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mpy6onpo8oodvl, 006POMHOCMb KOAEOAMENbHBIX CUCMEM, NPOOObHAS YCIMOUYUBOCTb HCUOKOCIHBIX PAKEM.

Kak mokaspiBaeT MUpOBasi MPAKTUKA, K YACITY aKTYaJlIbHBIX IPOOJIEM, CBS3aHHBIX C pa3paboTKOi
TSDKENBIX U CBEPXTSDKENBIX PaKeT Ha JKUAKOM TOILIMBE, a TAaKKE CHWIOBBIX YCTAaHOBOK K HHM,
OTHOCHTCS obOecrieueHue npooabpHoi ycrorunBocTH (longitudinal stability, s¢pdexr POGO) [1]. TTox
9TUM I[IOHUMAETCs NPEAOTBPALLCHUE Pa3pyLICHUs KOHCTPYKLIUH B ITOJIETE BCIIECACTBUE UHTEHCUBHOU
BUOpAIMK KOpITyca B MPOJIOJILHOM HalpaBJICHUH.

MexaHu3M SIBICGHUS COCTOWT B ClieAyromieM. Pakera mpeacraBisieT coO0W NUHAMUYECKYIO
CHCTEMY, COCTOSIIIYIO U3 TPEX 3BEHBEB: YIIPYrOro KOpIyca, MUTAIOMUX (PACXOIHBIX) TPYOOIIPOBOAOB
u XPIA. Cneundukoil TsOKENBIX pakeT SBISETCd HMU3Kas COOCTBEHHAs YacTOTa KOHCTPYKLUH,
cocraisitomias MeHee 30 I, oOycrnoBieHHass TakMMM TOKa3aTeIsIMM, Kak Macca, rabapHThl,
3HAYUTEIbHASA TMPOTSHKEHHOCTh MUTAIOIUX TPYOONPOBOMOB (JIECATKHM METPOB), YTO HAXOIUTCSA B
nojioce mnpomyckaHus coBpeMeHHbIX JKPJ[, a, cnemoBaTenbHO, BBI3BIBAET HX JAMHAMHUYECKOE
B3auMmozelicTue. Tak kak B IpoLecce aKTHUBHOIO Y4YacTKa IOJIETa INPOUCXOAUT CYIIECTBEHHOE
CHIDKEHHE oO0Iel Macchl (BbIpabOTKa TOILIMBA), TO COOCTBEHHAs 4acTOTa KOpIyca MOHOTOHHO
Bo3pactaeT. B cnyuae e€ coBmameHus ¢ COOCTBEHHOH YacTOTOW OJHOTO U3 IMHTAIOIIUX
TpyOONPOBOJOB, MPUUYEM PACHOJIOKEHHOTO IMPEUMYIIECTBEHHO BJOJb IPOJOJIBHON OCH PaKeThl,
BO3HMKAET HU3KOYACTOTHBIM PE30HAHC CO CIEAYIOIIMMHU MOCIECICTBUAMH. AMIUIMTYIABI KOJeOaHMMA
tornBa Ha Bxoae B JKPJ[ u, cOOTBETCTBEHHO, KOJNEOaHUsI TATM Pe3KO Bo3pacTaioT. Tak Kak TAra
NPUJIIOKEHA K KOPIYCY, €€ Bapualliy BBI3BIBACT POCT aMILIUTY/bI MPOIOIbHBIX KOJICOaHUH BILUIOTh 710
HEJOIYCTUMBIX 3HAYECHUM, IPUBOAAIINN K aBapuiHOMY McXoAy. Takoe siBJIeHHE, KOTOPOE BIIEPBBIC
nposiBWIIoCh Ha pakere P7 mpu mepexome ot omHoMecTHoro KK «Boctok» k Oonee Tsoké€momy
nsyxmectHoMy KK «Bocxony, noiay4uniio HauMeHOBaHUE «I10TePsl MPOJOJIbHON YCTOMYMBOCTI Y.

