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Annomayua. CtaTbsd TIOCBSIIEHA AaKTyaJIbHOM TEME€ JHAarHOCTHKM  Ipolecca
(GYHKIIMOHUPOBAHMSI TEPMETHYHBIX OTCEKOB JICTATENIbHBIX alMapaToB, WMEIOIINUX
CKBO3HBIE MUKPOTpPEIINHBI. B cTaThe MOJMy4eHBbI BBIPAXKEHHUS, MO3BOJISIIOLIIME OMUCHIBATH
3aKOHOMEPHOCTH HM3MEHEHHs YTeuKkdu pabodeil cpeapl uepe3 CKBO3HBIC TPEIIUHBI B
3aBUCUMOCTH OT MX HU3MEHsoIIeics reomerpuu. Pa3zpaboTaH aaropuTM MOCTPOECHUS
3aKOHOMEPHOCTEH M3MEHEHHS yTeUKH pabodeil cpebl U3 TePMETUYHBIX OTCEKOB (CUCTEM)
MIpU HAJIMYUU B UX 000JI0UKAX pa3BUBAIOIIMXCA CKBO3HBIX TpellUH. [IprBeeHbl TUIOBBIE
3aKOHOMEPHOCTH W3MEHEHHUs yTeukh paboyell cpeabl BO BPEMEHH Yepe3 CKBO3HBIC
TpemnHbl. [lpencraBieHsl pe3ynbTaThl pacyeTa BPEMEHHM pa3repMeTH3allii OTCEKa B

3aBUCHMMOCTH OT AJIMHBI CKBO3HOM TPCIIHUHBI, CTCIICHN €€ PACKPBLITHUA, a TAKIKC CBO6OI[HOFO
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o0beMa TepMETUYHOTO OTCeKa. Pe3ynbTarhl, MNpPE/CTaBICHHBIE B CTaTbe, SBISIOTCS
opurdHalbHbIMU. OHU TPEACTABISAIOT 3HAYMTEBHBI WHTEpPEC U TMO3BOJISIIOT Oosee
KOPPEKTHO MPOBOJUTH AUATHOCTUKY OTKA30B JIETATEIbHBIX allapaTOB B YCIOBUAX JIETHOU
DKCIUTYaTalHH.

Kpome Toro, momydeHHble pe3ysbTaThl MO3BOJSIOT PEUIUTh M OOpaTHYIO 3ajady mJis
NPUOOPHBIX U OOMTAEMBIX OTCEKOB KOCMHYECKHUX alllaparoB. A WMEHHO, UMes JIaHHbIe
TeJeMeTpuYecKo uHGOpMalUM O TapaMeTpax COCTOSHUSA Ta3a (JaBJICHUU W
TEMIIEpaTyphbl) BHYTPU OTCEKa M HM3MEHEHHMHM J3THUX IapaMeTpOB B TEUYEHUE BpPEMEHH,
MOSIBIISICTCSI  BO3MOXXHOCTh ~ JUArHOCTUKM B YCIOBUSX  OpPOWTAJIBHOrO  TOJIETa
XapaKTEPUCTUK MUKPOHEIJIOTHOCTEN. DTO B CBOKO OYEPEAb MO3BOISET OLICHUBATH PE3EPB
BPEMEHU JJIs1 JIOKAIU3allMid HETEPMETUYHOCTEW WM NMIPUHUMATh PELICHUE JJIsI aBApUMHOU
NOCAJKH MUJIOTUPYEMOTO KOCMHUYECKOTO anmnapara.

Kniouegwvie cnosa: tpemyna, yreuka, OCTaTOUYHBIA pecypc, F€pMETUYHOCTb, JUAarHOCTHKA,
paboTOCIOCOOHOCTh, FTEPMETHUHBIN OTCEK.
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Abstract. When determining the flight safety of aircraft, one of the urgent tasks is to
diagnose a possible violation of the tightness of compartments during operation.
Mechanical damage to sealed compartments of aircraft can occur due to fatigue, wear,
thermal load, creep of the material, shock load, elastic deformation, surface fatigue,
radiation damage, erosion wear and other causes. Leakproofness tests during the
preparation of aircraft for operation are not always able to determine microcracks or other
design defects that lead to a violation of the tightness of the device during flight.

