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AHHOTAIASA

B pabote paccmarpuBaeTcsi pacueT BpeMEHH MCTEUSHHs UIEATbHOTO ra3a U3 pesepByapa
MIOCTOSIHHOTO 00BbEMa B CPE/y € MOCTOSHHBIM JIaBICHUEM TIPH a/[Ha0aTHIECKOM MpoIiecce.
B ob6miem cirydae ¢ yaeToM Beex Temtou3mdeckux (pakTopoB, BIUAIONINX Ha MPOIIECC HCTE-
YEeHHS r'a3a, ONpeJIeIeHHe 3aBUCMMOCTEeH H3MEHEHHUS TEPMOJIMHAMUYECKUX [TApaMeTPOB raza
OT BPEMEHH SIBISIETCS IOCTATOUHO CIIOXKHOM 3a/1a4eii, Tpelyromiei pa3paboTKu CreUanbHbIX
BBIUKCIIUTEIBHBIX IIPOrpaMM. B psijie ciryyaes petieHue 3Toii 3a1a4u MOKET OBbITh YIIPOILCHO.
Hampumep, ecim paccMaTpuBarh npolece aquadaTnieckoro HCTeIeH s HASalbHOTO ra3a u3
pe3epByapa MOCTOSIHHOTO 00beMa B Cpely € MOCTOSHHBIM JaBIeHUEM. TaKo# Moaxoy Bo3-
MOYKEH, HAIIPUMED, B CIICAYIOIIUX CIydasx: 1) mporecc HCTEUEHHS MPOXOAUT OBICTPO, T. €.
3a JIOCTATOYHO KOPOTKUH MPOMEXYTOK BPEMEHH; 2) pe3epByap XOPOIIO TEIIOM30IMPOBAH.

H3BecTHO, YTO B 3aBHCHMOCTH OT BENHYHMHBI IIEperaga 1aBleHNi ra3a B pe3epByape U B
obiacti (B KOTOPYIO MPOUCXOIHUT €r0 MCTEUESHHE) MPOIEecC MOXKET OBITh pa3OHMT Ha 1Ba
Heproja: KpUTUYECKUH 1 JOKpUTHYECKHI. B mepBoM ciyyae ucreyeHne NpOUCXOAUT MpH
TIOCTOSTHHOM TIepemna/ie JaBIeHU, pABHBIM KPUTHYECKOMY, BO BTOPOM — IIPH HEPEPBIBHO
YMEHBIIAOIIEMCS Mepera/ie TaBIeHUH.

B npunsitoit mocraHoBKe 3a1a4u JuQdepeHInanbHoe ypaBHeHHE, ONMCHIBAIOIIEE TPOIIECe

UCTEUEHHs a3a B KPUTHUECKOH 001aCTH 110 BpEMEHH, MHTETPUPYETCsl JOCTATOUHO IIPOCTO, YTO
JaeT TOYHOE peLieHne uis JauHoi oonactu. JnddepenimansHoe ypaBHeHNE, Opeessomee
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BPEMCHHYIO 3aBUCUMOCTb TCPMOAUHAMUYICCKUX TTApaMETPOB B PE3CPBYyape, B ,I[OKpI/ITH'ICCKOﬁ
00/1aCTH UCTEUCHHS HE UMEET AHATMTHYECKOTO PCUICHUS 1 B HACTOAIICC BPEMA MOKET OBITH mpo-
HHTETPUPOBAHO TOJIBKO YUCIICHHBIMU METOAaMM C UCTIOJIb30BAHUEM KOMITbIOTEPHBIX IIPOrpaMM.

B nannoii pabote ObuIa OCTaBIICHA 3a/1aua HAUTU AHAJTUTUYECKKIE COOTHOIICHHS, TO3BOJISI-
IOIIUE MPOBOAUTD PACUYCThl HA MHXXCHCPHOM YPOBHE B IIOKpHTH'—ICCKOfI 001acTH NCTEUEHUS
C IOCTAaTOYHO BBHICOKOH CTEMEHBIO TOYHOCTH.

