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00 aBTOMaTH3alMU NPOLEAYP OLEHKH ITapaMeTPoB padoThI
TYpOOpeaKkTHBHBIX ABYXKOHTYPHBIX ABHUIraTeJei
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AHHOTAaMs: B mpakTuke SKCILTyaTali BO3OYLIHBIX CYIOB IPUMEHSETCS OLEHKA MapaMeTpoB padoThl C PasIUYHBIM
UCIIOJB30BaHHEM HOMOTPAaMM. YKa3aHHBIH MOIXOJ LIMPOKO PACIpPOCTPAHEH M B AKCILTYaTAlMK aBHALMOHHBIX Ta30TYpOHHHBIX
JIBUTaTeNel B COCTaBE CIJIOBBIX YCTAHOBOK BO3MYIIHBIX CYZOB. IIpu 3TOM, Hampumep, TpeOyeTcs OLEHKA apaMeTpoB padoThI
JIBUTaTeNei Ha 3eMJie B 3aBHCHMOCTH OT YCJIOBHH OKpY Karoliell cpeasl nepes] NpoBeJeHHeM 3alycka 1 anpodarmy. CokparieHne
TPYZIOEMKOCTH TEXHHYECKOTO 00CITY>KMBAaHHUS CUIIOBBIX YCTAaHOBOK BO3IAYLIHBIX CyZOB MOXKET OBbITh JIOCTUTHYTO aBTOMATH3alUeH
YKa3aHHBIX TPOLENYp, LEIbI0 KOTOpOH sBisieTcst (popMHpOBaHHE BCEro HEOOXOAMMOIO MEpeyHs] 3HAYEHUI OLEHHBAEMBIX
MapaMeTpoB NPH 3aJIaHUH PacCIIojlaraeMbIX YCIIOBHI OKpY>KalOIIel CpeIbl ¢ y4eToM TpeOyeMbIxX orpaHndeHuit. J{iis coxpanenus
HarjisiiHOCTHU u CIIPUBBIYHBIX> Hpe}ICTaBﬂeHI/lﬁ BBITTIOJITHACMBIX OLICHOK  JKCJIaTCJIIBHO HC OIrpaHUYUTBECA  TOJIBKO
JIOKYMEHTHPOBAHHEM KOJIMYECTBEHHBIX OLIEHOK I1apaMeTPOB, HO M COIPOBOAUTH UX IpauuecKuMH npecTaBieHusIMU. CTaTbs He
CTaBUT LIEJIBIO ONMCAHHUE MOJIHOTO aTOPUTMA OLICHKH MapaMeTpoB pabOThI JBUraTeNel, HO MOKa3bIBAET BOZMOXKHOCTh PEIICHUS
3a/1a4M aBTOMATH3ALMK TIPOLIEAYp OLICHKH I1apaMeTpoB padoThl ABUraTeNield Ha 3eMiIe Kak 3aaddl TIOMCKa PELICHUs B YCIOBHUAX
OTPAaHMYCHHH, OIMCBHIBAEMBIX C HCIIONB30BAaHHEM allllapara anmpoKCHMalMid ¥ KyCOYHBIX AaIllIPOKCUMAIMA IO METOAY
HaMEHBIINX KBAJpPaTOB U KOPPEISIMOHHOTO KPHUTEpHs 3HAYMMOCTH. [IpHBemeHbI NpUMephl KOJNMYECTBEHHBIX OLICHOK JUIS
OJIHOTO W3 MAacCOBBIX OTCUSCTBCHHBIX JBHTATENCH, M OIMCHIBAGMBIA IOAXOA NPUMEHHUM K IIMPOKOMY IIEPEYHIO NBUIraTeNeH
Onaromapsi OOIIHOCTH aJITOPUTMOB OLGHKM IIapaMeTpoB € HCIONb30BaHMeM HoMmorpamM. [Iporpammboe obecredenme,
OCHOBaHHOE Ha Mpolieccope TabIMYHOrO BblUMcleHHss w3 cocrtaBa nakera LibreOffice, OecruiatHoro T10, nmuueH3upyeMoro
1o mneHsun Apache, siBjsiercst KpoccruiaTpOpMEHHBIM.

