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Ha IIpaBaxX pyKOMUCY.

JHuceprartiist Ha 3700yTTsS HAyKOBOTro AokTopa ¢iocodii 3 ramysi 3HaHb 15
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VY nucepramiiiHii poOOTI PO3MNIAHYTI MUTAHHS yIOCKOHAJIECHHS JIA3€PHOTO
nonrmuiepiBchbkoro BuMmiproBada mmBuakocTi (JIIBII) aepo Ta rigpoauHamMivyHUX
MOTOKIB.

JIABII € HayKOEMHUMM  ONTHUKO-CJIGKTPOHHUMHU  TIpWIaJaMHu  SKi
BUKOPUCTOBYIOTHCS JUIsl BUMIPIOBAHHS IIBUIKOCTI JO3BYKOBUX Ta HAJA3BYKOBHX
aepOJIMHAMIYHUX TIOTOKIB, MPH PO3pOOIIl HOBHX THIIIB JITaJIbHUX arapariB Ta
€JIEMEHTIB IXHbOI KOHCTPYKIIli, MPU AOCHIPKEHHSIX XapaKTepUCTUK Ta30BUX
TypOiH, yJIapHUX XBWJIb, XapakTepy Teull pIAUHM y MPUCTIHHIA 00yacTi Ta
BUKOPHUCTOBYIOTHCS B 1HIINUX c(pepax HAyKH Ta TEXHIKH.

OCHOBHOIO TIEPEBArol0 TAaKUX MPHIAIIB € JIOKAJbHICTh 30HU IMPOBEICHHS
BUMIPIOBAHHS Ta BIACYTHICTH iX BIUIMBY Ha CTPYKTYPY MOTOKY (O€3KOHTAKTHICTB).

He 3Bakaroum Ha Te, mo OaraThbMa aBTOpaMu OyJIO JOCHIIKEHI pI3HI
ACTIeKTH JIa3€pHOI JOMNIUIEPIBCbKOI aHEMOMETPIi, 3aJja4a BUMIPIOBAHHS IIBUIKOCTI
aepo a00 TIAPOAMHAMIYHOTO TIIOTOKY 13 3a/JlaHOI0 TIOXMOKOK J0 KIHIS He
BUpIIIICHA.

JUist  3MEHIIEHHS METOAMYHOI MOXMOKM BHUMIPIOBAHHS 3aCTOCOBYIOTH
reHepaTopy  MIKpOYaCTMHOK. Taka MOXuMOKa BHU3MBAETHCS  BiJICTaBaHHSIM
MIKPOYACTHHOK BiJI IOTOKY.

Ane Ha Buxozl (oronpuiiMadya MOXKyTh (HOPMYBATUCh CUTHAIH 3 HU3BKOIO
IIMOMHOK MOAYJIAIIEID Ta BiAHOIICHHSM CHUTHAJ/IIyM. BHUMIproBaHHS 4acTOTH
TaKUX CUTHATIB 301IbLIY€E MOXUOKY BUMIPIOBaHHS IIBUKOCTI MTOTOKY.

B nucepramii mpoBeneHi HAyKOBI JOCHIKEHHS, $KI HampaBlieHI Ha

3MEHIIEHHS MOXUOKH BUMIPIOBaHHS.



[IpoBeneHe oriHOBaHHS MOXMOOK BUMIpIOBaHHS IIBUIKOCTI MOTOKY. BoHM
MOJIISIIOTECS. HA TTOXMOKW ONTHUYHOI YAaCTHUHH MPHIaAy Ta MOXHOKH BHUMIpIOBaYa
YaCTOTH JIONIIIEPIBCHKOTO CUTHAITY.

MeToauuna moxnOKa BUHUKAE 32 PaXyHOK BiJICTaBaHHS MIKPOYACTHHOK BiJl
NOTOKY. I[HCTpyMeHTanbHa TMOXMOKa BHHHMKAE KOJM B 30HI BHUMIpPIOBaHHSA
OJIHOYACHO 3HAXOJUThCS OUIbIIE HIK OJHA MIKpouyacTUHKA. BoHa oOymoBieHa
PI3HUM YacOM BXOJKEHHSI MIKPOUYAaCTUHOK B 30HY BUMIiproBaHHS. [1Jig 3MEHIIICHHS
BIUIMBY LIMX MOXMOOK HA TOYHICTh BUMIPIOBaHHS MOTPIOHO OJTHOYACHO 3 Ja3€PHUM
JOTIUICPIBCBKAM ~ BUMIPIOBaYe€M  IIBHJIKOCTI  BHUKOPHUCTOBYBATH TE€HEPATOP
MIKpOUYaCTHHOK.