B pesymbrare pacqeTHO-aHATUTHIECKOTO UCCIIEIOBAHIS OBLIO TTOTyUeHO perrerne audde-
PEHIMMAIBHOTO YpaBHEHHS I JOKPHTHYECKOTO PEKUMA UCTEUCHHS, COfiepIKalee 3HAKO-
YepenyoIHics psJl ¢ OeCKOHEYHBIM YHCIIOM YJIEHOB. BBIIO YCTaHOBIICHO, UTO B PacUeTHON
00JacTy JAHHBIA PSJI CXOMUTCS JIOCTATOYHO OBICTPO, YTO MO3BOJISIET TOTYYUTh BBICOKYIO
TOYHOCTH PACcueTOB TPHU HEOOJBIIIOM YHCIIE WICHOB psaa. [lanpHeiniee uccaeaoBaHue mo-
3BOJIAJIO HAWTH AIPOKCHMHUPYIONIYTO (DYHKIIHIO, TIO3BOJISIONLYIO0 HCKITIOUUTH PACUET psijia v
TPOBOIUTH BEYUCIECHHUS C MAKCHMATBHOH ommoOKoii Meree 1%. Kpome Toro, HaiiienHoe co-
OTHOIIIEHHUE TI03BOJIAIIO HAWTH (PYHKIMOHABHYIO 3aBHCHMOCTD MEK/Ty BDEMEHEM HCTEUCHHS
U JIaBIICHHEM Ta3a B pe3epByape, KOTOpast MPH UCIIOIb30BAHUY PHHSATON allpOKCUMAIIIN
MO3BOJISIET TAKKE MOTYYUTh JOCTATOUHO TOYHBIC PE3YIBTATHI pacueTa.

[TpubnmsKeHHbIE COOTHOLIECHHS ObLTH MPOBEPEHBI ITyTEM COMNOCTABIECHHUS C TOYHBIMH PELLICHHSI-
MU, OTIpeJIENIEHHBIMH TIPH YMCIICHHOM UHTET prpoBaHyy. CpaBHEHHE MOKa3aJlo, 4To B pe3ylbTaTe
pacueToB MO MPUOMKEHHBIM 3aBHCUMOCTSIM TOMYHaIOTCs JOCTATOYHO TOYHBIE PE3YIIBTaTHL.
[loyuennsle B TaHHOM paboTe pacyeTHbIE 3aBUCHMOCTH, CBA3BIBAIONIHE BPEMS HCTECUEHHS 1
JIaBJIEHIE Ta3a B pe3epByape Npu aiadaTiuecKoM MPOIIECCEe, MOTYT OBITh HCTIONb30BaHbI KaK
B MH)KEHEPHBIX pacueTax, Tak M B KaYeCTBE MEePBOro MPUOIKEHHUS B Ooee CII0KHBIX 3a1a4ax,
CBSI3aHHBIX C ONPee/ICHUEM BPEMEHH UCTEUCHHUS T'a3a U3 pe3epByapa MOCTOSHHOTO 00beMa.

KuioueBbie c10Ba

Anuabatrueckuii npolecc, HCTEUCHNE, JaBlIeHNEe, TEMIIepaTypa, 00beM.
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BBenenue

3amaga onpenereHIs BpeMEHH NCTEUCHUS Ta3a U3 pe3epByapa MOCTOSHHOTO 00beMa
MMEET BXKHOE IPaKTHYEeCKOe 3HaYeHue. Ee peleHne 0a3upyercs Ha U3BECTHBIX 3a-
KOHaX U MOJIOKEHUAX TEPMOIUHAMUKH [6] U razonquHaMuki [1; 5].

W3BecTHO, 4TO, €CliM HauaIbHBIIN TIepenaj MeKIy JIaBICHUSIMHU B pe3epByape u
B Cpelle, B KOTOPYIO MTPOUCXOIUT UCTEUEHHE, OONBIIE KPUTHIECKOTO, TIPOIECC HC-
Te4eHHUs pa30MBaeTCs Ha JBa PEKUMA: KPUTUISCKUN U JOKPUTHIECKHIA.

B nannoit pabore paccMarpuBaroTcst 00a peknuMa BCTeUeHHs. Pacyer mcredeHus
0azupyercs Ha pemieHud AudQepeHIMaTbHBIX YPABHEHUH JIJIS KaXJI0TO PexUMa.
Jiist kputHueckoro peskuma uddepeHIranbHoe ypaBHEHHE UHTETPUPYETCS I0CTaToq-
HO IIPOCTO, U MOTYYaETCsl TOYHOE pelieHne. B mokpuTuaeckoit 001acTi HCTEYCHUS BH/T
muddepeHnmanTsHOro ypaBHEeHu B 00IIIEM CITydae He ITO3BOJIIET IPUMEHNTH TaOIMIHOE
WHTETPUPOBAHKE, TIO3TOMY TIPEAJIaraeTcsl HOBBI METO/ pacdeTa C MCIIOIh30BAaHHEM
MPUOTMKEHHBIX COOTHOIIICHHH, 00SCIIEUNBAIOIIHMX JOCTATOYHO BBICOKYHO TOUHOCTb.
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86 B. B. Tapacos

ITocTanoBka 3aa4i, IPUHATHIC JOIMYICHUS

[TycTpb ra3 BeITEKaeT M3 TEIJIOM30JIMPOBAHHOIO pe3epByapa MOCTOSHHOIO 00bema
V uepe3 npocToii Hacanok (6e3 coruta JlaBass) ¢ MI0MIAbI0 TPOXOAHOTO CEUCHHUS
Ha BBIXOJIE f B OKPYIKAKOILYIO CPEY C HOCTOSHHBIM JaBICHUEM p,. B HavanbHbli
MOMEHT BpeMmeHH (¢ = 0) 1aBieHue u TeMIieparypa B pe3epByape paBHbBI COOTBET-
CTBEHHO p, U T.