The article is devoted to the topical topic of diagnostics of the process of
functioning of sealed compartments of aircraft with through microcracks. In the article,
expressions are obtained that allow us to describe the patterns of changes in the leakage of
the working medium through through cracks, depending on their changing geometry. An
algorithm has been developed for constructing patterns of changes in the leakage of the
working medium from sealed compartments in the presence of developing through cracks
in their shells. Typical patterns of changes in the leakage of the working medium over time
through through cracks are given. The results of calculating the time of depressurization of
the compartment are presented, depending on the length of the through crack, the degree

of its opening, as well as the free volume of the sealed compartment. The results presented
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in the article make it possible to more correctly diagnose failures of aircraft in flight
operation.

In addition, the results obtained make it possible to solve the inverse problem for
instrument and habitable compartments of spacecraft. Namely, having the data of
telemetric information about the parameters of the gas state (pressure and temperature)
inside the compartment and the change of these parameters over time, it becomes possible
to diagnose the characteristics of micron densities in the conditions of orbital flight. This,
in turn, makes it possible to estimate the time reserve for localization of leaks or to make a
decision for an emergency landing of a manned spacecraft.

The proposed technique for diagnosing the tightness of aircraft during flight
operation can be used to justify the requirements for sensors and pressure detectors in the
hermetic compartments of aircraft and for the parameters of the system of reserve gas
reserves. In case of emergency leaks during flight operation, it is possible, using the
proposed methodology, to determine the remaining time reserve for eliminating the
consequences of an accident, ensuring the safety of crew members or emergency landing
on the Ground.

Keywords: crack, leak, residual life, tightness, diagnostics, operability, sealed
compartment
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BBenenue

[Ipu onpenenenun 6€30MaCHOCTH MOJIETOB JieTaTeNIbHBIX annapaToB (JIA) ogHoil U3
aKTyaJbHBIX 3aJ1a4 SIBJIACTCS JUArHOCTUPOBAHUE BO3MOXKHOTO HAPYIISHUS TEPMETUYHOCTH
OTCEKOB B TMpOIECCE€ DKCIUTyaTalud. MeXaHHuecKue TMOBPEKIACHUS TIepPMOOTCEKOB
JIeTaTeIbHBIX allapaToB MOTYT BO3HHUKHYTH BCJEACTBUE YCTAJIOCTH, M3HOCA, TEILUIOBOU
Harpy3Kd, TOJ3y4ecTd MaTepuana, yAapHOW Harpysku, ynopyroi nedopmanuu,
MOBEPXHOCTHOW YCTAJIOCTH, PAAUAIMOHHOTO TOBPEXKIACHUS, 3PO3HMOHHOTO H3HOCA H
Ipyrux mnpuuuH. VcneiTaHus Ha TepMETUYHOCTh B Mpolecce mnoarotoBku JIA «
JKCIUTyaTallu HE BCETJia CIIOCOOHBI OMPEASTUTh MUKPOTPEIIUHBI WM HUHBIC JE(EKTHI
KOHCTPYKIIMHM, KOTOpPBIE B MPOIECCE TOJIeTa MPUBOMAAT K HAPYIICHUIO T€PMETHUYHOCTU
anmapata. OcoOyr0 akTyaJbHOCTb 9Ta 3ajada NpHOOpEeTaeT TMpHU IKCIUTyaTalluu
NUIOTHUPYEMBIX KocMuuecKuX JIA. OHM MOABEPKEHBI KECTKUM BHEITHUM MEXAHUYECKUM,
TEIUIOBBIM U BHOPALIMOHHBIM Harpy3kam MpH BBIBEJIEHUU Ha OPOUTY U TIPHU BO3BPAILLCHUU
Ha 3emumo. Kpome Toro, B mporecce opOutaipbHoro moisera Ha JIA BO3IEHCTBYIOT
OKpyXaromue (PaKTopbl KOCMHYECKOTO TMPOCTPAHCTBA U TEXHOTEHHOTO 3aCOPEHUs
(kocmuyeckoro mycopa). KoHTposib M AUAarHoCTUKa FepMETUYHOCTH CITycKaembix JIA B
MEPBYIO ouepe b He0OXoauMa It o0ecredeHus: 6€30MacHOTO BO3BPAIEHUS KOCMOHABTOB
(acTpoHaBTOB) Ha 3eMJIIO.

