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Pedepar:

1. Inceprauifina po60Ta NPUCBAYEHA aKTyalbHil 3a7a4i GOPMYyBaHHSI CUCTEM BUMIPIOBaHHS KPYTHOTO MOMEHTY,
BOYJOBAaHUX Yy KOHCTPYKLiIO ra30TypOiHHMX JABUTYHIB i OCHOBAaHUX HA BUKOPUCTAaHHI MaTeMaTUYHUX MOJIeJIel, 10
3B'S13yI0Th TEPMOIIPY>KHi BJIACTHMBOCTI BaJjla 3 yMOBaMU po6oTu ABUryHa. O6’eKTOM JOCIIIKEHHS € IIpoLiec
IIepeTBOPEHHSI KPyTHOIO MOMEHTY Ha BaJly ra30TypOiHHOIO ABUTYHA B KYTOBE II€PEMIllleHHS €JIEeMEHTIB CUCTEMU

BI/IMipIOBaHHH KPYTHOT'O MOMEHTY, a4 TAKOX IMTPpOLEC BU3HAYEHHA KOC(piLlieHTy KOpI/ICHO'l' ,Illl BEHTUJIATOPA 34



pe3yJbTaTaMu M0ro BUNIPOOYBaHb y CKJIaJli IOBHOPO3MiPHOIO IBUTYHA 3 BUKOPMCTAHHSIM BUMIpIOBa4a KPyTHOTO
MOMeHTY. [IpemMeToM IOCiIKEHHS € 3aJIEXKHOCTI, [0 XapaKTEPU3YIOTh KPYTHY >KOPCTKICTh Bajla BUMipIOBayda
KPYTHOI'O MOMEHTY Ta 3aJIeXKHOCTi MOXMOOK Bu3HauyeHHs1 KK] BeHTUIsATOPa BiJl IOXMOOK BUMIpIOBaHHS NTapaMeTpiB
I BUT'YHA, 30KpeMa KPYyTHOTO MOMEHTY. Y pOOOTi IPeICTaBI€HO aHaJli3 iCHYI0YUX CUCTEM BUMipPIOBAaHHS KPYTHOTO
MOMEHTY 11 Ha 10r0 OCHOBi BU3HAYEHO 3aBJIaHHA JOCJiI)KeHHS. BUKOHAHO aHai3 NoXMOOK BUMipIOBAaHHSI KPYyTHOTO
MOMEHTY (Pa3oMEeTPUYHNM METOJIOM, Y Pe3yJbTaTi YOro CKJIaIeHO FeOMETPUYHY TPUBUMIpHY MOZeJb BUMipioBaya
KPYTHOTO MOMEHTY, BOYJJ0BAHOI'O B KOHCTPYKILIiO Bajla BiJIbHOI TYpOiHM BEPTOJIITHOTO IBUTYHA, BUSIBJIEHO Ta
ZleTaJIbHO IPOaHasi30BaHO CTPYKTYPHi CKJIaIOBi UX MOXUOOK. Y pe3ysibTaTi BU3HAYEHO, 0 HANGiIbII 3HAUy MU
€ TIOXMOKU, 3yMOBJIE€H] BIIJINBOM TEMIIepaTypy Ha >KOPCTKICTh BaJly, @ TAKOX TOYHICTIO 3a0€3M1eYeHHs
IiaMeTpajbHUAX PO3MIpiB Bajia i1 KYyTOBOTO ITOJIOKEHHS €KpaHa Ta iHgyKTopa. [JIsi CYTTEBOrO 3HMKEHHS LIUX
IIOXMOOK 3alPOIIOHOBAHO NpoLenypy GopMyBaHHSI MaTeMaTnyHoi mogesi BKM, aganranis sIKoi 10 XxapaKTe€pUCTUKU
KOHKPETHOTO IBUT'YHA BUKOHYETBCS 3 BAKOPUCTAHHAM ileHTudikallii Ha 0CHOBI METOly HAaIMEHIIMX KBaIpaTiB.
PosrisiyTo 1Bi MeTonuku Bu3HayeHHs KK]I BeHTUIATOpa 32 €KCIEPMMEHTANILHUMUY JAHUMU: TPAOULIHA
METOJIMKA, OCHOBaHa Ha BU3HAY€EHHi afiiabaTHOI Ta (paKTUYHOI pOOOTH CTUCKAHHS, Ta aJIbTePHATHBHA, OCHOBaHa Ha
BMMipIOBaHHI KPYTHOTO MOMEHTY 11 BU3HAY€HHi (PaKTUYHOI OTY>KHOCTI IPUBOAY Ta aiiabaTHOI OTY>KHOCTI
ctrckaHHs. CpopMOBaHO METOAMKY aHaJIi3y TOXUOOK, OTPUMAaHO BHUPa3u IJ1s1 abCOIOTHUX i BITHOCHUX IOXUOOK
pesynbTaTiB po3paxyHky KK]I i BuTpaTu noBiTps, 5IKi IOB'SI3yI0Th iX i3 1I0XMOKaMU BUMipIOBaHUX I1apaMmeTpis. i
BMPa3HU € YHiBepCaJIbHUMU MOAEJISIMU TOXNO0K Bu3HaueHHs1 KK]I. OTpumaHo yMOBY, SIKy Ma€ 3aJOBOJIbHATA