B nanHoii pabote ObUTH TOCTABJICHBI JBE 3a]a4M: IIepBasi — OIMPEACITUTH BPEMS
HCTEYEHNUs ra3a U3 pe3epByapa; BTopas — HAWTH 3aBUCUMOCTb U3MEHEHUS JaBIICHHUS],
a CJe0BaTelIbHO, U APYTUX TEPMOJMHAMHUYECKHUX I1ApaMETPOB Ia3a B pe3epByape
OT BPEMEHHU.

Jis pereHust 9TUX 3a1a4 ObLIH NPUHSTHI CICAYIONINE TOMYILECHHS:

1. ra3 — wuaeanbHbIA (MCTEUEHHE MPOXOIUT 0e3 (a30BBIX MEPEXOAOB, CBA3b
MeXly TEpMOAMHAMUYECKUMH NTapaMeTpaMH ra3a ornpejensercs ypaBHeHueM Kiaii-
nepona—MeH/ieneeBa);

2. I3MEHEHUE NapaMeTpoB Ia3a B pe3epByape U B BBIXOAHOM HacalKe COOTBET-
CTBYeT ajinabaTnyeckoMy IIpolieccy, a IOTEPH SHEPIH T'a3a MPU UCTEUEHHH YCIOBHO
OTHECEHBI K KO PHUINEHTY pacxoa HacaIKa /;

3. mpu pacyeTe NPUHUMAETCS, UTO [TOKa3aTellb aauadaThl k— BEIMYMHA TOCTOSHHAS.

[Ipennaraemslii BApUAHT BBIBOJIA OCHOBHOI'O PACYETHOIO YPABHEHUS, OIMCHIBA-
IOLIETO MpoIlece aarnadaTHueckoro NCTeUeHHs HIealIbHOTO Ta3a U3 pe3epByapa mo-
CTOSIHHOTO 00beMa, 0a3upyeTcs Ha U3BECTHOM YPaBHEHHUHU ainadaThl, CBA3bIBAIOLIEM
JIaBJICHUE p U yACIbHBIH 00bEM v Ta3a B pe3epByape:

pv = const. (D

[MockonbKy 00beM pe3epByapa V — BelmunHa OCTOsTHHAS, TO: mv = V= const (m —
Macca rasa B pesepByape). Torma u3 cootrommenus (1) cienyer

— k
p/po_(m/mo)ca (2)
TJIIE p, U M, — HadaJIbHbIE 3HAYEHHs JaBJIECHUS M MACChI I'a3a B PE3€PByape.
[TockonbKy IaBlieHHE M Macca Traza B pe3epByape SBISIOTCS (QYHKIUSIMU BPEMEHH,
10, 0003HauMB p(t) / p, = x(f), mocne auddepeHIupPoOBaHUs COOTHOMEHUS (2) 10 ¢
MOy YUM
k-1
dx L dm
= — |—.
dt m, ) dt
3HaK MUHYC CIpaBa COOTBETCTBYET YMEHBIIECHHIO MacChl T'a3a B pe3epByape
10 Mepe yBeJIMYeHHUsI BpeMeHH ero uctedeHust. T. k. dm / dt = G — TeKyliee 3Ha4eHue
pacxopa rasa, To JudpepeHIuaibHOe YPaBHCHNE IPUHUMACT BUJ]
dx G
-——=k—x.
dt m
Jlnst mpeanpHOTO ra3a crpaBeuinBO paBeHCcTBO m = pV / RT (R — ra3oBas 1o-
cTosiHHas1, T — TeMmeparypa rasa B pe3epByape), a pu axuadaTnieckoM MpoLecce:
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k-1

=
K =x k

/T, =(p/p,)
Torza, BEIOIHUB HEOOXOAUMBIE PEOOPA30BAHKS, MOTYUHM AU epeHIMaTEHOE
ypaBHeHI/Ie 11 Bceﬁ O6HaCTI/I HNCTCUCHUA B paCCManHBaCMOM Cﬂyqae:

dx L=
—E:KO -x £ Glr), (3)

kRT,

e K, = = const.

