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MULTIWAVE OSCILLATION OF NEODYMIUM LASERS
ABSTRACT

Multiwave lasers are an important area of research in laser physics due to their wide range of
practical applications, which include environmental monitoring, lidar applications, terahertz
generation, and optical interferometry. Such lasers produce- tané spacesynchronized laser
radiation at two, three, or more wavelengths using only one active element. Aviwedaser based
on an anisotropic active medium Ror AlQ; simultaneously operating at three wavelengths of 1064,
1073 and 1079 nm has been deped. Using an isotropic active elementNdsAlsO12, a laser with
switchable radiation at two wavelengths from the spectral range of-1349 nm was created.
Various methods of controlling spectisglective losses in an optical resonator for creating a
multiwave laser are considered.

SOLID-STATE LASER; MULTIWAVE OSCILLATION; NEODYMIUM LASER; DIODE
PUMPING; SPECTRALLY SELECTIVE LOSSES

17


mailto:kuzma@itf.mpei.ac.ru

] 51 ) d5dzO H YOI zO e ts H daB® Y R dz® Iy i B OV ¢
c{dflsdud mM&dd RBilssHr di
[ 5MC0s di04d s d205¢

L | $32.5.032,532.582.31, 532.542

zjfMsOStse [ . 1.
Rdzisdlskzls IsjfasWdLrdSd d&i. .. sklsOlsj &zOH
630090) so s f M jSls ¢ C OH j &Sl EmpilOmadnve@gmailsom
R (rfJod v R JJRCVRC sd{fr4]J o218 Ut UR
1o #f[rzr1 R R "#uvtuLvsvuvtuL vryY[r1RrRCc 1 vysf

brv1JUvdARC

vjyjdedw © EZLSdAR LOLBKOR R OtOCIsj tode Hdzv 4 dz
kjfdtseor Hjdvshdn MmestesS. | §EYSOs M ksl ds?
Odzd L sistetsf dzO d -k daty ds@[fy "y B fffted sH d yd M¢ d d3q
ftosHtsdz dets?2 d ff st J toff ldzisi Is emiC dedetth)idyggdf Jjedpds Bdz® tc O n d3d
f sHS OO dZO 3 . 1Y ts ty@BHiisSjo to ] di3j dedzts e 5 ff to PlJARLIBZ] v o3
dmimdzi Hiseo Odzts o dzd W dzd j , frfttedrj@Boded NdzRM W ) IdddAREOgtz@ sy
M3d "ddedd d €S9 0L d{lgkstgdbs Hig[juy ndedz® dnlskelzrCsd3 L OL St6] .
Yylsts CwsdzjBdze h OWwfqw Mlstekzw 1 WW jClsdodess otsLHj2MIse Iz,
IS4 yd ded v . -Llf/® de@AdBS A LH Odz! desB 52 dzsisd Mistelzd tsB dZzOMIs
sls fOcORjIstcso L OL®Bc®, COMPEBO Hj i GdzO t j 2 desdz' H

sl ,PIUM WPLIF,so1 6] 3 af Lr1ufs unfttd¢f1z, ¢ & o s,
mw11t guvtusl 3 Jubdffebdbeodcuc swutuLC

c

Florrure

m® hjdedw detOsls GitejHjdVs s B

tj OCkttedr 7 kimsOdss 6, CGHJ HEs
d CtdeyjdesteOydd L OdjHdAdls) dv weo dw
d5 eyt CYods Oaf ts@asdzd ol dzts des fd Is j dzw
~ d ddsjdzmd¥ dydelzs " dr 4 dzj d&3j dalstse
MsOdzydielzs " 7 tojh jlssC d Htkedj o
] d3d dzls T tsB dzOH O¢¥ Isqd J tstety diafy d tdz] © dzff "z af3ts
jckdzdtetso Ols:  ddzsj dzid o datsmis:  Isj ff dztsc

5
&
N o
=
=)

