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Annomauus. PaccMoTpeHO NpuMeHeHNe HanboJiee MepCcreKTUBHBIX TeMIIEPaTyPOCTOMKUX MOJUMEPHBIX KOM-
no3uMoHHbIX MaTepuajioB (ITKM) Bo BHelIHeM 00Boe peaKTUBHOIO coria. CIipoeKTUPOBaHbI AJIEKTPOHHO-
reoMeTpuuecKre MOJEIu AeTaleil, BXOASIIMX BO BHETHUI 0O0BOJ peakKTUBHOTO corjia. BbIMosHEeHbl pacueThl
Ha ImpoyHoCTh naHese u3 [IIKM u MeTainyeckux aetajieil KperieHus BHEIIHero 00Boaa peakKTHBHOTO COILIA.
[TpencTraBiaeHbl pe3yJbTaThl CTEHIOBbIX UCIIBITAHUI BHELIIHETO 00BOA B cocTaBe usaenaus [1].
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Abstract

The outside contour of jet nozzle consists of leaves that cover the engine rear end, which outruns the fuselage.
The outside contour is required to arrange the nozzle parts cooling, and minimize losses on the jet nozzle while
the external flow-around.

The purpose of the article consists in creating the samples-demonstrators of the jet nozzle external contour parts.
These will demonstrate the possibility of high-temperature polymer composite materials application as a part of
the aviation engine, as well as reveal such merits of the parts from the polymer composite materials as weight and
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production preparation time reduction for their further implementation in the structure.

At the first stage of this work, the search for polymeric binding agent capable to operate at the temperatures above
300°C and selection of reinforcing fabrics based on the tests of elementary samples were performed. The highest
figures were obtained for the PHT450 prepreg based on the FNI350 TU 20.14.43-002-73047899-2020 phthalonitrile
binding agent and carbon fabrics of twill-weave (based on the UMATEX fibers). The tests were being conducted
both at normal conditions and at high temperatures (400°C) to assess the PCM features degradation under the
action of temperature.

Several options of the parts from the PCM embodiment with various fixing options were suggested at the design
stage. As the results of strength computations, the PCM parts and metal fixture elements refinement was performed.
Simulation of the metal fixture elements, as well as jet nozzle outside contour layout was performed in the NX
software package. The strength calculations of the PCM parts together with metal fixture elements were performed
with the ANSYS Workbench 2021 R1 software package. The PCM parts layer-by-layer simulation was accomplished
with the ACP (Ansys Composite PrepPost) module. The material anisotropy and orientation of layer packing were
accounted for while the computations performing.

On the test bench, the prepared PCM parts of the external contour were installed on the gas turbine engine and
tested as a part of the product. The total operating time amounted to more than 5 hours.

The performed tests demonstrated the possibility of the PCM parts application in the gas turbine engine and allowed
defining the structural alterations required for their further elaboration and full-fledged application.

At the moment, based on the tests results the work on the structure optimization, namely thermal protection
introduction, weight reduction (layers packing and thickness, as well as new honeycomb filler introduction); the
honeycomb with dispersion-filled binder, ensuring special characteristics, introduction into the external contour
structure has begun.

The advantages of the selected structure are the possibility of quick producing PCM part prototypes of the outside
contour, the low cost tooling and fastness of its production.

The scientific-technical backlog allowed demonstrating the possibility of the PCM parts employing and the prospects
of further PCM application in thermally loaded engine units where earlier the titanium alloys were employed.
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Bgenenue

K seratesbHbIM ammapaTam MpeabsiBISIETCS KOM-
IUIEKC TPeOOBAHUIA, OIIPEALISIOIINI TAKTUKO-TEXHUYE-
CKMI1 XapaKTepUCTUKU 00bekTa. OmHO 13 TpeOOBaHMIA
— CHMXXEHME paauooKallMOHHON 3ameTHOCTH. Ha
JaHHBII MOMEHT paJuoTorjollapllee MOKPbITUE
(PIIIT) HaHOCHUTCSI HEMOCPEACTBEHHO HAa METalll, Kak
y camosietoB F-22, F-35 [2], uTo CcyliecTBEHHO CyxKaeT
€ro MpUMeHEeHNe 13-3a TeMITepaTyPHBIX OTPaHUICHUIA.
[Tpu aauTebHOM BO3AEHCTBUM TeMIIepaTyp SKCILIya-
TallUKM CHUKAIOTCS airTe3MOHHBIC U PATUOTEXHUIECKIEe
xapakrepuctuku PIIII.