Po
Hcreuenne u3 pesepByapa Beerua OyleT HAYMHAThCS ¢ KPUTHYECKOTO PEXUMA,

€CIIM Ha4YaJIbHbIN Nepenaj AaBleHui 7, (x, = p, / p,) Oynet Gonble niM paBeH Kpu-
THYECKOMY, T. €. IPH 7, > 7T, T1Ie

Kk
k+1 )k
ﬂ-xp = T .
lpup/p,< 7, HACTYMACT JIOKPUTHYCCKHUI PEXKUM HCTCUCHHS.
Pazo0peM oO1iee BpeMst ICTEUSHHUS Ha JIBa ITePHOIa:
1-ii: 0 <¢ <, rie ¢, — BpeMst OKOHYAHHSI KPUTHIECKOTO PEXKUMA UCTEUCHHS,
2-ii: t, <t <t,, T7e ¢, — MOIHOE BPEMs HCTCUCHHUS Ta3a U3 pe3epByapa.
KpunTuueckuii pe;kum ucTedeHus rasa

[Ipu kpuUTHUECKOM peXMME UCTEUCHHS PACXO]] raza OIPEJENIeTCs 0 N3BECTHOMY
COOTHOIILICHHIO [6]

G=f,B—= (4)

ket

2 k-l

e f= = . [, = i, f, — >hdeKxTrBHas MIOMaab BEIXOIHOTO CEIEHHUS
k+1

Hacajika, 1, — K09 QHUIMEHT pacxo/ia, yIUTHIBAIOIIMIA IOTEPU SHEPTHH I'a3a U CiKa-

THE CTPYH B BBIXOJHOW HAcaJKe, KOTOPbIi B TIEPBOM HPHOIMKSHUH IPUMEM TTOCTO-

saHbIM. Torna, noacrasus (4) B (3), mocie psaa npeodpazoBanuii momyynm audde-

pEHIMAIILHOE ypaBHEHHE

b

3k-1
_dx _ B-x % |
dt
ket
e B=Mk 2 =const , a, =~kRT, .
V k+1

ITocne pasneneHus NEPEMEHHBIX YPABHEHUE IPUHUMAET CIIEYOUIUI BUA:

x 3k-1 t

- J.x_jdx = BIdt .

Xy fy
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88 B. B. Tapacos

B HauasnbHbI MOMEHT Bpemenu £, = 0, a p = p,, cienosarensHo, x, = 1. Torna
B pPe3yJIbTaTe MHTErPUPOBAHKsS M OOPATHOM 3aMEHBI X = p / p, HAUJEM 3aBUCUMOCTD
JUTSl TaBJIEHUS B pe3epByape OT BPEMEHH MIPH KPUTHUECKOM PEKUME HCTEUEHUS:

plt)=—L,

(Bt +1)i1 ®)

k+1
k=1 _ f,a, k-1 ( 2 k1
2 Vo2 k+1
Hcronb3yst m3BECTHBIE COOTHOIICHHSI TS aArabaTHIecKoro mporiecca [6], Mox-
HO TIOJTYYUTh (POPMYJIBI TS pacueTa TeKyIIUX 3HadYeHn Temmeparypsl T (¢) v T1oT-
HOCTH p (f) ra3a B pe3epByape Mpu KPUTHICCKOM PEKUME HCTCUCHUSI.
B MOMEHT OKOHYAHHS KPUTHYECKOTO peskuma p, =p, 7 . Torna 3 hopmyst (5)
HaJIeM BpeMsi OKOHYaHHUST KPUTHUECKOTO PEIKIMA!

e B, =B = const,

(6)
JloOKpUTHYECKHI PesKUM MCTedeHHsl ra3a
[Tpy TOKPUTHUECKOM PEKUME PACXOA onpeensieTcs no popmyse [6]:
2 La)
2k k k
G=f L= L A (7)

NRT \[k-1|\p P

[Tockompky muddepeHnnanbHoe ypaBHeHHE (3) SBISETCS OOMIUM IS 000X
PEKUMOB HCTEUCHUSI, TO, ITOJICTABUB B HETO 3Ha4YeHUE pacxoza u3 (7), mocie psaa
npeoOpa3zoBaHuil moydnM nudepeHnnanT-Hoe ypaBHEHHE IS TOKPUTHICCKOH 00-
JIACTH MCTCUCHUS

Z‘]

dz = Adt,
Vz-1
E k-1
k-1 2—k 2 (k41 -1 -
z= k ,q=——=const, A=2B\|—| — | m, ¥ =const
e (p/pz) q 1 0 k—l( 5 j 0

T. K. cormacHO AKCIIEPUMEHTAIILHBIM IAHHBIM k HaXOIUTCS B uarna3one 1 <k <2 [2],
TO TIOKA3aTellb CTENEHU ¢ TEOPETUUECKH MOXKET MEHATHCS OT O ;10 OO0 .
[IpounTerpupoBas nojyueHHoe AU GepeHIIMaIbHOE YPaBHEHHUE, OMPEISIHM