[HcTpymMeHTanpHa MOXMOKAa ONTHYHOTO JaTYMKa BHU3HAYAETHCS TaKOXK
BIUITMBOM YMOB TIPOBEJCHHS BHUMIPIOBAaHHS Ha PO3MOBCIO/KEHHS JIa3epHUX
MIPOMEHIB.

[Toxnbka BUMIpIOBaHHS YaCTOTH JOMIUICPIBCHKOTO CHTHANY 3aJ€KHUTh BiJl
armapaTtypH, 10 BUKOPUCTOBYETHCS.

[ToxubKy BUMIpIOBaHHS YacCTOTH JOMNIUIEPIBCBKOTO CHTHAJIY MOJKHA
3MEHIIUTA IUISIXOM  MJBUINCHHS TJIMOMHW  MOAYJALII Ta  BIJHOIIEHHS
CUTHA/TITyM.

B nmwucepranii po3pobieHa matemaTHuHa MOJENTb (OPMYBAHHS CUTHAIY Y
ONTHUKO-EIEKTPOHHOMY  TpPaKTi  JIa3€pHOrO  JIOMIUIEPIBCHKOTO  BHUMIpIOBayda
MBUAKOCTI audepeHmianbHoro tumy. Mojenp moOyaoBaHa Ha OCHOBI Teopii
po3scissHHs Mi. Monens curHany cTBOpeHa Jisl IBOX BUIIA IKIB:

- pO3CisiHE BUIPOMIHIOBaHHS NMPHUUMAETHCSA B amepTypi, B MEXKax SKOi
MO>KHA BBa)KaTH, IO HOT0 IHTEHCHBHICTh Ta CTaH MOJISIPU3AIlii HE 3MIHIOIOTHCS;

- poO3CisiHE  BUNPOMIHIOBAHHS TPUHAMAEThCSI B MeXaxX TEBHOTO
arnepTypHOTO KyTa.

Mopnens ~ cuTHaJly ~ BpaxoOBYy€  BIUIMB  Y3TO/KCHHS  PO3CISTHOTO
BUMNPOMIHIOBAaHHSA 3a  IHTGHCHBHICTIO Ta CTaHOM moJjisipu3aiii. OkpiM 1ux
napaMeTpiB PO3CISTHOrO BUIIPOMIHIOBAHHS HA MIMOMHY MOMAYJISIIT Ta BiIHOIICHHS
CUTHAJI/IIIyM BIUIMBAE CTYMIHb Y3TO/UKCHHS «EJIEeMEHTApHUX» JOMIUIEPIBCHKUX

cuUTHAaITIB 32 (ha3oro.



['mubuaa MOmYNAIii JOMIUIEPIBCHKOTO CHTHATY BHU3HAYAETHCA JOOYTKOM
KOe(iIlI€EHTIB aMIUIITYIHOTO, MOoJspu3aliiHoro Ta ¢a3oBoro y3rojxeHHs. L1
Koe(]illieHTH MOXKYTh 3MIHIOBAaTUCh B Mekax Bia 0 m0 1.

JlocnmipkeHHs, 10 MpoOBeIeHI B PoOOTI TMokazanu HactymHe. [lig dac
po3CisiHHA Ha chepUUHUX MIKpOYACTHHKAX, (ha3a JOMIIIEPIBCHKOTO CUTHANY, SIKUM
YTBOPIOETBCS MMiJI Yac MPHUIAOMY BHIIPOMIHIOBAHHS Y BHUTJISAII BY3BKOTO KiJIBIIA,
MOKe HpHiiMaTH Tinbkn aBa 3naueHHs 0 a6o 180°. Crpubox (asu curHamy
BIIOYBa€ThCS B TUX KYyTOBHX amepTypax, e KoediieHT (a30BOT0 y3TrOKEHHS
nopiBHIo€e 0. 3HMXKEHHS TAMOMHM MOAYJSIII 32 PaxXyHOK HEY3roJDKEHOCTI (a3
«ETIEeMEHTAPHUX) CUTHAIIB BIIOYBAETHCS 3a ABOX MPUUHH:

- 32 paxyHOK Hey3roJkeHHs ¢a3 CHUTHaJIB mig yac mnpuiiomy
BUIIPOMIHIOBaHHS B MEKaX arepTypH Y BUTIIAI By3bKOTO KUTBIIS;

- 32 paxyHOK TOTO, I[0 CHUTHAJU, SIKi YTBOPIOIOTHCS B MEXKax KiJIbIIEBUX
arnepTyp MOXKYTh 3HAXOAUTUCH y TIPOTHU (a3i.

3MEHIIUTH CTYMiHb HEY3rOKCHOCTI CHUTHATY 3a ()a30i0 MOXKHA 32 PaxyHOK
BUKOPHUCTaHHA (UIBTPY, SIKUM MOTPIOHO BCTAHOBJIIOBATH 3aMICTh anepTypHOI
niadparmu. Ile M03BOMUTH MIABUIIUTH TJIUOMHY MOJIYJISIIT, BIJHOIICHHS
CUTHAJI/IITYM Ta 3MEHIIUTH MOXUOKY BUMIPIOBAHHSI IIBUKOCTI.

Po3pobnena  KOHCTpyKIiss Ta  BHUIOTOBJIEHA  ONTHYHA  YacTHHA
eKCIIEPUMEHTAJIBHOTO JIa3€pHOTO JOMIJIEPIBCHKOTO BHMIipIOBaua IMIBUIKOCTI Ha
OCHOBI MOTY>KHOTO 10y 3 HU3BKOIO CTYMEHIO KOT'€PEHTHOCTI BUIPOMIHIOBAHHS.
J71s mepeTBOpeHHsI MOAYIHOBAHOTO 3a YaCTOTOIO BUIIPOMIHIOBAHHS PO3pOOICHHUIA
nepeTBopoBad. B mepeTBoproBadi BHUKOPHUCTOBYETHCS JIABHHHHMA (OTOMION Ta
HAAYyTIUBUN MIMPOKOCMYTOBUH MiACHIIOBaY (POTOCTPYMY.

[IpoBemeHO eKcIepUMEHTalbHE JIOCHIPKCHHS BIUIMBY 1HTEHCHUBHOCTI
PO3CISTHOTO BUIIPOMIHIOBAHHSI Ha TIIMOMHY MOJYJISIT JOMIUIEPIBCHKOTO CUTHAIY.
ExcnepuMeHTanbHO TIATBEP/DKEHUM METOJl 3OUIbIICHHS TIWOWHU MOYJISIT
JIOTIIIJIEPIBCHKOTO CUTHATY 3a PaxyHOK Y3TOJUKCHHsSI 1HTEHCHBHOCTI PO3CISTHOTO
BUIIPOMIHIOBaHHS.

B nuceprariiiniit po60Ti OTpUMaHi HACTYIHI HAYKOBI pe3yJIbTaTH:



- pO3poOJIEHUIT METO/ 3MEHIIEHHS TMOXUOKHU JIa3epHOTO JOMIUIEPiBCHKOTO
BUMIpIOBa4Ya  IIBHUIKOCTI  I[UIAXOM  MPOCTOPOBOi  (ijapTpaliii  po3CiSHOTO
BUITPOMIHIOBaHHSI, IKE MAa€ HU3bKY CTYIiHb Y3TOJDKEHHS 32 IHTCHCUBHICTIO;

- po3poOneHuii METOJl 3MEHIIEHHSI MOXHOKH Ja3epHOTO IOMIUIEPIBCHKOTO
BUMIpIOBa4Ya  IIBHUIKOCTI  I[UIAXOM  MPOCTOPOBOi  (ijapTpalii  po3CiSHOTO
BUIIPOMIHIOBaHHSI, IK€ Ma€ HU3BKUI CTYMiHb Y3TOKEHHS 32 TOJISPU3AILIETO;