noxu6Ka BUMipIOBaHHSI KDyTHOTO MOMEHTY, 11106 3a6e3ne4nTy NoTpibHy TouHicTb BusHaveHHs: KK]I npu 3apaHii
TOYHOCTi BUMIpPIOBaHHS TUCKY I TEMIIEPATypU. 3alIPOIIOHOBAHO KOHCTPYKTUBHY peasli3allilo BUMipIoBa4a KPyTHOTO
MOMEHTY Ha Bajly BeHTunaropa. COopMOBaHO reOMETPUYHY MOJIEJIb Bajla Ta Or0 TEPMOIIPY>KHY MOJEJIb, sIKa Ha
OCHOBI 3Ha4€Hb BUMIpIOBaHUX IIapaMETPiB IPOTOYHOI YaCTUHU J03BOJI€ BU3HAYATU IPAHNYHI YMOBU TEIJIO0OMIHY,
PO3MO/iJ TEMIIEPATYP Y BaJjli, @ TAKOK HOT0 KPYTHY >KOPCTKICTb, 10 403BOJII€ BCTAHOBUTH CITiBBiTHOMIEHHS MK
BMMipIOBaHUM KyTOBUM IlepeMillleHHSIM Baja I KpyTHUM MOMeHTOM. [IpakTnyny peanizalio ¢pazoMeTpuiHOi
CHACTEMU BUMIPIOBaHHSI KDYTHOTO MOMEHTY Ta [ePEeBipKY ii Npaue3naTHOCTi BUKOHAHO B CKJIaJi TypOOBaJIbHUAX
InBUryHiB po3po6ku AT «Motop Ciu»: MC-500B, TB3-117BMA-CBEMIB 1 cepii ta TB3-117BMA-CEMIB 4E cepii. ¥
Pe3yJbTaTi BUKOHAaHHS KOMIIEKCYy pooiT y ckiani npuryHa TB3-117BMA-CBMIB 1 cepii 6ysia 3a6e3nedeHna noxubka
BUMIpIOBaHHS KPYTHOI'O MOMEHTY, sika He nepe6inbinye +15 Hom. Tum camum 3a6e3neyeHo oTpibHy MOXUOKY
BM3HAYEHHS] KPYTHOTO MOMEHTY BilIHOCHO 33[JaHOTO 3HAa4Y€HHS B MeXax +1%. HaykoBa HOBU3HA OTPMMaHUX
PEe3YJIbTATIiB: - CYTTEBO BLOCKOHAJIEHO METO]] BUBHAYEHHS KDYTHOTO MOMEHTY TypOOBaJIbHUX JIBUTYHIB B
eKCIlyaTalii Ha OCHOBiI BUKOPUCTaHHS IIPYKHO-T€OMETPUYHOI MOZEJIi B CKJIaJli CUCTEMHU BUMIPIOBaHHS Ta
3aIPOINIOHOBAHOrO MiIX0AY [0 aHasi3y NOXMOOK BU3HAUYEHHS KPYTHOTO MOMEHTY, 10 [03BOJIS€ MiJBUIIATHA TOUYHICTb
BU3HA4YEHHSI KDYyTHOTO MOMEHTY; - yIleplie 3alpOIIOHOBAHO YHiBepCasbHi MOl MOXMOoK Bu3HauYeHHs KK
BEHTWJISTOPIB i KOMIIPECOPIB Mif| Yac ix BUIPOOYBaHHS 3 METOIO BU3HAUEHHS XapaKTEePUCTUK, SIKi JO3BOJISIIOTh
IIPOTrHO3YBaTU TOYHICTh Bu3HaueHHs KK]I 3a BioMUMU TOXMOKaMM BUMIPIOBAaHHS [1apaMEeTPiB Y pa3i BUKOPUCTAHHS
IBOX aJIbTEPHATUBHUX MeTOAiB Bu3HadeHHs KK]I; - ynepiie oTpuMaHO yHiBepCajbHy HEPIBHICTb, 1IJ0 BU3HAYAE
BHMMOTIHY JI0 TOYHOCTI BUMIPIOBaHHSI KDYTHOT'O MOMEHTY 3 METOI0 3a0e3euyeHHs] He00XiHOI TOYHOCT] BU3HAYEeHHS
KK]I BEHTUIIATOPIB i KOMIIPECOPIB; - yIeplie 3alipOIIOHOBAHO CTPYKTYPY BUMIipIOBa4a KPYTHOTO MOMEHTY Ha Bajly
BEHTUJIITOPA, BOYAOBAHOTIO B KOHCTPYKIIO IBUTYHA Ta OCHOBAHOTO Ha BUKOPUCTAHHI TEPMOIPYXHO-TEOMETPUYHOI
MOJieJli Basla, iIHTErPOBAHOI 3 MOZEJUII0 TPAHUYHUX YMOB TEIIOOOMIiHY, sIKa Ha OCHOBI IOJi6HOCTI 3B's13aHa 3
BAMIPIOBaHUMU [TapaMeTPaMy IPOTOYHOI YaCTUHY ABUTYHA, 1O NO3BOJIsIE BU3HAYATU KDYTHUNA MOMEHT B YCbOMY