3aBUCUMOCTDb MCKAY BPEMECHEM UCTCUCHUA U JaBJICHUEM ra3a B p€3€pByape Z(p)i
1 204 Zq
t=ty, +— dz, (8)

A -1

=
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k-1

rIe £, — BPEMs Havaaa JOKPUTHYECKOTO PEXKUMA, Zg; = (pOd / pz) s Dy, — H@B-
JISHWE Ta3a B pe3epByape B Hadalle JOKPUTHYECKOTO PEKIMA.
Ecmm 7 > 7, To Hawairy JOKPUTHYECKOTO PEKMMa COOTBETCTBYET MOMEHT OKOHYAHHS

KPUTUYECKOTO PeXUMa MCTedeHus. B atom ciywae: 7, = ¢, onpenensercs mno ¢op-
k-1
Tk

_ _k+1 T _
=7, ==, Torna, yanTeIBas, 410 npH 1=t

pan

D,
zZ= 22 = 1, HOquHM COOTHOILUCHUEC IJIsA OHpelleJ]eHI/ISI IIOJIHOT'O BpeMeHI/I UCTCUCHUS.

Myze (6) mpu Ty =T, , 2y, =z, =

173z
t2=t1+—j—dz. )
AiNz-1
Z‘]
TabnuuHOE peleHre HeonpeIeIeHHOTO HHTErpaja J.ﬁ dZ BO3MOXKHO TONBKO
z—

TPH OTIPEeIETICHHBIX AUCKPETHBIX 3HAYEHMSX ¢ [3], B TO BpeMs Kak B peaslbHBIX YCIIO-
BUSX ¢(k) MOXKET IPHHUMATH PA3INYHbIC 3HAYCHNSI.

B HacTosmee BpeMsi YMCICHHOE 3HAUCHUE ONpEeAeIeHHOro uHTerpana (9) npu
TrOOBIX 3HAYECHUSX ¢, @ CICIOBATENBHO, U k, MOYKHO IMOIYYUTh C TIOMOIIBIO BBIUHC-
JMTENBHBIX KOMITBIOTEPHBIX ITporpamm, Harpumep, Mathcad 15. Ognako B mpakTHke
WH)KEHEPHBIX PacyeToB HambOoiee BOCTPeOOBAHBI aHATUTUYCCKHE 3aBHCUMOCTH,
TIO3BOJISFOIINE MTPOBOIUTH TOCTATOYHO TPOCTHIE BEIYHUCIICHHUSI.

B pe3synbrare pacueTHO-aHATUTHYECKOTO NCCIIEI0BaHMs OblIa HaliieHa (QYHKIHS,
MTO3BOJISTIONIAs 3AMEHUTH MHTETpai B popmyre (8):

I%dzzzzq\/z—l a(z,q)+C, (10)

o " ( )_
e a(z, q) =1+ Z (— 1)" 21— 1 HM — (yHKIWS, comepIKaiast
n=l1 z m=1 2m+1
3HAKOYCPEAYIOIIUNCS PsiJi ¢ OECKOHEUHBIM YUCIIOM YICHOB. PacyerTsl mokasanu, 4yTo
JTAHHBIA PSA TPHU z > 1 CXOAMTCS JOCTATOYHO OBICTPO, YTO MPHU pacueTax MMO3BOJISIET
3aMEHHTh BEpXHHUH TMpereN Hajl 3HAKOM CYyMMBI ¢ o Ha N, Toraa a (z, g, N). Uncio
YIICHOB psifia N OTIpesiensieT TOMBKO TOYHOCTh BRIYHCIICHUH. B peanbHbIX anuama3oHax
W3MEHCHUS z U k yxke ipu N = 7 TOUHOCTh BhIYKCICHUH uMeeT mopsiok 107, [Toatomy
MpY BBIOPAHHOM TOYHOCTH pacyeTa BeTMYUHY N MOXKHO CUYMTATh IOCTOSTHHOM. Takum
00pa3oMm, Tipu OCTOSHHBIX ¢(k) 1 N QyHKIMS ¢ 3aBUCUT TOJIBKO OT z. Pacyers moka-
3aJIM, 4TO MOJYYEHHBIC B 3TOM CIIydae pe3ysbTaThl MICHTUYHBI PE3yJbTaraM, Mojy-
YEHHBIM TIPH KOMITbIOTEPHOM HHTEIPUPOBAHUM C TOYHOCTHIO 710 107 yoxe mpu N = 5.
Bricokast TOUHOCTH pe3yabTaTOB PACcUeTOB, IMOyYaeMBbIX TT0 (GOpMyIliaM, Cofep-
KammM QyHKIHIO o (z, k), Taxe pu HeOOIBIIIOM YHCIIe WICHOB psiia /N MO3BOIIsIeT
CUHTATh ATH (HOPMYIBI TOYHBIMU. OTHAKO, YTOOBI M30€KATh KOMITBIOTEPHBIX BBIYHC-
JICHUH PSIJIOB M UHTETPAJIOB M TEM CaMbIM YIPOCTUTh pacueTsl, Uil o (z, k) Obuia
MoJiydeHa MPUOIMKCHHAS allllPOKCUMUPYIoIas (YHKIUsS, KOTOpas B 3aJaHHBIX
npenenax 3MEHEHUST OTHOIIeHUS AaBieHui (1 < Ty, < nkp) U TIoKa3areis ajuadarsl