B crartee mpepnaraercs METOAHMKAa JHATHOCTHUKA TE€PMETUYHOCTHM OTCEKOB JIA B
mporecce JEeTHOW »JKCIIyaTaldd W METOJl OILICHUBAaHHWS pe3epBa BpPEMEHHU IS

JJOKaJIN3alnuun MHKpOHCFCpMCTHIIHOCTeﬁ n OCYHICCTBJICHHA Oe30ImacHoO’ ImocaakKu Ha



3emmto. 3amada quarHocTMkA OTcekoB JIA He HoBa [1, 5-17]. OnHako B 3TOM CTaThe

npeajaraeTcs 6osee npocTas rpado-aHaIUTHYECKass METOJIMKA €€ pEelICHUS.

IlocTanoBKa 3agaun
KoHTpoJsib TepMETUYHOCTH OTCEKOB JIETATEIBHBIX anmnapaToB B MPOLECCE JETHOM
AKCIUTyaTalluM BO3MOKHO OCYIIECTBIATH 1O M3MEPEHUIO [IABJICHUS U TEMIIEPATyphl B
orcekax [3, 4]. I[lpm MOCTOSHHBIX 3HAYEHUSAX OOBEMOB V OTCEKOB CBSI3b MEXKIY
3HaAYEHUsIMUA JAaBlieHUs: P u TtemnepaTypsl T ONMCHIBA€TCS YpaBHEHUEM COCTOSIHUSA s

NACAJIBHOI'O Ira3a:

PV=M-R-T, (1)
rac M —wmacca ra3a, R — YACIbHAA Ia30Bas IMIOCTOAHHAA.
I[J'IH oOecrieyeHus HOPpMaAJIbHBIX yCJ'IOBI/Iﬁ (bYHKHHOHHpOBaHI/ISI HYJICHOB 3KUIIa>XKa 3TO

YPaBHCHUC MOKCT OBITH MMpCaACTaBJICHO B BUJC!:

P=p-R-T, @)
rae O - INIOTHOCTh ra3a MpU HOPMAJIbHBIX YCIOBUSX.

Torma MOXHO ONpPEAENUTh 3aBUCUMOCTH JOMYCTUMOTO M3MEHEHUs IaBIICHUS B
orceke JIA mpu HM3MEHEHMSAX TeMIepaTyphl B JONMYCTHMBIX mpenenax 77 e[T A max].
DTa 3aBUCHMOCTh MOXKET OBITH MpeJIcTaBIcHa Ipauidecku (CM. pUCYHOK 1).

3Has npcacjibHO JOIIYCTHUMOC JaBJICHHUC  JJIA YCHOBHﬁ, O6€CHG‘II/IBaIOHIPIX

KHN3HCACATCIBHOCTD JOKHIIAXad, MOXKCT OBITH IIOJydY€Ha aHaJIOrn4dHas 3aBHCHUMOCTDb

KPUTHUYCCKOI'O AAaBJICHHA B JOIIYCTHUMBIX IIPCACIaX TEMIICPATYPhI R?(T).
y
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Puc.1 3aBucumMocThb AOITYCTUMOTO U3BMCHCHUA JaBJICHUA B OTCCKC JIA IMpu U3AMCHCHUAX

TEMIIEPATypBI B JI0IYCTUMBIX nipeaenax 1 e [T ol max]

B ycnoBusx mneTHOW »SKCIUTyaTaliuu ISl KU3HEOOECIICUCHHS HKHIMaka BCeria
UMEIOTCSI pe3epBHBIE 3aIachl ra3a (Bo3ayxa) IS MOAACPKaHUS JIOIMYCTUMOTO JIaBJICHUS B
Cy4asix, MPEIyCMOTPEHHBIX IporpamMMou mosera. Hampumep, npu NUIIO30BAaHUU IS
nepexoaa u3 ojnHoro JIA B npyroil, wiam TNpu BBIXOAE B OTKPBITBIM Kocmoc st KA.
[TosToMy mpu aBapuiHBIX pa3repMeTH3alMAX ATOT 3amac JIOTHYHO MCIOJIB30BaTh IS
MOJIJICP)KAaHKST JTaBJICHUS HE HWKE KPUTUYECKOrO €Ie HEKOTOpoe BpeMs. Moxer
OKa3aThCs, YTO ITOrO BPEMEHH OYJET JOCTATOYHO JJIsS JIMKBUJAIMK HETCPMETHIHOCTH,
au00 BO3BpamieHUs Ha 3emiro. Bpems CHWKCHUS MaBICHHUS IO KPUTHYECKOTO Oyaer

3aBUCCTb HC TOJIBKO OT PE3CPBHLIX 3allaCOB I'a3d, HO K OT Pa3MCPOB HCTCPMCTHUIHOCTH.