KunroueBble ciioBa: aBUAIMOHHBIN JBUTaTeNb, TYpPOOPEAKTUBHBINH JIBYXKOHTYpHBIN asuratens (TP/JI), 3amyck u onpoboBaHue
TPJIJ1, ycia0BUs OKPY:KarOLLEH Cpe/ibl, KOHTPOIUPYEMBIE ITapaMETPhl, aBTOMATH3aLs, alllIPOKCUMALIUS.
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About the automation of procedures to assess the operation
parameters of by-pass turbojet engines (BTJE)

B.A. Chichkov'

"Moscow State Technical University of Civil Aviation, Moscow, Russia

Abstract: During aircraft operation, the assessment of operation parameters with the different use of nomograms is completed.
This approach is prevalent in the operation of aviation gas-turbine engines as part of aircraft power plants. In this case, for example,
the assessment of engine operation parameters on the ground, depending on environmental conditions prior to start-up and run-up,
is required. Reducing working hours of the aircraft power plants maintenance can be provided by the automation of the denoted
procedures which purpose is the formation of the applicable list of values for assessed parameters while assigning available
environmental conditions considering the required restrictions. To allow for the visualization and familiar conceptions of carried out
assessments, it is advisable not to be limited to only documenting quantitative parameter estimations but also to provide them with
graphical representations. The purpose of the article is not aimed at describing a complete algorithm of the engine operation
parameters assessment but demonstrating a solution capability for the automation of the procedures for the engine operation
parameters assessment on the ground as the task of search for a solution in the restricted conditions using the approximation
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apparatus and piecewise approximations by the method of the smallest squares and the correlation criterion of significance. The
examples of quantitative estimations for one of mass domestic engines are given. The described approach is applicable to a broad
list of engines due to the common character of algorithms for the parameter assessment using nomograms. Software based on the
tabular calculation processor from the LibreOffice package, Apache-licensed free software, is cross-platform.

Key words: aviation engine, by-pass turbojet engine (BTJE), BTJE start-up and run-up, environmental conditions, monitored
parameters, automation, approximation.
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BBenenue OKPYXKAaIOIIeH CPe/Ibl C YIeTOM TpeOyeMbIX orpa-
HUYCHUM.

B skcrnmyaranuy aBHanimoHHBIX Ta30TypOUH-
Heix asurareneit (I'TJI) B cocraBe CHIIOBBIX AHaJIMTHYECKOE ONMCAHNE PACYECTHOM
YCTAaHOBOK BO3AYIIHBLIX CYJ0OB PCIIAIOTCSA 3aJa4n 4acTH mpoueayp
MO OIICHKE MapaMeTpoB UX pabOTHl B 3aBUCHUMO-
CTH OT YCJIOBHUM OKPYXKAIOILIEH CPEBI.

K TunuunbiM paboram, TpeOyIOIIUM TaKUX
OIICHOK, OTHOCSITCSI PabOTHI IO 3aITyCKY U OIpPO-
OOBaHUIO ,Z[BHFaTeJ'IefIl [1-3]. IIpu sToM mepen
WX TPOBEICHUEM HEOOXOJMMO OICHUTh Kak
OJKHJaeMble ISl PacloaraeMbIX aTMOC(EpHBIX
(BHEILIHUX) YCJIOBUI MapaMeTpbl CUCTEMBI 3a-
nmycka (JaBJeHHE BO3AyXa Ha BXOJE B BO3AYII-
HBII cTapTep) U TEPMOTa30IMHAMUYECKUE Tapa-
METphI (YacToTa BpalIeHUS POTOPOB HU3KOTO
Y BBICOKOTO JIaBJICHUS, MaKCUMAJIbHO JTOTYCTH-
Masi TeMIlepaTypa ra3oB 3a TypOHHOH, 000POTHI
pOTOpa BBICOKOTO JIABJICHHS], IPU KOTOPHIX MPO-
HCXOJIUT OTKPBITUE U 3aKPHITUE KJIANIAHOB IEpe-
MyCKa BO3/yXa, Hayajo CTParuBaHUs JIOMATOK
pEryJupyeMoro BXOJHOTO HaIlpaBJSIOLIETO am-
mnapata M3 IyCKOBOTO TIOJIOKEHHUs B padouee,
BpeMs MPUEMHUCTOCTH, MApaMeTp TITH U T. M.
B 3aBUCHMOCTH OT THIIA IBUTATEJIS).

Jns paccMaTpuBaeMbIX OLICHOK HCIIOJb3Y-
10TCsl TpaduuecKue MPEe/ICTaBICHUS B BUIE HO-
MOTpaMM, MO3BOJISIIOUIUX OLICHUTh YyKa3aHHbIE
BBIIIIE TTApAMETPhI B 3aBUCHMOCTH OT TeMIIepa-
Typsl U JaBJICHHUSI OKPY’KAIOIIEH Cpelbl, WIH
TaOJIHIIBL.