Pusuko-maremaTuyeckoe moaenuposanue. Hedrs, ras, snepreruka. 2016. T. 2. Ne 2



90 B. B. Tapacos

(1 < k < 2) mo3BomnseT NPOBOAUTH PACUETHI C JJOCTATOYHO BHICOKOM CTEHEHBIO TOY-
HOCTH. DYHKIINS UMEET BUJ

~ 1
a(z,q)zzo_()—“q. (11)

Ommbxka onpeneneHus d 1mo gopmysne (11), kak BUIHO, 3aBUCUT OT 3HAUYCHUHN z U
q(k). YBenmuuenue k MPUBOIUT K €€ YMEHBIIIEHUIO, a P U3MEHEHUH z TIPH JIIO00M k
OmMOKa HMEET IKCTPEMYM NP HEKOTOPOM 3Ha4eHuH z, . Tak, Hanpumep, mpu N =7,
k=1,1nz = 1,023 makcumanbHas OTHOCUTEbHas ommnoOKa coctasnser 0,22%, a
npu k=1,8uz = 1,16 — Tomeko 0,037%.

DopMyIIHI, OIIPEAETISIONITEe TPUOIIKEHHOE 3HAYSHHE TTOJTHOTO BPEMSI ICTEUEHHUS,
B pe3yibTare mpeoOpa3oBaHuil, MOKHO MTPUBECTH K BUIY IpeAcTaBIeHHOMY B Ta-
omure 1. [Ipu BeBoge 3THX (HhOpMYIT HCIIOIB30BAHBI COOTHOIIIECHUS:

k

k+1\k-1 1 2 k411 14 o

ﬂ-x = ——— ’_:Ka_ _ , € Ka=—,a = kRT .
v 2 B, -1\ 2 foa, " 0

k+1

TouHOCTB OIpenenenns BpeMEeHN UCTEUCHHUS IO ATUM (OpMYIIaM OTpeesieT-
Csl TOYHOCTHIO anmpokcuManuu QyHkuuu o (z, k) mo dopmyne (11), ommbka He
npessimaet 0,5%.

Tabruya 1 Table 1
®opmy.Jibl 115 onpe/esIeHus The formulas to determine
BpeMeHHU UCTeYeHHUs raza the gas outflow from the reservoir
U3 pesepByapa
Pacyernas o0s1acth Bpems ucTeueHus ra3a u3 peseppyapa
t, =
T, > nKp
~ 0 35%2:‘ %
L=t+K,rx, T,
=T = =K 03552%{ %
0 0d Kp , =K, TT - T @
B 014 k+11{ 45 b 7—1 |
Kp 2 a’t0 k _ 1 0
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Onpenesenne 3aBUCHMOCTH p(f) IPH TOKPUTHYECKOM peKUMe

[TomMuMmo ompeiesieHnst BpeMEHH HCTEYCHHS T'a3a U3 Pe3epByapa, B Psijie MPAKTHICCKUX
3aj1a4 MOXKET IMOHAI00MTHCSI 3HAHNE 3aBUCUMOCTH U3MEHEHUS IABJICHHS B PE3CPBY-
ape ot BpeMeH! — p(?). 11 KpUTHYECKOro pexXrMa HCTEUCHHS TAKOE COOTHOILICHUE
ObL10 yxKe noxydeHo — (opmyia (5).

Jns onpezenenus GyHKIMOHATBHOM 3aBUCUMOCTU MEXIY p(f) IpU TOKPUTHYE-
CKOM pEXUME BOCIIOJIb3yeMCs ypaBHEeHHEM (8):

H(z)=ty, +%[J0d(20d)_*](z)]’

2-k

e 2(p)=(p/p,) + . J(2)=22 * Vz—1-a(z).
YauThIBast, YTO MPH 7T, > T toa =1 204 = 2, = (k+1)/2, momyunm
k+1\' k-1
(p)=t+K, (T) T'al(k)—J(p) : (12)

2-k

2 k-1 &
S w73
2

k-1

PR

k-1

Tk
J —1. Torna u3 coornomenus (12) MOXHO MOTYYUTh TPH-
P

GIIMKEHHbIE 3aBUCHMOCTH #(p) JUTs TPEX BO3MOKHBIX BApHaHTOB HcTeuenys (Tabmua 2).