Cywmectyoiiue 3¢ dexrusubie PITIT umeror
3HAYUTENbHYIO Maccy M He 00JiajaloT Hecyllei
criocoOHOCThIO. TpedyeTcss KoMIleHCalusl pa3HULIbI
B Koa(d duuMeHTax JUHENHHOTO TeMnepaTypHOro

pacmupenus (KJITP) marepuanos PIIII u metamna
MpU UUKJINYECKUX TeMIepaTypHbIX Harpyskax. s
BoccraHoBieHnus: PIIII tpeOyercsa mepuommnueckoe
MpoBeleHUEe COOTBETCTBYIONIUX PabOT MpPU dKC-
TUTyaTallid 00beKTa, YTO YBEIUUYMBACT BPEMS TTOMI-
TOTOBKM 00BEKTA K BbUIETY U MOBBIIIAET CTOUMOCTh
00CITyXBaHUSI.

Onupasich Ha onbIT ucnionb3oBaHus [ITKM B aBua- u
TBUTATEJIECTPOSHNH, BOBMOXHO PACCMOTPETH €TO TTPH -
MEHEHUE U B KaYeCTBE PaaMOMNONIOIIAIOIIEr0 MaTepU-
aja BO BHEITHEM 00BOIE aBMAIIMOHHOTO ITBUTATENS.
[Ipermy11ecTBOM HCITONB30BAHUSI KOMITOZULIMOHHBIX
MAaTepHAaJIOB SIBJISICTCST BO3MOXHOCTB ITOIXOIUTH K pelie-
HMIO MOCTaBJICHHBIX 3a/1a4 B KOMILJIEKCE U 3aKJIabIBaTh
CIIeIIaNbHBIE XapaKTePUCTUKH ellle Ha 3Tarle Mmpo-
ektupoBaHus. Hanpumep, nensto npumeneHus [HKM
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B IPaXIaHCKOM aBUALIUU SIBJISIETCS CHUXKEHUSI MacChl
1 LITyMa aBUAIIMOHHOTO ABUTATEJISI 3 CUET U3TOTOBICHUST
n3 [IKM MOTOroHIOIbI M BXOOHOTO HAIIPaBJISIOLIETO
annapara (BHA) (ITJ1-14, I11-35 u np.) [3—35].

Llenbio naHHOIT pabOTHI SBJISIETCS OLIEHKA BO3MOXK-
HOCTU TIPUMEHEHMUST BBICOKOTEMITepaTypHbIX MOJIU-
MEPHBIX KOMIIO3UIIMOHHBIX MaTtepuanoB (BIIKM) B
KOHCTPYKIIMM BHEIIIHETO 00BOJA PEaKTUBHOTO COILIa
aBuanmoHHoro asurarens, n3aenus OKb M. A. JTrons-
K. 7151 JOCTUKEHUSI BTOI 1IeJIU OCYILECTBIIEH TOWCK
BBICOKOTEMITIEPATYPHOTO IMOJIMMEPHOTO CBSI3YIOLIETO (Ha
OCHOBE KOTOPOT'O BO3MOXKHO U3TOTOBJICHUE U KOHCTPYK-
LIMOHHOTO, M CHELMAIbLHOIO MaTepuaja). BelmoiHeHo
MPOEKTUPOBaHUE OTBITHBIX 00pa3ioB (O0) netaneit u3
I1KM, nipoBeneHbI padOThI 11O U3TOTOBJICHUIO 1 UCIThI-
TaHUSIM KOHCTPYKTUBHO-TIOA0OHBIX 31eMeHTOB (KI19),
yTouHeHUI0 KoHCTpyKiuu OO aeTaneit, U3roToBJICHUIO
obpaszuoB-geMoHcTpaTopoB ITKM-geraneit a1s1 cTeH-
JIOBBIX UCTIBITAHWUM B COCTaBE U3AEINS.