Iiana3oHi pe>krMiB pOOOTU Ta 30BHIIIHIX YMOB.

2. The dissertation is dedicated to the vital problem of forming torque measurement systems built into the design
of gas turbine engines and based on the use of mathematical models that relate the thermoelastic properties of the
shaft to the engine's operating conditions. The object of the research is the process of converting the torque on
the shaft of a gas turbine engine into the angular displacement of the elements of the torque measurement system,
as well as the process of determining the efficiency of the fan based on the results of its tests as part of a full-size
engine using a torque meter. The subject of the study is the dependences characterizing the torsional stiffness of



the torque meter shaft and the dependences of the errors in determining the efficiency of the fan on the errors in
the measurement of the engine parameters, in particular the torque. The analysis of torque measurement errors
by the phasometric method was performed, as a result of which a geometric three-dimensional model of the
torque meter built into the structure of the free turbine shaft of the helicopter engine was created, the structural
components of these errors were identified and analyzed in detail. As a result, it was determined that the most
significant are the errors caused by the effect of temperature on the shaft stiffness, as well as the accuracy of the
shaft diametrical dimensions and the angular position of the screen and inductor. Two methods of determining the
fan efficiency based on experimental data are considered: the traditional method, based on the determination of
adiabatic and actual work of compression, and the alternative method, based on the measurement of the torque
and the determination of the actual power of the drive, and the adiabatic compression power. An error analysis
technique was developed, and equations were obtained for absolute and relative errors of the results of calculating
the efficiency and air flow, which relate them to the errors of the measured parameters. These equations are
universal models of efficiency determination errors. It is shown that the use of torque meters allows to reduce the
errors of determining the efficiency of the fan, which are mainly determined by the errors of pressure and torque
measurement. Errors in determining efficiency depend significantly on the pressure ratio and air flow. At small
values of these parameters, the errors increase significantly. A constructive implementation of the torque meter on
the fan shaft is proposed. A geometric model of the shaft and its thermoelastic model were formed, which, based
on the values of the measured parameters of the gas flow duct, allows determining the boundary conditions of
heat exchange, temperature distribution in the shaft, as well as its torsional stiffness, which allows establishing the
relationship between the measured angular displacement of the shaft and the torque. Practical implementation of
the phasometric torque measurement system and verification of its performance was carried out in turboshaft
engines developed by Motor Sich JSC: MS-500V, TV3-117VMA-SBM1V 1 series and TV3-117VMA-SBM1V 4E series. As
a result of performing a complex of works as part of the TV3-117BMA-CBEMIB 1 series engine, the torque
measurement error, which does not exceed +15 Nom, was ensured. In this way, the required error of determining
the torque relative to the set value is ensured within +1%. Scientific novelty of the obtained results: - the method of
determining the torque of turboshaft engines in operation has been significantly improved based on the use of an
elastic-geometric model as part of the measurement system and the proposed approach to the analysis of torque
determination errors, which allows to increase the accuracy of torque determination; - for the first time, universal
models of errors in determining the efficiency of fans and compressors during their testing were proposed in
order to determine the characteristics that allow predicting the accuracy of determining the efficiency based on
the known measurement errors of the parameters in the case of using two alternative methods of determining the
efficiency; - a universal inequality was obtained for the first time, which determines the requirements for thefirst
time, which determines the requirements for the accuracy of torque measurement in order to ensure the
necessary accuracy of determining the efficiency of fans and compressors; - for the first time, the structure of the
torque meter on the fan shaft, built into the engine design and based on the use of a thermoelastic-geometric
model of the shaft, integrated with the model of heat exchange boundary conditions, which is related to the
measured parameters of the flow part of the engine based on similarity, which allows determining the torque
moment in the entire range of operating modes and external conditions.
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