Tabnuya 2 Table 2
PacueTHbIe COOTHOIIEHHS, The calculated ratio,
omnpesesonme 3aBUCHMOCTh determining the relationship
Me:KIy 1aBJIeHHeM B pe3epByape between the pressure in the reservoir
U BpeMeHeM HCTeYeHHs and the expiration time
Pacuyernas obaacTb PacuyeTHble cOOTHOMIEHUSI
2-k
0355
~ k+1 k=t k=1
7T0>7[Kp t(p):tl+Kt ( P B _J(p)
2—k 7
0355
_ 7( )_K k+1 k=1 J( )
T, =Ty p)=4, 5 B p
_ nasst [ A
T,<T, i(p)=K,|| 7, 7k —1|-J(p)
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Puc. 1. Tpaduk u3MeHEHUS AaBICHUS Fig. I. The graph of pressure change
B pe3epByape OT BpeMEeHU in the reservoir with time
(1-# ygacTok (TOYKH) — KPUTHYECKUH (1% section (dots) — the critical mode
pexum 1o Gopmyite (5) u padora [4]; by the formula (5) and the work [4];
2-#1 y4aCTOK — JOKPUTHUYECKUI PEXKUM, 2" section — the subcritical mode,
CIUTOIIHAS IMHUSI — To4yHOe pemenwe (12) [4], solid line — the exact solution (12) [4],
KPYXXKH — TIPHOIMIKEHHOE pelIeHHe, TIepBast circles — the approximate solution,
thopmysa u3 Tabmuier 2) the first formula in Table 2)

[Tocne moctpoenns TabmudHOM (Tpadymueckoil) 3aBUCHUMOCTH £(p), €€ MOXKHO
MIePECTPOUTH B HanboJsiee BOCTPEOOBAHHYIO 3aBUCUMOCTD p(1).

[Mony4enHble MpHOIMKEHHBIE COOTHOILIEHHS OBUIH ITPOBEPEHBI ITyTEM COIIOCTaB-
JICHUS C TOYHBIMHU pe3yJIbTaTaM1 pacuyeTa, ONpeeICHHBIMU B PE3yJIbTaTe YNCICHHO-
ro MHTErpupoBaHus ypaBHeHUs (8) ¢ ucnonszoBanueM nporpammsl Mathcad 15.

Kpowme Toro, Ob110 IPOBEAECHO CONOCTABICHHUE IPUOIIMKEHHBIX PE3YJIbTATOB C JAaH-
HBIMH, TIOJTy9E€HHBIMHU B padote [4] /1 naeansHOro ra3a. Pacuersl, Kak ykazaHo B 3TOM
paboTe, MPOBOIUIIHCH YHCIICHHBIM METO/IOM C UCTIONb30BaHueM nporpamMbsl MATLAB.
Jnst perennst quddepeHInanbHbIX YpaBHEeHHH TePMOJMHAMUKH, OMUCHIBAIOLINX HC-
TeYeHHE ra3a U3 pesepByapa, ucrnoib3oBaiics Meron Pynre—Kyrra 4-ro nopsinka.

Ha Puc. 1 npeacrasneHs! 3aBUCUMOCTH p(f), IOJyYEHHBIE B pE3YJIbTaTe pacueTa
1o Gopmynam, IPeICTaBICHHBIM B IaHHOH paboTe Ui TeX K€ UCXOAHbIX JaHHBIX,
4TO U B YIOMSIHYTOH pabore, kpome kod(hUIMEeHTa PacXoa, O BEIMINHE KOTOPOTO
He ObU10 nHpopManuu. beuto npunsto, uto 1 = 0,9.

Pacuer TouHO# 3aBHCHMOCTH #(p) BRIIONHSUICS IO popmyrie (12) ¢ mocaeayommum
nepepacueToM Ha — p(f) ¢ ucnonb3oBanueM nporpammel Mathcad-15.
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B pabote [4] U3 naHHBIX, TOIXYYCHHBIX B pe3yJIbTaTe pacyera JJis HIealbHOTO
rasa, HPMBOJMTCS TOJBKO BPEMS MOJHOTO MCTEUEHHS — £, = 225 CeK — U OKOHYa-
TeJbHas Temreparypa rasa B pesepsyape — 71, = 215° K. Ilo npexncrasiennomy
B pabore rpauky MOXHO OIIEHWTH 3HAUYEHHUE BPEMEHH OKOHUYAHUS KPUTUYECKOTO
pexuma — ¢, = 103 cek.