&“SB“WO
"TNg&<
~— U:E_‘Q
> ® Q
§9 T - o
q_q@-QnD“

@

s () 4 O e D

WO;_,C“—.S"EES‘C“&S‘H
A R =l =R

‘119 _ 50200 g
QFONgoOF

ShdzjHdzj j otjcB" HEY bftOodj dzdv §tesyj mhod
ftod di3j dgv Is! Mbstk2dy j sShydddyksser . Clkd kil
UiMCdrn ftdasyjddvs, oCds yow bifwOs dj ddj
Edﬂm dj &sfOksS kktsdd [ 3], ddisjdhd¥dscoyds ¢
btekz2 dgr &8 Shydddy sstcOd tBkhmdssdj d dn N shss dat
Mestesfmisj2 d yOfjssls CodjsOdd?2 ftd slkhkzlshlss
©OMY tetsfls tc O dijotdd j i lsfiete®idal j shyddzdy sster ) Ho bk dw
Cslsster 7 YOMlsslsO OolksCtdjsOdd?2 Mstkd dddj? ds L
utsotej Bjdzder § {SMYjtedd3j desOdz dz' § dMMmdzj Hise Odzd
fasjh jdedw o dBSHjd df 7 EMlsOdsa ¢ On OCkdodets dMy sd

18

w
]

g
Q,

1
Is
Is
H
H
f
s
Is
f
)
s
|


mailto:kuzma@itf.mpei.ac.ru

article Image Velocimetry) [7]-1d]PLIRE (mFElda rc:
gd3j dzd ded i fssLotdw il f§ftsdzyOl! Ctshifdj CMmd j ¢ td
v Mestsmisd d Ctdyj desteOydd, O s GStEz] dzda dgo dzd
teted dzv ydd.

Ajdz s ZOMmMlstswh jets dMMmdzj Hise Oded W weo dzw j Isfyw 1 G
Ctdzjg Bzt M j 2w Mlstekzd, cjdzjtedtolzj 3?2 Mtk d &5 ts
ftoesyj M Mg hjdedw o EZLSBBB BiySO0dOdz desds L OL 5
oL sy desMisj 2 f OQdsdipdiafs'c s QO3] steORBd Md3j M j dedw o
6y ddsse Isj uj ded ™.

(P
it
i
¢

J1IRBO VR Csul[RI[1UD

CCMmyjteddsj delsOczr dz | dMmidzj Hise Odzed ™ o dzd W ded v S t5dzj
i h jdzdj o kL C B af@vEtsir st odssR] ®RIOREO dzj H dzd dzts 2
ftesL Oydzts? d dzj ftetsL eOyYdets?2 yYOMmilsj 2 tcOo dets? H dzd dz
UGB EEOL dZOW oMis0sCO HAadds?2 360 &E.CdlsRgEdkd: §ow
hdtoddes?2 15 sz, Ctslstste’ 2 wWOLHjEZVdZ COOdz dzO Ho O
idHE dddd. 1 JjftsL cOydOy yomls! MOBgHicy O&D Ho O

- 1,2,3,4
obnacru
HIMCPCHUS

Jjlasep PLIF

Kamcepa

JHXPOHYHOE
3CPKANIO W
oIrr. GUIILIPhI

roja4a
dioopodopa
/

OI IIOTOK ‘ ) . B
{dmul 1 Y sKE®BYE MY jtoddj dZsOde dats?2 k2 fyls Odat

10 9onfBH] fteL tcOydzsets EZyomsec © oHGA ofmj 2 |
shydddyistste f M ezt Gizz ddGlstig@mMiE 2z sdidg)ds d k¢ dzts o3
ViNsOdzts9 C O BM dzO dazlsjctcdtetso OdzO o S dHtetsH d dzOd3d yJ M
ZOMmMsmMsds d tOMmn tSH A tesd3, dmf sdz' Lz h 2 Hd Misd dz
YdHSE M. [Mdeseo des? § slsts$ RdD a8 R@dD L, s dc@dgfiff)y d s dOfigt
GdHWLOs dzd yj MS s d3lz 6 @ B &35 iy Uzis @ fiedshirfip g elzelzf OW M Mistelzw
fistelz2 dz" 8 shydied 6fsBsd sls " § tedRg et OB
150d3dz) . 1 0Msm B MfJydoOdz fsHOyYyk Y dqHStsmisd )
200d3dz/ d3q dz, Ylsts MmMtstslso jIsMmise tso Odzts1850. ¢ ffalkrlz ( tidaizts dz'o K
odzdwdedw CtsdzjBdz¢ N J2MW Mstelzd dzO fetsyj M Mdiih g
f csHO9 Ozl o tsHdzr 2 wOMotste Wdzt St StcO didds W@ dir] df
Codzyj delstcOWwE 4 2z § B@ O Odziw Yd tedtL d ¢ dzlz, 9 3ts dzls d t