[IpencraBnsieTcs nenecooOpa3HOl aBTOMATH-
3alMsl paccCMaTpPUBAEMbIX MPOLETYp, LENIbI0 KO-
TOpoH sABJsSIETCS (DOPMHUPOBAHHE BCETO HEOOXO-
JIMMOTO TIEpeyYHs 3HAUCHUH OLIEHHBAEMBbIX Iapa-
METPOB IIPHU 33JJaHUH PACIIONAraeMbIX YyCIOBHU

JIns penieHnst oCTaBIEHHOM 3a1a4 B YaCTH
ONMCaHUsl 30H U3MEHEHHUs MapamMeTpOB UCIOJIb-
3yercs annpoKCUMalus JIMHUW, OMHCHIBAIOIINX
rpaHULbl NOJIEM MCKOMBIX 3HAYCHUN W JIMHUM,
ONMCHIBAIOLIUX OTPAHUYEHUS, HAIPUMEp CHCTE-
MbI aBTOMaTHYECKOT0 ynpasieHus. JlanpHeiiiee
MaTeMaTUYECKOE ONMUCAHUE CTPOUTCA Ha IMOJy-
YEHUU 3HAYEHHUS 1ara MEeXay I'paHULIAMH U J10-
OaBJIcHUS MIPOU3BENICHUS Il1ara Ha 3HAYCHUE Ta-
pameTpa OKpyskaromieit cpenbl. B ciydasx Heoo-
XOAUMOCTH TOJYYEHHS! TOJIBKO 3HAYEHUH Orpa-
HUYEHUN MapaMeTpOB HCIOJIb3YIOTCA WM all-
MPOKCUMAIIUU JTMHUW OTPAHUYEHUs, WU KyCOU-
HbI€ aNMpPOKCUMAIIMU MPU HEBO3MOKHOCTHU OIH-
caTb JIMHUM OTPAHUYEHUN OJHOW 3aBHUCHMO-
CTBIO.

Hcnonp3yroTcss anmpokcUMauuyd MO0 METOMY
HaMMEHbIINX KBaapatoB [4—13].

JI1s1 KOHTPOJIS MMOJTy4aeMbIX 3HAYEHUH U CO-
XpaHEHUs] HarJSIAHOCTH Ha JUarpaMMbl LIE€Jeco-
00pa3HO BBIBOJAUTH MapKeEPHI.

[Tokaxem mnpumep (parMeHTOB alropuUTMa
MOJYYECHHUS! YKA3aHHBIX AHAIMUTHYECKHX OIHCa-
HUI Ha MpUMeEpe psiia 3aBUCUMOCTEN — puC. 1-8.
VYpaBHEHHs TOJIy4aeMbIX 3aBHCHUMOCTEW U pe-
3yJIbTAThl OLICHKU [0 KOPPEISALUOHHOMY KpHUTE-
pHIO 3HAYUMOCTH R? [4-7] MpUBEAECHBI Ha Tpa-
¢ukax u B TeKCT He BbIHOcATCA. (Pe3ymbTaTsl
OLICHOK I10 KPUTEPHUIO 3HAYMMOCTH BO BCEX MPH-
Mepax — 3aBHCUMOCTH, OIMCHIBAIOIINE T'PaHU-
b, — 3HAYMMBHI. )

' PyKOBOZCTBO IO TEXHHYECKOH SKCILTyaTaIHH ABUTATEIs
J-30KITI. 13x-Bo pa3paborumka, 1989. 982 c.
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1. HaHecTu THHHU-TPAHHUITEI Ha 00TACTH 1714
HAITTAJHOCTH U CHATH 3HAUSHHA ¢ HOMOI'PaMM
ISl MOCTPOEHHS TPAHUIT alIIPOKCUMAITHeH
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HHIO 3aBUCHMOCTH U3MEHEHHSI MAKCUMAaJIBHO JOITYyCTUMO TeMIlepaTyphl Ia30B 3a TypOHHOH (tr)

W 9aCTOTHI BpaIlleHUs poTopa Beicokoro aaenenwns (BJ]) (nBx) ot armochepnsix yenosuii (tH, PH)

pu paboTe Ha 3eMJIe Ha B3JIETHOM pekume [1]