Takum o0pa3om, B MosieTeé HEOOXOAMMO HMMETh BO3MOXHOCTh JIMArHOCTHPOBATH
pa3Mepbl BO3HUKIIMX HETEPMETUYHOCTEH W ONPENEesITh pPE3epB BPEMEHU I HUX

JIOKaNHU3aluu, 00 1Ji1 aBapuiHON MOCAIKH.

MaremaTuuyeckoe MOACJIUPOBAHME

JUiss MopaenupoBaHUS HM3MEHEHHUs JaBIEHUS B TEepPMOOTCEKE IO BpemMeHu t
npencraBuM ypaBHenue (1) B Buze:
dP dM R-T 3)
dt dt
VYpaBHenue (3) moayd4eHO B MPEANONOKEHUHM, UYTO MPU HU3MEHEHUU MJaBJICHUS B

repMOOTCEKE IPU HUCTEYEHHWM ra3za u3 Hero temmeparypa 1 B oObeme V' He MeHseTcs

6,7, 9-11].

dM
CGK}’H,IIHLII/I pacxoa ra3a 4Yepe3 MHUKPOTPCIIUHY B TCPMCTHYHOM OTCCKC ——

dt

BBIpA3UM [0 AHAJOTUU C CEKYHJIHBIM MAacCOBBIM PacxOJOM Tra3a uepe3 KpPUTHYECKOe
CEUCHME PEAKTUBHOIO COILIA M0 YPAaBHEHUIO Pacxo/ia ra3a B mapamerpax TOpMOKeHUs [2].

Pacxon raza m depe3 KpPUTHYECKOE CEUEHHME COILIa ILIOIMIAJIBIO FKp Py TaBJICHUU

TOpMOXKeHUs P, 1 Temieparype 1), Onpenensiercs 3aBUCUMOCTBIO:

TRT 4)



rae m - Kod(phUIMEeHT, SBISAIOMIMICS BechMa cliaboi (DyHKIMEH CpeHero mokKas3aTes

K+!

2
K+1

K-l
aguabarel K; m= K( j ; B MH)XXCHEPHOM MNPAKTUKE OH MOYKET CUUTATHCA

ITIOCTOSIHHBIM U paBHBIM m = 0,645 .
[TapameTpsl TopMOKEHUS B (4) MOTYT OBITH PUPABHEHBI K MapameTpam rasza us3 (3),
a IMJI0Ia b KPUTHYECKOI'O CEYEHHsI COTUIa PEAKTUBHOTO JIBUraTelsl 3aMEHEeHA Ha IUIOIa b

ceyenust Herepmernunoctu F, . Torma pacxox rasa B ypaBHeHHH (3) MOXKET ObITh

BbIpaXkeH (OpMYJIOW:

dM P-F
&2 0645 —— 5
dt JR-T ©)

3Hak MUHYC B (5) mOKa3bIBaeT, 4TO C TEYEHHEM BpEMEHM macca rasza B o0beme V

ymenbinaercs. [logcrasum (5) B (3). Ilomyuaem:

F
%=—0,645- V JR-T-P. (6)

VYpaBuenue (6) sBAsSeTCS JIMHEWHBIM  OJHOPOAHBIM AU depeHITnaTbHBIM
ypaBHEHUEM IIepBOro nopsaka. Ero pemenue npu HadaiabHbIX yClIoOBUAX: ¢, =1, P =F,,

H

HUMCCT BU:

Fp
_0,645.7.m (t-1y) (7)



Ananu3 ypaBHeHUs (7) NOKa3bIBAET, YTO, U3MEPHUB NaneHue aasinenus AP =P, — P
3a BpemMsa At=t—{¢,, MOXHO OLEHUTb 3HAYCHUE IUIOIIANAA CEYEHUS BO3HUKILIECU

HerepMeTHIHOCTH F)

F —L.L.lni 8
" At 0645-/RT P ®)

KpOMC TOro, 3Hasd 3HAYCHHC Fmp U KPUTHUYCCKOC HABJICHHUC B OTCCKC P¥ moxer

OBITh ONpe/IeIeH pe3epB BPEMEHHU MPU aBAPUNHBIX CUTYaIUSIX:

1 V P

0

At = . -In )
" F 0645-RT P¥ ©)

mp

Eciu ke Ha MOMEHT aBapyu B PE3EPBHBIX OaTIOHaX 00beMOM V, MMeeTest 0CTaToOK

rasa 1pu OaBJICHHUHA Pp , TO €TO0 UCIIOJB30BAHUC OJIA ITOAACPIKAHUA KUBYUYCCTU JIA moxert

YBEJIMUUTH PE3€PB BPEMEHU JI0:

AL
1 P
Atpp = . 0 __./n 5 , (10)
Fmp 0,645-RT P?
P) ’ V (3 ]
rume — P L - mpuBEIECHHBIN K JaBICHUIO Pp JOTIOJIHUTEIIbHBIA 00BhEM Ta3a pe3epaa.
0
[Tpumep.