1¢



dzj f tetsL cOydets?2 yOMmlsd tOBtsYjets kyoOfmlssk OfNs fip jda dzdins Bk
HdzW B OdzOdzdietseo Cd folstsCtso ootsHJAZMW tOoder 2 B §

RYJUtRrRUL]?160C wrRuUL]O

[Hdzsotej dBj dedz’ j dL Bjtejdedw fdzj?2 MEtsteshmisd d ¢
Mddemn tcsdzd L qtctso Odzgdz » o™ MsC sME StetsMisdgr = MdMmisj &3 P
L jtel Odzts. RL®Bjtedlsj dz2 dzOW fdMmlsj 30 o GO D dzE5 2| {f Gz
301 Is) , His)(ljtsfné:fisfn;;isfr]lsdzf ' COdj ter Photron FASTCAM
(f=105d3d3) d tsflsdyud i Qd@dGONddﬂﬂﬁlﬁf@@@B)(5@0|S®g>u ) d den
ftcsyj Mifste BNC ( B erkeley) [ OL Jtedzr 2 dzzy W tsted3d te
sB dzOMisd d L R el fgds & BtcOMMJ tetse MY sdz! L s Odzd !
20 BS B d f dztsls dats f|1IstWB fiflts, 00dpj Naj/dbyfdy f dztsC sflsj 2 H dzw

ydqd 4t

Cdeyd dzlstc O d di3j dzv d&zOfp! COdzdB et SYdzOW 3dh j dz

sOdzdstcsoa €O dBKBIJISBHO PLIF ftotsotsHddzOMm! fts dLoejm
CteOMd IsGFdzW0 gC @, 5 hBc/ dz) , Yyt tsLodddts EkMmlsOdzso c
ddzilsj dzid o dzsmisd o COYHBAR Hd¢Mmjdz dLsBtcOY J ded W

9" {f tsdzdzV dzd ! 9 IsWg sfotc jiidc j Belzz@M f dztsmME sMisd kL CSEts
2000¢ OH te/ M. ] COYHBAR SMfjteddiB33 8z2B) dicts B f DI jodztb B 0 €
(1024711024 fd¢fm) d Wdzt sty Myd dzlsdzse s CteOMdlsy d
flescteOBRdsE tsBj MY j M) dgdd sczAc tso Dl | dswél Is j 6 Oy d ts da
Odze stedIsdBO d dzd ftoj tor o dzese s Mmd3d h j ded w ttOMmud sdets@
ftosotsHddzsm: o Hoj dljttOydd f tOLwjh jdedj s 641 6
cOLtjh jdzdj O, 6610, 66 ok dO tsH]d 9jClststs.

trrvf?2uvoug

CCMmf jtod dBj dels Ozt detsj
By ssHsd PIV f or mMsCd
OolstsSCsdzj BOdzd2 flstelzd,
oL BEzYH]ddy fistygae ofiafdoe
Il slhilsmMlseadi ¢jdzi cOyd
OdzOdzse d ydetsj Mmdzj Hiz L
CtoOdzd yj &0 wQd M2 N
ttOMmy tej Hjdzjdzd j a3 S teOf
9rLM"90¢1Ils IskteBbkzdzdL Oy
CteOdzd yor- Ttz tcd o tsH
GtcOHdj dzls dzr 7 5B dzZOMls j 2 d kdgjde hjdeds T OEBOCIS
1 OB dzE HOj 3" dL d3j dzj ded v ModHjlsjd Mlsakzs s B doc
5B Iz fydzts @ aiaf Aiadzgse " &3 j o datsjswsih of of @z dgd)lsld j dJ dzd B d3d o |
10 tdfm. 3 ftcj HMisOo dzj dzr Md den totsdzdets L d3d o o
Csdzyj delstcOydd, O OCyj] tjLlkzd sOIs dr Mo d3j " j dedw
Isj yj dzd v dzOB dz¥ H O] Is W o tiB@EAHTINS | tdf dis@iyd 3H,j ddgdztdiRdz j fiHCHs to ts iy Is
(ted ./ B3O ded ) j dzdets?2 MC stesMmisd o 1ffsdzls o @ tdfiplids 2dg 5 O
dzts € O dz! dzOftd3j ydgthadiz HidNO, Z dz! IsOIlsy ctOdzd YO t©OLHJ ZO ydf
ddzd s udsCdiy Qg detsd®adds’ &3 ©wOMYtej Hjdzj ded j B3 S sday
GtcOHd j dzglsOd3d ( ted M. 3B) . lojHjded] HBY sdzdedlIsj dz' dz
Csdi3f j el fls MSC stetsMmisd  Isktes kzdddte dfig.z j Is6 )f .slssst€dzp
Hody Jddj Mmistezd d Mmodruj@edets ztdise deyf o3 Is 2w g bzdzj dzls dz
SBtOL 5o Odzd ¥ dzgj sHdzstecsHdetsets twOMftoj HY dzj dedv € tsdzy
fmMkh jMlse jdadets ddzlsj demMdW dydickzjls ftesyj MM Isktes zdzj dzls