- po3poOneHnii METOJl 3MEHIIEHHS MOXHOKH Ja3epHOTO JOMIUIEPIBCHKOTO
BUMIpIOBaYa  IIBUJKOCTI LUIAXOM  MPOCTOPOBOi  (impTpamii  po3CisTHOrO
BUIIPOMIHIOBaHHS, NPUHOM SKOTO TPUBOAUTH A0 (OpPMYyBaHHA Ha BHXOIl
doTompuitMaya CUTHAIIIB, IO 3HAXOIATHCS Y TPOTU(Da3i;

- po3poOieHa CTPYKTypa Ja3epHOr0 JOMIUIEPIBCHKOTO BHUMiprOBava
MIBUIKOCTI, B SIKOMY BiJIOyBa€TbCS KOMIICHCAISI HU3bKOYACTOTHOI CKJIaOBOI
JOTIIITIEPIBCHKOTO CUTHAITY.

[IpakTuHe 3HAYEHHS peE3yJbTaTiB JUCEpTaIliiHOl poOOTH mMOoJsITae B
HACTYITHOMY.

- po3poOneHWA METOJ 3a JOMOMOIOK SKOTO MOXHa BH3HAUUTH (hopmy
binbTpa.  BukopucranHs Takoro GUIBTPY B JIa3€pPHOMY JIOMILIEPIBCHKOMY
BHUMIPIOBaYl MIBUJIKOCTI, B SIKOMY PO3CisIHE BUIIPOMIHIOBAHHS IPUIMA€ETHCS BIIEPET
1IBUIILYE HOTO Y3TO/HKCHHS 3a IHTEHCUBHICTIO, TIMOWHY MOJYJIAII1, BIAHOIIEHHS
CUTHAJI/IIIYM Ta 3MEHILIy€ TOXUOKY BUMIPIOBAaHHS;

- po3poOJeHHii METOJ 3a JOMOMOIOI0 SKOr0 MOXHA BHU3HAYUTH (HopMy
¢inpTpa.  BukopuctanHs Ttakoro (UIBTpY B JIa3epHOMY JOMILIEPIBCHKOMY
BUMIPIOBaYl IMIBUIKOCTI, B SIKOMY PO3CISIHE BHUIIPOMIHIOBAHHS IPUHUMAETHCS Ha3al
MIJBUIIYE MOTO y3roJKEHHS 3a MOJISIpU3alli€lo, TIIMOUHY MOIYJIAIIT, BITHOIICHHS
CUTHAJI/IITyM Ta 3MEHIIIY€ TOXUOKY BUMIPIOBAHHS;

- po3poOJeHWA METOJ 3a JOMOMOIOK SKOTO MOXHa BHU3HAUUTH (hopmy
dbinbTpa. Bukopuctanus Takoro QuIbTpy JA03BOJISE IIJABUIIUTH CTYIIHb
Y3TO/DKCHHS «EJIEMEHTApHHUX» JOMIIEPIBCHKUX CHUTHAMIB 3a (a3oro. [mmubOuny
MOJyJNAL{, BIAHOUICHHS CUTHAJI/IIYM Ta 3MEHIIUTH NOXUOKY BUMIPIOBAHHS

IIBUKOCTI TIOTOKY;



- po3po0jieHl CTPYKTYpH Ja3epHUX JONIUIEPIBCHKUX BHUMIPIOBAYiB
NPU3HAYCHUX ISl BUMIPIOBAHHS JBOX Ta TPhOX KOMIIOHEHT BEKTOpa IIBHUAKOCTI
BIJIMOBIHO /10 CrielM(iKK MTPOBEACHHS BUMIPIOBAHb;

- po3pobiieHa CTPYKTypa JIa3epHOTO BUMIpIOBayYa, KU TMpPU3HAYCHUN IS
3aCTOCYBaHHS B TaKMX TEXHOJOTIYHHX TIpoIriecax Je OJHOYACHO MOTPiOHO
BHUMIPIOBATH IIBUIKICTH Ta JOBKUHY, HATIPUKIIA] TPH BUTOTOBJICHI €IEKTPUIHOTO
Ka0eto, MiJ Yac MpoKaTy MeTajy Ta B IHIIKUX TEXHOJOTTYHUX MpOLecax;