CoBepIIEHHO OYEBHJIHO, YTO Ui OOECHEYeHHUs MPOAOJBHOM YCTOHYMBOCTH HEOOXOIMMBI
3HaHMS YaCTOTHBIX XAPAKTEPUCTHK BCEX BBIIICYKa3aHHBIX AMHaMHuYecKux 3BeHbeB. JKPJI mpu sTom
ClIeZlyeT paccCMaTpHUBaTh KaK MOJIOXKUTEIbHYIO OOpaTHYIO CBSI3b B KOJEOAaTeNbHOW CHUCTEME U, UTO
O0COOCHHO Ba)XHO, C HEKOTOPOM 3ala3/bIBAaHUEM, 3aBUCAIIMM OT 4acToThl [2, 3]. Ha mpakrtuke
npobaema pemaercs AByMs ciocobamu. OCHOBY MEPBOrO M3 HUX COCTABISET TEOPETUUECKUIN aHAIIN3
(MareMaTM4eCKME MOJENIN), a BTOPOr0 — CIIELMAJIbHBIE AKCIEPUMEHTHl Ha OTHEBBIX CTEHJAX,
MMEHYEMbIE YaCTOTHBIMM HCIBITAHUSAMH U cocTosmue B onpeneneHun otknuka JKPJ[ Ha
[IEPUOJIUYECKUE BO3MYLIEHUS, CO3/1aBacMble B IUTAIOICH MaruCTpajld B ONPEACIEHHOM YaCTOTHOM
nuarnaszoHe. s storo TpedyroTcs cooTBeTcTBYROmME nopadboTku III'CX CTeHI0B M NpUMEHEHUe
CIIELUAIIM3UPOBAHHBIX YCTPOUCTB, UMEHYEMBIX ITyJIbCATOPAMM.

Hanee uznaraercs aBTOPCKasi METOAOJIOTHs YaCTOTHBIX ucnbiTanuil XKPJ[ kak 3BeHa B KOHTYpe
IPO/IOJIBHOW YCTOWYMBOCTH pakeThl. BrimonHeHa e€ ampoOaiusi Ha OTHEBBIX CTEHJaxX, MOKa3aBIlas
BBICOKYIO 3((QEKTHBHOCTh IO CPABHEHHUIO C POCCHUICKUMH M 3apyOeXHBIMH aHajoramMu. BakHbIM
MOMEHTOM SIBJISIETCS CIeytolee 00CTOATENbCTBO. [IpeooeHo 0CHOBHOE 3aTpyIHEHHE, CBA3AHHOE C
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CO3JIaHMEM CHUTHAJIa Ha BXOJie B JBUTaTeNb B TpeOyemom muana3zoHe dactor (0-30 I'm), koTopoe
3aKJIF0YAETCsl B BApUALIMU €T0 aMIUINTYIHBIX 3HAYE€HUH B IIMPOKUX MpEAeax BCIEICTBUE PE3OHAHCA.
Kak u3BectHo, nuTaromnme TpyoonpoBosl 001aJal0T HU3KUM THAPABINYECKUM COIIPOTHBIEHUEM, UTO
OTHOCHUT UX K KOJIeOaTeIbHBIM CHCTEMaM C BBICOKOM TOOPOTHOCTHIO. DTO 03HAYAET, YTO MIPUEMIIEMbIE
3HAUEHUs BXOJHOI'O CHUTHaJIa JJOCTUTAlOTCS TOJBKO B Y3KOW OKPECTHOCTH pe3oHaHca. YTo kacaercs
BHEPE30HAHCHOM 00JaCTH M MPEeXJEe BCErO HAa MaJIbIX, OKOJOHYJIEBBIX YaCTOTaxX, JAaHHBIE KOTOPBIX
HeoOxoauMsbl s octpoeHust AUX, @UX nBurateneil, aMIminTyaa HeIOCTaTOYHA JJIST PETUCTPALH
Bapuanuii BbixogHoro curHama (xoneOanwmst JAKC wmm Tarm). Takum obOpazom, HeoOxomuma
KOPPEKTUPOBKA aMIUIMTYJHOIO CIIEKTpa, KOTOpas 3akKjlo4yaeTcs B €ro «BBIPABHUBAaHUM», T.€.
CHW)XCHHUH JJOOPOTHOCTH.