ot d3sd dzdzr of3 tGOLtGJthszc

Mse dzOMEkjIsmw ) H Odzdze"
dls ¢ MmEkh jMmls aszdzJSQ Is tc ©
d sdzj BOdzd?2 (tedfm. 20) o
ESB J C104 |3 din s Qs@F 1B teRlpEX s
J

MMz HBe Odedy HJAZORdSd Mmls
&

yls ts

SH

¢
Is
smisd d CtOMmMdlsj dzw ( Hdzd c
dzw ltced oetsLBEYHjdddd ¢ d
ls;quzq’W BMXZzOGBHOtewdz@&B tc OL
C WtkOedzd dzsOydd cteOdzdyr

y
©
dH
qdls
q's

Is

2C



B

tdfm. 2. { Omydg iVl Qzdej WAk sHej L B fIPY Wi dldsjddeth O dzd v d3d
b sqtodzs? dedazd j2 §BCOLOmRE Yyj dstOd dat

4 ftjHflsOs dzj dz otej dsj dede’ § Myd dzdzs
2w fltekd d&20 HJZOKBICE Isjujddy J ©Of
jedlsj &z dzs? ©B d&ZOfMIsd. wOs dzj dedj MYy dzd
dem\sdz'fnflsjs&JQ (StOMmdzOw dzddedw) or wodw jls Tk
i sjujddw. | skihklhlssed) Mistekd dL dj dzj

m Ctolzf desdsOMh sOB dz' 5 Ctsdzj B Oded ™ B o
L 82O g Is Dits dz@Wis dfifiy], dA@)d dzdz@edref Y o S 5dzj B dz
@O qL d3j dzv j IBfigizj | dzO@ sdztsis @ IS M) vS o O L G tisdp jzdke ws@iay df
SNOdsj dedd OBy dzdlskrnr §hkd MOYyd2, des M fded
Isd e dzOW CtcOMdzOVY  dzd ded “9)J, defgflsl t6f € 1@ o) o § 14 jtedz'yfy ldnem

S~ N F 11O 20

SFEOF OO0 OO
NOF“§ 8 33 Q~

1 1 Il
0.5 0 05
x/D

0)

15 1 ! | !
-1 05 0 05
x/D

G)
tdfmMudz3 o0 OO ts: dBedse jdedets] §tsdzf MEtstesMmisd,
vo gl ddj BJL € tsdffdedias 2 19y grdpes@edzify i3 Mtz

21



d dzdzts ¢ tc O 33" fsfjtoj ydes?2 MEtstesMmisd HJ BsdMmisted tc!
JBOddY, ftedujd3 etsLHj2Mised] Mistelzd (JusdrSH dIs
j ClstcOdzr dzr 2 0OdzOdzdL Y BBHIs9 jtey HOJjIs 1 tsfglstdOjplzs m g (
gdzdtekze h dr  d <5 yz@ WVAMISSIgAR U2ASeHO COC B L
dzdzBdsSdzj § dzd L OBRYUOMIsEIs]