IIpoexTHpoBaHue U pacyeT BbinoHeHHOro U3 ITKM
BHEIIHEr0 00BOJIA PEAKTHBHOIO COILIA

Buemnuii 00Bog HeoOXOaMM IJIsI OpraHu3aluu
oXJaXIeHUsl AeTaleil coria, a Tak:ke MUHUMU3alun
MOTEPh Ha PEAaKTUBHOM COILIE TIPU BHELTHEM 00TeKa-
HuM [6]. BHe1rHmiT 06BoI peaKTUBHOTO COTLIA COCTOUT
U3 MMaHeseil, KOTOpbIe 3aKPBIBAIOT 3aHIOI0 YACTh ABU-
raTesisi, BEIXOISIIYIO 3a (DrO3eIsIK.

Ha nepBoM 3Tame paboTHI OBLT IIPOBEIEeH MOMUCK
MOJIMMEPHOTO CBS3YIOILEro, CIOCOOHOTO paboTaTh IpU
temmepatype 6oiee 300°C [7—10], a Takzke TIpoBeAeH
BBIOOP apMUPYIOLINX TKAHEil Ha OCHOBE Pe3yJIbTaTOB
UCTIBITAHUI BJIEMEHTapHbBIX 00pa3LoB. Hanboee BeIcO-
KUe MoKazartesu poaeMoHcTpuposai npenper PHT450
Ha 0OCHOBe (hTaJTIOHUTPUIIBLHOTO cBa3ytoero ®HM 350
TY 20.14.43-002-73047899-2020 1 yriepoaHbIX TKaHEH
capxeBoro 1uiereHus (Ha ocHoBe HuTeit UMATEX).
HMcnbiTaHust MpOBOAMIUCH B HOPMAJIbHBIX YCIOBUSIX
U B YCIOBUSIX BhICOKOI TemriepaTyphl (400°C) mis
OLIEHKU CHMXEHUST (PU3UKO-MEXaHUYECKUX CBOMCTB
I1KM mon Bo3neiicTBueM TeMmepartypsl [11].

Ha srtamne nmpoekTupoBaHUs ObLIO MPeaokKeHO
HECKOJILKO BapMaHTOB HcTnoaHeHus netaneii u3z [IKM
C pa3IMYHBIMM BapuaHTaMu 3akperuieHus. I1o pe-
3yJIBTaTaM MPOYHOCTHBIX pacyeToB ObLIA MPOBEAeHA
JIOBOJIKA Bcex neTtajeil. MoaenupoBaHue MeTalanye-
CKUX JIeTaJieil KpeTUIeHHsI M 00JIMKa BHEIITHETo 00BoIa
PEaKTUBHOTO COILJIa OCYILIECTBIISLIOCH B TPOTPAMMHOM
koMmruiekce NX. ITocnoitHoe monenupoBanue [TKM-
JeTaliell BBITIOJHEHO B MPOTpaMMHOM KOMILJIEKCE
ANSYS Workbench 2021 R1 B momyine ACP (Ansys
Composite PrepPost). [TpouHocTHbIe pacueTbl [TKM-
JeTajieil COBMECTHO C METAJNIMYECKUMHU ACTAISIMU
KpeTIeHYsI BBITIOJIHeHBI B MofdyJie Static Structural [12].
[Tpu pacueTax y9UTHIBAINCh AaHU30TPOITUSI MaTepraja

U OpueHTalMs yKiaaaku cioeB. Ha puc. 1 npencras-
JIGHBI TT03TAaMTHOE MOIEIMPOBAHUE PACUETHO MOACIN
ITKM-pgeranu 1 ee pacyeT Ha IIPOYHOCTh COBMECTHO C
METALTMYECKUMU AeTAISIMU KPEeTUIeHUSI.

PacyeT Ha MpOYHOCTB MOKa3aJl, YTO AETaJIU BHEIII-
Hero o6BoJIa ITPU pacYETHOI TeMIepaType U pacueTHOM
JIABJIEHUU UMEIOT TOCTATOUYHbIE 3aI1achl TPOYHOCTH LISt
MPOBENCHUS CTEHIOBBIX UCTTBITAHUIA.