3amaua perieHa JABYMSI OTHOCHUTENBHO MpocThIMU nopaboTkamu [II'Cx cuctembl nuTaHus
OTHEBBIX CTEHJIOB. BO-TEpBbIX, MyabcaTop, Kak YCTPOMCTBO, CO3Jaioliee KojeOaHUs OaBJICHUS U
pacxoga TomnuBa Ha Bxoxe B JKPJl, ycraHaBimuBaeTcs HE B IUTAIOLIYI0 MarucTpaib
(mocnenoBarensHOE coequHenue, npuMmensemoe B PO u CIIIA), a B 1ONOTHUTENBHBIN TPYOOIIPOBO,
BKJIFOYEHHBIN apaUIeNIbHO JBUTATEI0 U OCYILECTBIISIOIUI MTyJIbCUPYIOLIUN CIIUB TOILJIMBA CO BXOAA
B THA. Bo-BTOpBIX, C IIETbIO MOJIABJICHUSI PE30HAHCA M CHIKCHHS TOOPOTHOCTH THUIPABIMYECKOTO
TpaKTa Ha BBIXOJE€ M3 CTEHJOBOro 0aka yCTaHABIMBAETCS IpOcCCeNbHas Inaiida, yBelIWYMBAIOIIAs
THJIPABIMYECKOE COMPOTUBJICHHWE TMHUTAIOMIET0 TpPyOONpOBOAa IO CPAaBHEHHIO C HMCXOJHBIM
(«IITaTHBIMY) 3HAYCHUEM.

Hamnbonee BakHBI pe3yibTaT NPOBEIEHHBIX MCCIEIOBAaHUN C TNPUMEHEHHUS aBTOPCKOM
METOJI0JIOTUN YaCTOTHBIX MCIBITAHUN HA OTHEBBIX CTEHAAX COCTOUT B TOM, YTO IO CPABHEHMIO C
JIBUTATENISIMU OTKPBITOH cXeMbl KOA((UIMEHT MepeJadn JBUTaTeNIel 3aKPhITON CXEMBbl CYIIECTBEHHO
HIbKe. OCHOBHBIM (DaKTOPOM, ONPEICNSIONIMM MPOJOJIBHYI0 YCTOWYMBOCTh paKeT, CTAaHOBHUTCS
AMIUTUTYAHBIA CHEKTp MHUTAIOLIEH MarucTpaiu, TpeOyeMble XapaKTEPUCTHKH KOTOPOTO JOCTUTAIOTCS
npUMEHeHHEM JaeMnupyoomux ycrpoicTs. [Ipumepamu cimyxkaT cuib(OHBI, YCTaHABIMBAEMBIE IO
auHUAK okucauTens 61o0ka «by pakerst P7, razoBeie moaymku (Saturn 5 u psii pakeT IpOU3BOJICTBA
CIIA) u roppupoBaHHbIC YYaCTKH MUTAIOIUX TPYyOOIPOBOIOB roprouero ¢ nepdoparnueii (01o0xku A
u b pakerst H1).

BaxxHpiMM npeuMyIleCTBaMH INPEUIaraéMblX PpELIEHWH 110 CpPaBHEHUIO C W3BECTHBIMHU
obpastamu (Poccust, CIIA), BKiIrO9ast TEXHOJIOTUYECKYIO HE3aBUCUMOCTb, SIBJISIFOTCS CIISAYIOIIUE:

1 OrcyrcTBUE BIMSIHMS My/IbCaTOpa Ha MPOLIECC 3allyCKa JBHUraTells 3a CUET €ro BKIIOYEHUS B
NapauIeIbHYI0 CXEMY.

2 CoBMECTUMOCTH C JIPYTMMH, IPUUYEM C TPOU3BOJILHBIMU IPOTPaMMaMH OTHEBBIX HCIIBITAHUH,
YTO 00€CIIeUNBACTCS MPOCTHIM OTKIIOYECHUEM MapauIeIbHON BETKH.

3 3HauUTENbHOE YBEIMYCHHE AaMIUIUTYIbl KOJIeOaHWH BXOIHOTO JaBICHHUS B OKPECTHOCTH
«HYJIEBOI» 4acTOTBI, KOTOPOE JOCTUIaeTCs 3a CUET BapHallMM Mepenaaa JaBjIeHUs Ha JPOCCENIbHOMN
maifbe mpu MyJIbCUPYIOLIEM MEpenycKe TOIUIMBA Yepe3 MapajuleIbHYI0 MarucTpallb, COCTABISIOUIIM
10-12% oT HOMHHAJIBHOTO pPacxo/ia Yepe3 ABUTaTelb (3aKOHOMEPHOCTH KJIACCHUECKOU THIPABIIUKH).