04 c (mg/l)
— Wake x'D=0,y/D=2
—Jet xD=0,y/D=2
T ¥ T . T J T T 1
0 0,1 0,2 03 04 t(s) 05
0,3 4

O]

o vx(mfs)

15

-0,15 4

vx (m/s)

1 —Wake xD=0,y/D=2

—Jet xXD=0,y/D=2

-03 ' T ' T T T T ' |

0 0.1 0.2 03 04 t(s 05

tdm{ fD4ICdedZBGtGOd3d3’ ¢ wgyigsdazly el d  (,0) § 5 It s,
ssyYs On, tOMYos dadpydj dede’'Srise s L OL 56O o yYj o

&
o
&
Q

L tsftej Hde dade' 7 HtetsW ddzj 2 € sde)j dzlg teyBgafnds todf
jdzt detsj odzdwdedjy SCStdzjBdzE M j2Mw Mlstckzd dzO
J MejHdedr L dzOyj ded?2 Ctsdayj delstcOydd fftod d3j te
tstc O, ylsts wselkzMmdztse dzj dzts ddelsd demdW d S Oydj 2
f shOB &)@y kctj fizS fiptOh | dzdzs?2 Y dH S MIsd o ,f tsslsd
Hijlsjdz Mseakzjls hdteddzO ftesWddzw fkdz MOyd?2
ftsot@QO“St);tqudzJ fzdz? MOyd2 Ctdzyj destcOydd do3
EmMdzso dzj dets HtsBOo dzj dzd j o3 o ftslstsG HESY sdzded
IS5 RO 500 dzj dzd®  fSCO YdC  fkd MOy f
jdgdzr 8 L OEROddj & (ttdhm. 58B). 1 ikl
steOydd MR stedyjd M FOSMdEBEzBsdlss g &
Jtetso Odzd j BC E@PdAd ytz' p SHOWLOC s tedzg’ B Hdzv fdzj
Ojlsmw tc®ffldzy tc jodipdgj HHtesdj] ©WOLOdIlsdw Mmdzisy o
EHr o OdzHtcd tctso Odad v .

azj Hiso Oded§ MistekCilteo ™ By zted ¢ Oed pOdz5 alztsj d
dz" = HodxyJjded?2 Htod 6jdzaj sOydd Ctdzj BOdzd?2 |
fstf jtoj ydets?2 MestesMmisd Mslse jlsMisakzjls otsL
Jd&3 odzj M dzj 2 NdHSCtsMIsd o LOLtste [ 15], d d
dzj dzd® HslssCO. 1tod dOdzduydd StdzjBdzs A j2fmw
kMY dz0 fteskdotyf sy dsj, vyt ModHjlsjd f
S Jtej yd i3d ¢ o dzjslomilefivicfe diyls tiplaftc /g = 2) B dzd
dIsmw Mmdddjistedydz” 2 ftesWdd §fkzd MOoyd2 {(t

— O

N o
g

“o-gg
;qu 0&3: W“"&-H#QOG

= =30

w ©

R

'-Ct.ﬁ_m

QKILLR_

TIgg

=)
=)

g2

BgLas

Q- 5 G =
Q—.

O " rOFFT QO-FFITE
&

geoago=s=s 0garefeslIII
S

B
T
O}

22



LOLBtO, dzsCOddL o Odzdz" 2 o ftjHjdZOR jet N dtedds .
MsOdso dlsmw Bdzj j fodtseddd d tOmMhdtew jlsfwy dzO o f
fesyjmMmse Mk " j dywea d @it dalBe dzj yd ddj o dzj "
ftedd3r COshdn COdOdztse d ko j dzd uJj dzed J oGl QiExAsfizdHls | des
lted t©OBSslsy Mbtock2dscects sMydddystscioh Eodads@] dadte Biizd
fezdz MOyd?2 Mt JquiBcgtewd®,h OQ Isjcts W stcd3O MlsOdzso
Il sLded C O Belsj O v  esW d dedgs 2 oteQLAAAOY JT? IINEWtetsMmisj 2
COdZOdzOr. | ODEOMMOHBYdaffds H O f kdzr MOYyd?2 MmMEtstsMmisd
ftesWdd ftedsBtejlsOjls Mdddsj Isted ydzze Wstedse M yJlsr
oBdzdLd cttOdzdy LOLBtO d Healkzd3w o yjdzlstcOdz’ dzr = tsB

