHeI-I:IDI, YBe.JI:l1.'Il1.BaJOTC5ICKOpOCTI1. rroca,rorn
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