Fig. 1. To obtaining the dependence of the gas temperature capability change behind the turbine (tr) and high pressure (HP)
rotor (nBx) rotation frequency on atmospheric conditions (tH, PH) during the ground operation at a take-off mode [1]
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Puc. 2. [lony4enune aHaIUTHYECKOTO ONMCAHMSI 3aBUCHMOCTH U3MEHEHHMs YaCTOThI BpalieHus: poropa BJl ot atmocepHbIX

yCIOBUH
Fig. 2. Obtaining

(maBnenus Ph u remnepatypsl Th) npu paboTe qBUraTesst Ha 3eMJIe Ha B3JICTHOM PEXKHUME
the analytical description of the dependence of HP rotor rotation frequency change on atmospheric

conditions (pressure Ph and temperature Th) during the ground engine operation at a take-off mode
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Puc. 3. [Tpumep aHATUTUYIECKOTO OTIMCAHUS 3aBUCIMOCTH U3MEHEHHS YaCTOTHI BpameHus potopa BJI
oT atMoc(epHBIX YCIOBHH MPH pabOTe Ha 3eMJIe Ha B3JIETHOM PEXKUME
Fig. 3. Example of the analytical dependence description of HP rotor rotation frequency change
on atmospheric conditions during the ground operation at a take-off mode
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Puc. 4. Onenka monpasky (a) Ha 9aCTOTY BpamieHus potopa B/l mpu paboTte nBurarens Ha 3emie
Ha HOMHHAJIBHOM PEXXUME H KPEHCEePCKHUX peKuMax IpH TeMIepaType HapykHoro Bo3ayxa Himke +15 °C [1]
U ee aHAJIMTUIecKoe onucanue (0)
Fig. 4. Assessment of the correction (a) for the frequency of HP rotor rotation during the ground engine operation
at nominal and cruise modes at an open-air temperature of lower +15 °C [1] and its analytical description (0)

JIONOTHUTENTPHO K HOMHUHAJIBHBIM pacyeT- ykazatento UTD B kabunHe npu pabore aBuraTe-
HbIM 3HAYEHUSM OIPEAEISAIOTCS JOIyCTUMbBIE Js1 Ha 3€MJIE Ha PEKHMME Majoro ra3a B 3aBHCH-
TPaHUYHBIE 3HAYEHHs, HANPUMEp Uil OLIEHOK MOCTHU OT aTMOC(EpPHBIX YCIOBUN U IPaHUYHBIE
4acTOTHI BpalleHus poropa B/l B nmpoueHTax mno annpoKCUMAalMU KpUBBIX (pucC. 5).
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Puc. 5. 3aBucumMocTs (a) UI3MEHEHHUs IPUPALLEHHsI YacTOThI BpauieHus potopa HJI (n,;,) Ha B3JIETHOM pexume
oT atMoc(epHbIX YclIoBuUil ITpu padoTte Ha 3emiie [1] U JaMHelHbIe anpokcuManuu rpanui (0)
Fig. 5. Dependence (a) of the increment change of LP rotor rotation frequency (n,,) at a take-off mode on atmospheric
conditions during the ground operation [1] and linear approximations of boundaries (0)
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Puc. 6. 3aBucumMocTs (a) U3MEHEHHUS 4acTOTHI BpawieHus poropa B/l npu pabote qBuraresns Ha 3emMiie Ha PEKHMME Majioro
ra3a oT aTMOC(EpHBIX yciIoBuii [1] n rpaHUYHbIE anpoOKCUMalNU KPUBBIX (0)
Fig. 6. Dependence (a) of the HP rotor rotation frequency change during the ground engine operation at idle
on atmospheric conditions [1] and boundary approximations of curves (06)

[Ipy npakTU4ecKOM HCHOJIB30BAHUU BBIPA- JI30KII Ha 3emie B 3aBUCHMMOCTH OT YCIIOBHM
JKEHUS JJI1 pacuera annpoKCHUMHUPYIOIUX KpH- OKpYyXarolle cpeabl peaqu3yemMbl CpelcTBaMu
BbIX HE CTOJIb Ba)XKHbl, KAK HaHECEHHWE Ha Jua- 9JIEKTPOHHBIX TalnuL, Hanpumep nakera Libre-
rpamMmy (aKTHUECKOTO 3HAYECHHUSI OICHMBAEMOTO Office, 6ecrutatnoro I1O, nmuneH3MpyeMoro mo
napameTpa ¥ JOMYCTUMOIO JHana3oHa ero W3- nurersun Apache’.