- po3po0iieHa CTPYKTypa Ja3epHOTO JHYWIBHUKA aepo30JIiB, SKHI
OpU3HAUYEHUN JUIsi BU3HAYEHHS PO3MOAUTY aepo30JiiB 3a pPO3MIpOM Tijf dac
KOHTPOJIIO AKOCTI TIOBITpS Yy BHUPOOHMYMX TMPHUMIIICHHAX €JIEeKTPOHHOI Ta
dapmareBTUYHOT IPOMHUCIIOBOCTI;

- po3polJieHa CTPYKTypa JIa3epHOTO JOMIUIEPIBCHKOIO BHMIpIOBada JBOX
KOMIIOHEHT BEKTOpa IIBUIKOCTI BiOpallii MprU3HAuYE€HOT0 JJIsl 3aCTOCYBaHHS ITi]T Yac
CTEHJIOBUX JOCIIDKEHb aBiaJIBUTYHIB, €HEPreTUYHOIro OOJIaJiHaHHS Ta IHIIOI
TEXHIKH;

- po3pobIieHa CTPYKTypa JIa3epHOTO BHMipIOBada JBOX KOMIIOHEHT BEKTOpa
ICTUHHOI MOBITPSHOT IMIBUIKOCTI 0€3M1JIOTHOTO JITAILHOTO anapary.

KarouoBi cioBa: BUMIpIOBaHHS, IIBUIKICTh, a€po Ta T1APOJWHAMIYHHIA,
MOTIK, Ja3ep, MOMIJICPIBChKUN, MOXMOKa, TIMOMHA MOIYJSALIi, CHUTHAI/IIyM,

IHTEHCUBHICTB, MOJsIpU3allis, pa3a, po3CisiHHSI.

ABSTRACT

Dyvnych V. M. “Improvement of Laser Doppler Velocimeter for
Aero/Hydrodynamic Flows”. - Qualifying scientific work on the rights of
manuscripts.

Thesis for a PhD degree in specialty 151 "Automation and Computer-
Integrated Technologies". — National Aviation University, MES, Kyiv, 2021.

The dissertation deals with the improvement of the laser Doppler

velocimeter (LDV) for Aero/Hydrodynamic Flows. LDV are high-tech
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optoelectronic devices. They are used to measure the speed of subsonic and
supersonic flows.

These measurements are carried out in the development of new types of
aircraft, in studies of the characteristics of gas turbines, shock waves, and in other
fields of science and technology.

The main advantages of such devices are the small size of the measurement
zone and the lack of influence on the flow. Many scientists have studied various
issues of laser Doppler velocimetery.

However, the task of measuring the flow velocity of a gas or liquid with a
given accuracy is not completely solved. microparticle generators are used to
reduce the measurement error.

This error is caused by the lag of the microparticles from the flow. However,
at the output of the LDV photodetector, Doppler signals with a low modulation
depth and SNR can be formed.

Frequency deviation of such signals increases the error in measured flow
rate.

In the dissertation, scientific research was conducted that aimed at reducing the
measurement error.

The error in measuring the flow velocity was estimated. Errors are divided
between optical part of the device and Doppler frequency meter.

Error arises due to the lag of microparticles from the flow. Instrumental
error occurs when several particles enter the measuring volume.

This error is caused by difference in timing of particle entrance to
measuring volume. To reduce the effect of these errors, it is necessary to use a
microparticle generator simultaneously with the LDV. The instrumental error of
the optical sensor also arises due to the influence of the measurement conditions on
the propagation of laser beams.

The error in measuring the frequency of the Doppler signal depends on the
equipment that is used. To decrease frequency measurement error is necessary to

increase the depth of modulation and SNR.



A mathematical model of LDV signal in the optoelectronic path has been
developed. The model is based on the theory of Mie scattering.

The model 1s designed for two cases: scattered radiation is received in the
aperture, within which it can be assumed that its intensity and polarization state
does not change; scattered radiation is received within a certain aperture.

The signal model takes into account the effect of matching the scattered
radiation on the intensity and state of polarization.