Taxcke ObLIM TpoBeneHbI ucnbiTaHus KIID BuH-
toBoro coeauHeHust [TKM—wmetamn, [IKM—ITKM,
3akjernovyHoro coenvHeHuss [IKM—wmeTann u MHOTMX
JIpyrux o0pas3loB, UMUTUPYIOLIUX OMAacHbIE MecTa B
KOHCTPYKIIMM BHEIIHEro ooBoaa. Takue ucnblTaHUs
HeoOXOoAMMBI [IJIsSI HaXOXIEHUS pa3pyluarolleil Ha-
TPY3KM M COMNOCTABJICHUS €€ C paCUETHOM Harpy3Kou
7151 TIOATBEPXKACHUS paOOTOCTIOCOOHOCTH COSTMHEHU I
WJIM OTIACHBIX MECT, IT0 KOTOPHIM BhinojiHeHb! KI1D. Ha
puUc. 2 TIpeAcTaBjeH MPOYHOCTHOM pacyeT OMHOIo U3
KIID — BunToBoe coemmHenune [ITKM—meTai, a Takke
paspymieHHbie KITD nocne ncnbiranuii mo 'OCT P
57867-2017 [13]. BugHo, 4TO KaK IMPY UCITBITAHUSIX, TAK
U TIpU pacyeTe Ha MPOYHOCTh pa3pylleHue JJaMuHaTa
(CBSI3yIO11IETO ¥ BOJIOKHA) IIPOMCXOIUT B OMHMX U TEX 3Ke
MecTax BOJM3U OTBEPCTUS (30HBI OTMEUEHBI KPACHBIM
LIBETOM). 3HAY€HUE PACYETHOI pa3pyllaoIIeii Harpy3Ku
Ha 8,5% MeHblIe, yeM B UcbITanusax (Fy, = 14200 H),
Tak KaK MMHUMaJlbHasl pacyeTHas pa3pylliaoliias cuia
BBIYMCISLIACH IO MOMEHTA Havasia pa3pylleHUs] BHEIITHE-
IO CJIOS1, & UCTIbITAaHUSI IPOBOIMJIMCH /10 TIPOTSTMBAHUS
JlamuHata (nmojyiHoro paspymenus KI19) [14].

ITonyyeHHOE B MCTTBITAHMSIX MUHUMAaJIbHOE pa3pylia-
Iolliee YCUITHE OKa3aJI0Ch OOJIbIIIE PEaKTUBHBIX CUJT B BUH-
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Puc. 1. MonenupoBaHue 1 pacuyeT Ha IPOYHOCTh
[TKM-peraneii 1 METAUIMYECKOTO KPeTJIEHUs
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Puc. 2. CpaBHCHI/IC PACYCTHLBIX U SKCITEPUMCHTAJIbHBIX
JaHHBIX

TOBBIX COEIMHEHUSIX, OTPENETIEHHBIX IPU pacueTe COOPKU
[TKM-naHenei ¢ MeTalTIMYeCKMU ACTAIISIMU KPETICHUSI.
DTO CBUIETENLCTBYET O MPABMWJILHOM BLIOOPE Kperexa.

CTouT OTMETUTD, UTO MoaearpoBaHue KI1D mpo-
BeneHo aHajornyHo ITKM-manensim B coopke. Tak Kak
pacuetsl KITD BepudunpoBaHbl, TO MOXHO CIeIaTh
BBIBOJI O TOM, UTO TojiHOopa3MmepHblie [IKM-nanenu
CMOJIEIMPOBAaHbI MPAaBUJILHO.

HcnbiTannsa seimoaHeHHoro u3 ITKM BHemHero oosoaa
PEAKTHBHOIO COILIA

ITo pe3ynbsraTaM MPOYHOCTHBIX PAacYeTOB U OTpa-
OOTKM TEXHOJIOTUM M3TOTOBJCHUS MOJTHOPA3ZMEPHBIX
[TKM-neTaneii ObLIM N3rOTOBJIEHBI 00pa31IbI-IeMOH -

CTpaTOpPHI IJIs CTEHAOBBIX McHbITaHMil [15—16]. Ha
UCIIBITATEILHOM CTEHE MpernapupoBaHHBIC AeTalu
BHemrHero ooBoma u3 I1KM OblIn ycTaHOBIEHBI HA
ra3oTypOUMHHBII ABUTATEIb U UCHBITAHBI B COCTaBe
n3nenus. OO1as HapaboTKa cocTaBmIa 0ojiee 5 9acoB.