MeHeHUs (puc. 7) U MOTYT HE NpPEACTaBIATHCS
2 o . .
OJIE30BATEITIO. Jluniensus Apache [Dnexrponsnsiii pecype] / Wikipedia.

https://ru.wikipedia.org/w/index.php?title=JTunensus_
AJNTOPUTMBI U AHATUTHYECKUE 3aBUCHMOCTH Apache&oldid=109714083 (ata obpamerns:

JUIsL OLleHKH mapameTpoB pabotsl TP/JI Tuma 12.06.2021).
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Puc. 7. 3aBucUMOCTh M3MEHEHUS YacTOTHI BpaleHus: poropa B/l B mponenTax mo ykazarento UTD B kabune npu padote
JIBUTATEJIs] Ha 3eMJIe Ha PEXHMME MaJioro ra3a OT aTMOC()EpHBIX yCIOBHH, HOMUHAJIBHOE PACUeTHOE 3HAYCHHUE, TPAHIYHbIC
3HAYEHMS U3MEHEHUS MapaMeTpa It 33JaHHbIX BHEIIHUX YCJIOBUH M (haKTHUECKOE 3HaUEeHHE IapaMeTpa,

TPAaHUYHBIC alllIPOKCUMAIINN KPUBBIX

Fig. 7. Dependence of the HP rotor rotation frequency change in percent according to TI data in a cockpit during
the ground engine operation at idle on atmospheric conditions, the nominal calculated value, the boundary values
of the parameter change for the assigned ambient conditions and the actual parameter value,

boundary approximations of curves

ITomuMo ommcaHHOTO rpa(i)quCKoro MMPEaACTaBJICHUA obOecreyuBaeTcs U BBIBOJ KOJHMYCCTBCHHBIX

OIICHOK TTapameTpoB (puc. §).

ONPEAENEHUE NAPAMETPOB A14 ONPOBOBAHUA ABUTATENA A30KIM

3AA0ATb ATMOC®DEPHbIE YC/Z10BUA NMPU ONMPOBOBAHUN

AaeneHue cpedbl, MM pmcom = 750
Temnepamypa cpeosl, 2pad. C = -20
PEXXWUM MAJIOTO FA3A 06/MuH % 750;-20,00;
YacToTa BpaleHna potopa KB, PACYETHAA HomMHanbHas 6413| 58,8 58,84
YacToTa BpauweHua potopa KB, PACHETHAA muHMManbHaA 6313| 57,9
YacToTa BpalleHua potopa KB, PACHETHAA makcumanbHas 6513| 59,8
Yacrora BpaweHua potopa KB, PAKTUYECKAA -BBECTU 3HAYEHUE 59

59 59

Puc. 8. ®parMeHT 3a1aHUs HCXOAHBIX JaHHBIX U OLEHOK YacTOTHI BpameHus potopa KB/

B 3aBUCHUMOCTH OT yCJ'IOBl/II‘/II OKCIUTyaTaluu

Fig. 8. Fragment of the basic data assignment and assessments of HPC rotor rotation frequency depending

on operation conditions
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3aK/JIo4YeHue

W31m05xeH NMOPANOK aBTOMAaTH3alMU OLICHOK
xapakrepuctuk TPJI/] npu npoBeneHuu 3amycka
U onpoOOBaHMM JABMraTeilss B 3aBUCHUMOCTHU
OT YCJIOBUH DKCIUTYaTalUu.

[TosrydeHbI MpUMEPBI aHATUTHYECKUX OIHUCA-
HUW 3aBUCHMOCTEH I1IapaMEeTpOB JABUTATEIICH,

OIICHUBAEMBIX TIPH TPOBEpPKE pabOTHl THUIIA
TPI/1 Ha 3emuie.
[IporpamMHOe oOecrieueHHE pean3yeMo

CpelICcTBaMU TaOIMYHOTO MPOLIECCopa, HaIpH-
Mmep, Calc u3 cocraBa makera LibreOffice, Oec-
wiatHoro I10, nuieH3upyemMoro mo IJUIEH3UU
Apache. HMcrnonbp3oBaHue 3JIEKTPOHHBIX TaOJIHIL
MO3BOJISIET BBITIONHSATh PaccMaTpUBaEMbIe OICH-
KM Ha YCTPOMCTBAX C Pa3IMIHBIMU OIEPAIMOH-
HbIMH cucTeMamu — Windows, Linux, Android.
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