B nannoi1 paboTte nomydeHo: BpeMst OKOHYaHHS KPUTUIECKOTO PEKIMa UCTEUEHHS
t, = 101,2 cek, momHoe Bpems ucreuenus £, = 222,8 cex, T, = 213,26° K. Ilpu pac-
geTe T03BYKOBOTO PEXKMMa 110 MTPHOIMKEHHOHN 3aBUCUMOCTH MaKCUMAaJTbHAs OITHOKa
cocraBuna 0,17% (t =170 cek).

Taxum 006pa3oM, pe3yabTaThl JaHHOW PabOThI XOPOIIIO COTIIACYIOTCA C pe3yibTa-
Tamu paboTsI [4]. B ommmame ot pabothl [4], B KOTOPOH HCTIONBH30BaIACh CTIICITHATBHAS
mporpamma pemeHus AudQepeHInanTbHbIX ypaBHEHUH ypaBHeHU. B nanHo# pabo-
T€ MPAKTHYECKH TOT K€ PE3YNIbTAT MOyueH 0ojiee MPOCThIM IyTeM — PacyeToM I10
MIPUOTMHKCHHBIM aHATUTHYCCKUM 3aBHCHMOCTSIM.

BriBoabI

[TosnyueHHbIE pe3yabTaThl MO3BOJSIOT PEKOMEHAOBATH MPEJIOKCHHBIN METOA
JUISL PELICHUs 3a/1a4yl 110 ONpPEIeJICHHIO OOIIEro BpEMEHN MCTEUeHMs, a TaKxKe 3a-
BUCHMOCTH JaBJICHUS B pe3epByape (a clemaoBaTesIbHO, U APYTUX MapaMeTpOB)
OT BPEMEHH HCTCUCHMS HICATIBHOIO rasa Ipu aamabaTudeckoM mpouecce. Takxke
JaHHBIA METOA MOXKET OBITh UCIIOIB30BaH KAaK MPEABAPUTEIILHBIN pacueT MpH pere-
HHUM OOJIee CIIOKHBIX YPaBHEHNUH, CBA3aHHBIX C HCTEUCHUEM ra3a, KOTra Py PeIIeHUH
HEOOXOMMO 3aJaBaTh paclpeeseHUe IapaMeTpOB B IEPBOM IPUOIHKEHUH.
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Abstract

This paper describes the calculation of the outflow time of an ideal gas from a tank of constant
volume in the environment with constant pressure for adiabatic process. In the common
case, taking into account all the thermophysical factors that affect the process of gas flow,
to determine the dependency of changes of the thermodynamic parameters of the gas from
time is quite a challenge, requiring the development of special computer programs. In some
cases, this task can be simplified. For example, if we consider the adiabatic process of an
ideal gas outflow of the tank of constant volume in the environment with constant pressure.
This approach is possible, for example, in the following cases: 1) the process of expiration
is quick, 1. e. in a relatively short period of time; 2) the tank is well insulated.

It is known that depending on the magnitude of the pressure drop of the gas in the tank and
the environment pressure, the process can be divided into two periods: critical and subcritical.
In the first case the expiration occurs at a constant pressure differential, equal to the critical,
and in the second — with a continuously decreasing pressure drop.

In the adopted formulation, the differential equation describing the process of gas outflow in
the critical region at a time, integrates simply. Thus, for this region, an exact solution can be
obtained. The differential equation that determines the time dependence of the thermodynamic
parameters in the tank in the subcritical region has no analytical solution and the present time
can be integrated only by numerical methods using computer programs.
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In this work, the task was to find the analytical relation, which allows to perform calculations
on engineering level in the subcritical region with a high degree of accuracy.

As a result of analytical studies, the solution of the differential equation for the subcritical
regime was obtained, containing a series with an infinite number of members. It was found
that in the computational domain this series converges quite quickly, allowing to get high
accuracy of calculations with a small number of members. Further researches allowed finding
the approximation function, which allows to avoid the computation of the series and carry
out the calculation with the maximum error less than 1%. In addition, the ratio allowed us to
determine the relationship between time of outflow and change in gas pressure in the tank,
which using the adopted approximation allows to obtain fairly accurate results of calculation.

The approximate ratio was checked by comparing with the exact solution, defined in numerical
integration. The comparison showed that the result of the calculation by the approximate
dependencies, obtained fairly accurate results. Obtained in this work, the calculated
dependencies linking the expiry time and the pressure of the gas in the tank under adiabatic
process, can be used in engineering calculations and as a first approximation in more complex
tasks related to determining the time of expiration gas from a reservoir of constant volume.
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