4 YHuBepcanbHOCTh, M0/ KOTOPOW IMOHMMAeTcs NPUMEHMMOCTh K mmupokomy kiaccy JKPJI,
IpUYEM 3HAUUTENBHO OTIIMYAKOIIMMCS 1O TsAre. /{1t 3TOro 10CTaToyHO CKOPPEKTHUPOBATh PACXOIHBIE
XapaKTEPUCTUKH (CONPOTHUBICHHE) CIMBHOM Maructpanu. Tak, Hampumep, OBUTM HCIBITaHbBI
JIBUTATEIU, TATa KOTOPBIX OTJIMYaiach MOYTH B Tpu ¢ mosioBuHON paza: HK-33 (tsra 150 1), HK-39
(Tsra 41 7).
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AxynoB BragucnaB AnekceeBud, O.T.H., JoueHT. OOmacTb Hay4YHBIX MHTEPECOB: JMHAMHUKA
KP/] xak 3BeHa B KOHTYPE IPOJOJIbHON YCTOMUNBOCTH KOCMUYECKUX PAKET U KAK UCIIOJIHUTEIBHOIO
OpraHa CHCTEMBI YIPaBJICHUs, MOJEIUPOBAHUE CUJIOBBIX MOJEH ONMKHEro M JAIbHEro KOCMoca B
3agadax oT0Opa M MOArOTOBKH SKUMAKEH MEKIUIAHETHBIX KCIICTULIIMN.

METHODOLOGY OF FREQUENCY TESTING OF LIQUID ROCKET ENGINES AS A
DYNAMIC LINK IN THE LONGITUDINAL STABILITY CIRCUIT OF SPACE ROCKETS
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The author's methodology for frequency testing of liquid propellant engines as a link in the
longitudinal stability circuit of a rocket is outlined. It was tested on firing stands, which showed high
efficiency compared to Russian and foreign analogues. The important point is the following
circumstance. The main difficulty associated with creating a signal at the input to the engine in the
required frequency range has been overcome, which is the variation of its amplitude values over a
wide range due to resonance. As is known, supply pipelines have low hydraulic resistance, which
classifies them as oscillatory systems with a high quality factor. This means that acceptable input
signal values are achieved only in a narrow vicinity of resonance. As for outside the resonant region
and primarily at low, near-zero frequencies, the data of which is necessary for constructing the
frequency response, phase response, the amplitude is insufficient to record variations in the output
signal (oscillations of the DCS or thrust). Thus, it is necessary to correct the amplitude spectrum,
which consists in “leveling” it, i.e. decrease in quality factor.

The problem was solved by two relatively simple modifications to the PGSkh firing system
power supply system. Firstly, the pulsator, as a device that creates fluctuations in pressure and fuel
consumption at the inlet to the liquid propellant engine, is installed not in the supply line (series
connection used in the Russian Federation and the USA), but in an additional pipeline connected
parallel to the engine and carrying out pulsating fuel drain from the inlet to the THA. Secondly, in
order to suppress resonance and reduce the quality factor of the hydraulic path, a throttle washer is
installed at the outlet of the bench tank, which increases the hydraulic resistance of the supply pipeline
compared to the original (“standard”) value.

The important advantages of the proposed solutions compared to well-known examples
(Russia, USA) are the following. 1) No influence of the pulsator on the engine starting process due to
its inclusion in a parallel circuit. 2) Compatibility with others, and with arbitrary fire test programs,
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which is ensured by simply turning off the parallel branch. 3) A significant increase in the amplitude
of input pressure fluctuations in the vicinity of the “zero” frequency, which is achieved due to
variations in the pressure drop across the throttle washer during pulsating fuel bypass through a
parallel line, amounting to 10 -12% of the engine’s own flow rate. 4) Versatility, which means
applicability to a wide class of liquid-propellant rocket engines, which differ significantly in thrust. To
do this, it is enough to adjust the flow characteristics (resistance) of the drain line. For example,
engines were tested whose thrust differed by almost three and a half times: NK-33 (thrust 150 tons),
NK-39 (thrust 41 tons).