Hns yctaHoBku Tepmomnap Ha ITKM-getanu
BHEIITHETO 00BOIa IIpoBeeH Mmouck kieeB. Hauboee
yIadyHbIM Ipu3HaH Kieir BC-350, Ho 11 ycTaHOBKU
mwiactuld Ha neranu u3 [1KM HeoOxoamMo co3mathb
JaBJIeHUE, U CKJIIEMBaHUE TPOUCXOAUT B TEPMOIICUUN
IIPY TIOBBIIIEHHO! TeMmepaType. B ¢BsI3u ¢ BbICOKOIA
TPYIOE€MKOCTBIO Ipoliecca MPU UCMOJIb30BaHUN JaH-
HOTO KJiesl, OBIJIO TIPUHSATO pellleHue UCITOJIb30BaTh
KJeit xonogHoro orBepxaeHus LIMK-Br TY 2252-
622-56897835-2014, KoTOpHEIit He TpeOyeT CIOXHOI
OCHACTKU JJIsI (hMKCALMU TepMoTap.

BriOpaHHEBIl MaTepurajl Ha OCHOBE (DTaIOHUTPUIIb-
HOT'O CBSI3YIOIIETO IJIUTEbHO MOXET paboTaTh 10
temmepatypsl 350°C u kparkoBpeMeHHO — 10 400°C.
MakcuManbHasi TeMIeparypa JIUTeJbHON paboThI
IeTajiell Ha UCIILITATEIbHOM cTeH e cocTtaBuia 452°C.
Ha puc. 3 npencrapiieH rpadyk 3aBUCUMOCTH TeMIIe-
patypsl JAeTalieil OT BpeMEeHU UCTIBITAHUI U 4aCTOThI
BpalleHusl nBuratensi. YepHoii TnHUell o0o3HauYeHa
MaKcUMaJibHasl TeMIlepaTypa SKCIUIyaTallii MaTepu-
anma PHT450. B xone ucnbeitanuii Tepmorniapa T834H2
(¢puoneroBast TMHMS) OTKJIEWIACH OT AeTaau M HAaX0O-
JIUJIACh B IOTOKE TOPSTYETO BO3MyXa.

ITo pesynbratam aHaaM3a MMOKA3aHUI TepMOIIaphI
T834n1 (xpacHast tMHUsA, puc. 3) OOHAPYKEHO 3aayBa-
HUE TOPSTYEro BO3AyXa M3 MPOTOYHOM YaCTH, KOTOPOE
MPUBEJIO K TPEBBILLICHUIO TEMIIEPATYPhI U TTOSBJICHUIO
neheKTOoB: IPpU KPaTKOBPEMEHHOM JIOKAJILHOM Tiepe-
rpeBe ogHolt u3 [TKM-aeTtaneii mMpou30IIo «pa3iox-
MauyMBaHUE» TKAHU 34 CYET AECTPYKIIMH CBS3YIOIIETO
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(puc. 4), TakKe B HECKOJIBKMX MeCTax 0OHapy:KeHO
«paccaoeHue», PeMOHT OCYILIECTBIISIIICS C MTOMOILLBIO
repMeTnka, repmockorda 3M-363 u kines LIMK-Br.
[Tocne mpoBeneHUs peMOHTa UCTIBITAHUS ObLIN MPO-
JIOJKEHbI, OTHAKO YCTPAHUTh 3aJyBaHUE TOpsSYero
BO3J/lyXa B XOJI€ PEMOHTA HE YIAJIOCh, YTO OINPEAETIUIO
JanbHeliee HanpaBiaeHue padboTr. CTOUT OTMETUTh,
yro ITKM-naHenu He MOTepsIM HECYLIYIO CIIOCO0-
HOCTb, TaK KaK MePErpeBbl ObLIN JOKAIbHBIMU, U 3TO
MO3BOJIUJIO JOBECTU UCIIBITAHUS 10 KOHIIA.