[peanmonoxum, uto »kKu3HeoOecmeuenue JIA B orceke ob6bemoMm V =1a’

T

ke - K

o0ecreunBaeTcs BO3yXOM (R =287 j npu temneparype T = 293 K u naBneHun
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F, =10° ITa. 3aBHCHMOCTH OLIEHHBAEMOIO 3HAUCHHUS IUIOMANM CEUEHHS BO3HUKIIEH

HETepPMETUYHOCTHU OT MAJACHUA NaBJIeHUS AP B TeUeHHe 2 MUHYT MTIOKa3aHa Ha PUCYHKE 2.

s At =2 MuH
Fyp, MM?
0.5

0.4 /
0.3 /

0.1 "/
Fal _

0 200 400 600 800 1000 AP. TIa

Puc.2 3aBucuMocThb OLICHNBACMOI'0O 3HAUYCHMUS TIJIOMAaAN CCUCHUA BO3HUKIIIEH
HCTCPMCTHUYHOCTH OT IMAACHUA JaBJICHUA AP B TeuenHue 2 MUHYT

3aBUCHMOCTB BpeMeHHU pesepsa 110 (9) oT pasmepos Mukporpewnt npu £, =0,75F

MOKa3aHa Ha PUCYHKE 3.

3
txp, I

Sy
0 0,25 0,5 0,75 Fop,MMm?
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Puc.3 3aBucMMOCTb BpeMEHH pe3epBa OT pasMepoB MUKpoTperut ipu £, =0,75F,

AHanu3 JaHHBIX 3aBUCUMOCTEN MOKa3bIBAET, YTO Jis1 OOHAPYKEHUS MUKPOTpPEILUH
B repMEeTUYHbIX OoTcekax JIA AOKHBI ObITh YCTAHOBIICHBI JATYMKU WM CUTHAIM3ATOPbI
JaBJI€HUs C YYBCTBUTENIbHOCThIO He Huxe 1,5 Ila/c, 4ro mact BO3MOXKHOCTB
CBOEBPEMEHHO OOHAPYKHUTh HerepMeTHYHOCTH Gonbime 0,1 MM?> M oOecneunTh pe3eps
BPEMEHM Ha aBapuiiHbie AeicTBUsS Oosiee 2 yacoB [22-26]. [Ipu sToM, ecnu B pe3epse
uMeeTcsl OaIOH C AaHAJIOTMYHBIM ra3oM, o o0beMy coctapisitomum 0,1 oT oObeMa oTceka
u 1ipu nasieHud, B 100 pa3 mpeBblIaronieM JaBjIeHUE B OTCEKE, TO MPOJIUTh ITOT PE3EPB
BPEMEHU MOKHO /10 CYTOK.

3akiloueHue

[Ipennaraemass MeToauMKa NMArHOCTHMKHM repmernyHocTd JIA B mporecce JeTHON
AKCIUTyaTallui MOKET OBbITh MCIOJIb30BaHa JyIsi 00OCHOBaHUS TPeOOBaHUN K JAaTUMKAM U
CUTHAJIM3aTopaM JaBJEHUS B TEPMETUUYHBIX OTcekax JIA W K mapamerpaM CHUCTEMBI
pPE3EpBHBIX 3alacoB ras3a. llpy aBapUMHBIX HETEPMETUYHOCTSAX B IMPOILECCE JIETHOU
AKCIUTyaTalluM BO3MOKHO, HMCTHOJIB3ys ¢Gopmynbl (8) — (10), ompenenauTs oOcCTaBIIMKCS
pe3epB BpEeMEHM Jis JIMKBUJALMU IOCIEIACTBUM aBapuu, oOecrneueHus 0e30MacHOCTH

YJICHOB SKUIIAKa WA aBapUITHOM NOCaJAKU Ha 3eMITIO.
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