In addition to these parameters of scattered radiation, the degree of phase
matching of the "elementary" Doppler signals is also affects the modulation depth
and the signal-to-noise ratio.

The depth of modulation of the Doppler signal is determined by the product
of the coefficients of the amplitude, polarization and phase matching. These
coefficients can vary from O to 1.

The studies that were carried out in the work showed the following.

When scattering on spherical microparticles in the phase of the Doppler
signal, when receiving radiation in the aperture in the form of narrow rings, it can
take only two values of 0° or 180°.

The signal phase jump occurs on those angular apertures, where the phase
matching coefficient is zero.

The decrease in the signal visibility due to the influence of the inconsistency
of the "elementary" Doppler signals phases occurs for two reasons:

- due to the inconsistency of the signal phases when scattered radiation is
received within the aperture in the form of a narrow ring;

- due to the fact that signals that are received within ring apertures may be in
antiphase.

Reduction of the degree of signals phase inconsistency can be achieved by
using a filter that must be installed instead of the receiving diaphragm. This will
improve visibility, signal-to-noise ratio and accuracy of flow rate measurement.

The optical parts of the experimental LDA were developed and
manufactured using a high-power laser diode with a low degree of radiation

coherence.



An optoelectronic converter has been developed to convert low-intensity
frequency modulated radiation. It uses an avalanche photodiode and a sensitive
broadband photocurrent amplifier.

The effect of scattered radiation intensity on the modulation depth of the
Doppler signal was experimentally investigated.

The method for increasing modulation depth of the Doppler signal by
matching the intensity of the scattered radiation is experimentally confirmed.

In the thesis the following new scientific results are obtained:

- it 1s first proposed to increase the modulation depth of the Doppler signal,
SNR and the accuracy of the laser Doppler velocimeter (LDV) by filtering
scattered radiation, which has a low degree of intensity matching;

- it 1s first proposed to increase the modulation depth of the Doppler signal,
SNR and the accuracy of the LDV by filtering scattered radiation, which has a low
degree of polarization matching;

- for the first time, it is proposed to increase the modulation depth of the
Doppler signal, SNR and the accuracy of the LDV by filtering scattered radiation,
which results in the output of the photodetector signals in counter-phase;

The practical significance of the thesis results are:

- a technique has been developed to determine the shape of the filter. The
use of such a filter in LDV with the reception of forward scattered radiation
increases the intensity coordination degree of radiation, the modulation depth of
the Doppler signal, SNR and measurement accuracy of the flow velocity;

- a technique has been developed to determine the shape of a filter. Using
such a filter in the LDV with back scattering radiation increases the degree of
polarization of the radiation, the modulation depth of the Doppler signal, the
signal-to-noise ratio, and the accuracy of the flow velocity measurement;

- a technique was developed to determine the shape of the filter. The use of
such a filter in increasing the degree of harmonization of "elementary" Doppler
signals by phase, the modulation depth of the Doppler signal, the signal-to-noise

ratio and the accuracy of flow velocity measurement;



- two and three component laser Doppler velocity meters, the structures of
which have been developed in the work, are intended to measure the flow velocity
according to the specifics of the measurement;

- laser Doppler velocity and length meter, the structure of which is designed
in the work, is intended for use in those technological processes where it is
necessary to measure the speed of solid surfaces and their length. For example,
wire during its wiring, electrical cables, rolling in metallurgical production and
other production processes;

- laser Doppler aerosol counter, the structure of which is designed in the
work, is intended for use in those technological processes where it is necessary to
determine the quantitative distribution of aerosols by size. For example, to control
the state of the air in industrial premises of the electronics and pharmaceutical
industries;

- laser Doppler meter of two components of vibration velocity, the structure
of which is developed in the work is intended for the study of the nature of
vibration during bench tests of aircraft engines, as well as during the study of
vibration of power equipment units, automobile engines and other equipment;

- laser Doppler meter of two components true airspeed of unmanned
aerial vehicle the structures was developed.

Keywords: measurement, velocity, aero/hydrodynamic flow, laser, Doppler,
error, modulation depth, signal/noise ratio, intensity, polarization, phase,

scattering.