Puc. 4. lepexTbl, oO6HapykeHHbIe Ha [IKM-manensix
TTocJIe IPOBEICHMUSI CTEHIOBBIX UCTTBITAHUI

Ha ocHoBaHMM aHaM3a METOIOB CHUXKEHUS TEM-
nepaTtypsl [3—5] MOXHO yTBepXaaTh, UTO Haau4due
TEIJIO3allUTHOTO 3KpaHa IMO3BOJUT U30eXaTh MOSIB-
JICHMSI BBIIIEYKa3aHHBIX Oe(heKToB. Takum oOpa3oM,
MpOBeJeHHbIE UCMBITAHUSI MOKAa3aJu BO3MOXHOCTD
npumMeHeHus [IKM-neraineit B ra3oTypOMHHOM IBUTa-
TeJie Y MO3BOJUIU OMPENeInTb, KaKue KOHCTPYKTHUB-
HBIE TOPaOOTKN HEOOXOMUMBI IJISI MX TIOJTHOLIEHHOTO
HCMOJIb30BaHUSI.

BoiBoapl

Panee B Poccun umencs onbiT npumeHeHus [TIKM
TOJIbKO B IUJIaHEpaxX WJIM B y3JaX ABUraTess ¢ He-
BeICOKOM TemIiepatypoil (mo 150°C) [3—5]. JanHas
paboTta nmokasaja BOo3MOXHOCTb npuMeHeHus:s [TKM
B TEIJIOHATPYKEHHBIX Y3JIaX ABUTATEN, TO¢ paHbIIe
TIPUMEHSIUCh TUTAHOBbIE CIIABbI.

Ha ocHoBe aHanm3a CyIIecTBYIOIINX MaTepHAalOB
cnpoekTupoBaHbl getanu u3 [TKM mis BHelHero
0o0BoIa peakKTUBHOTO coluia. JIias Bepudukauuum
MPOYHOCTHOTO pacyeTa ieTajieil OblJIM U3TOTOBJIEHBI U
uctbiTadbl KI1D Mect 3akpermienns. AHanm3 pe3yiib-
TaTOB UCIBITAHUN W CPAaBHEHUE UX C MPOYHOCTHBIM
pacyeToM IMMONTBEPAMIN BO3MOXHOCTb YCTAHOBKU
neraneid u3 [IKM Ha cTeHI0BbIE UCTIBITAHUS.

ITo pesynpraTam aHanu3a Ae(EKTOB BBISIBICHBI
JIOKaJIbHbIE YYaCTKM JeTajeil ¢ MpeBbIIEHUEM TeM-
TepaTypsl SKCIUTyaTaliuy. 1t nCKITodeHIs e eKToB
MIPUHSITO pellieHUe O BBEACHUY B KOHCTPYKIIUIO TETLIO-

MU30JISIIMOHHOTO MaTepuala U 3allUTHOTO 9KpaHa,
CHIDKAIOIIETO TeMIIepaTypy JeTayleil 10 TpUeMIIEMbIX
3HAUYCHU.

ITpenMy1iiiecTBaMM BEIOpAHHOM KOHCTPYKIIVY SIBJISI-
I0TCSI BO3MOXHOCTb OBICTPOTO IMPOM3BOICTBA OTBITHBIX
o0pa3uoB aetaneit BHenrHero oosona u3 [NKM, Huzkas
CTOMMOCTb OCHACTKU U ObICTPOTA €€ U3TOTOBJIEHMS TP
W3MEHEHUW T€OMETPUM NETAIIH.

Ha ocHoBe pe3ynbTaToB MCIBITAHUN HayaluCh
paboThl MO ONTUMU3ALIMUA KOHCTPYKIIUH:

— CHMXXEHHE Macchl (ONTUMMU3ALMS YKIAAKUA U
TOJIIIMHBI CJIOEB, BBEICHUE COTOBOIO HAITOJHUTENS
[17-20]);

— BHEApEHNE B KOHCTPYKIIMIO BHEIIHEro ooBoAa
COT C AUCIEPCHO-HAMOJHEHHBIM CBSI3yIOLIUM, 00e-
CMEYMBAIOIINM CHELMATbHbBIE XapaKTEPUCTUKH.
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