| = Wake yD=2 * 4 —wake yp=2
---JetyD=4 <{,) -==Jet yD=4
V46— =——JetyD=2 G 04—~ =——JetyD=2

g’ - = = Wake y/D =4 ' = - == Wake y/D=4
o

-==Wakey/D=4
1 = Wake y/D=2
-==JetyD=4
— Jet y/D=2

20,08 —

0,06 —

0,04 —

B L N B N R L R R O S I N R R
9 -15 -1 -05 0 05 Typ 15 G -1.5 -1 -0.5 0 05 Twp 15

tdm) 6&W ddzd ©Mtej Hdej dede®f) YLrsfdgutg Jdaldat@Py dfigfS & te s s
d ¢ i HddnOndld dikeg)oyd dne)stshls d

108 OY[L1RY

) tetso jHj dedetsj dMfdzj Hse Odedy RBjbsHOB] PIV d PL
sLosdddzts dqLiEydls! eoddwddy SCdzjBdzt b j2Mfw Mmlstelzd
FLCtsds LOLBt]. wddmtetsdeds § dL d3jted dedw d3c datso j «
| ZstcOdztsigE BMisd L OL 5O S OLOdd, vyt Csdjs Oddw
jteJ BINdoOdzdd LO Mmudl dgjMmMisdz Cdr & - Odzd L d3ts o :
teBkzdzdL Oydd fsksstCO0 (d ISBtsOLtsa(Ddzq’W MHeadcetsor a 9
dzj uj deflsdH  HdzOC 5 5B dZOMls: + WW jCIsdo descts- fdsj P
BOds?2 HOd datsB 52 dztsfiyls o QtstJdeBh My msekzd. S
? Ltdy GijHjdveEbkmYy ¢jtsdjstedujMSd®rd OO
Y decvindidlz  j 2 desdzr HMO Mstelzd . 1 sdzlz yj dedz" § tc j
q’d313fr]lsJ Hdzw ftse jtoh jdeMiso s Odedw 1 dzj e jIsd yj fi
ssBd 2O d dBwOMMEsSY jtej dzsMO o EZLCdrm L OLBOR W

- "TrTrNOSC 0
q_g_b%w@m KT 99—
S000F

s

N ﬁ'
'\)3

j HB9 Odzdd f SHHJ to) Odzts - 22022 8zIstipsH rs¢f. (u/projegcti24s O dzls
) d 1tOQoadljdz Mo O | scosMifed s 522 68 ZOHEG

N
©
N
o

23



gl Ru[[SRULT QUL 3

1.

2.

10.

11.

12.

13.

14.

15.

Phillips E., Wygnanski I. Use of sweeping jets during transient deployment of a control
surface // AIAA J. 2013. 9. 51~ 4 p. 819828.

Schmidt H.J., Woszidlo R., Nayeri C.N., Paschereit C.Crluidic oscillators for bluff
body drag reduction in water // 54th AIAA Aerosp. Sci. Meet. 20p61HA.2.

Hossain M.A., Agricola L., Ameri A., Gregory J.W., Bons J.P.Sweeping jet film
cooling on a turbine vane // J. Turbomach. 201@.V 1 4 1R. TURB(18-1257.

Guyot D., Paschereit C.O., Raghu SActive combustion control using a fluidic oscillator
for asymmetric fuel flow modulation // Int. J. Flow Control. 2009I.V1. ) 2.
Pp. 155165.

Zhou W., Yuan L., Liu Y., Peng D., Wen X.Heat transfer of a sweeping jet impinging

at narrow spacings // Exp. Therm. Fluid Sci. 20161. \XY03. Bp. 89-98.

Ostermann F., Woszidlo R., Nayeri C.N., Paschereit C.@Properties of a sweeping jet
emitted from a fluidic oscillator // J. Fluid Mech. 201&I1V357. . 216238.

Nguyen T., Goth N., Jones P., Lee S., Vaghetto R., HassanPVV measurements of
turbulent flows in a 6%in wire-wrapped hexagonal fuel bundle // Int. J. Heat Fluid Flow.
2017. \bl. 65. Bh. 4759.

Wang X., Wang R., Du S., Chen J., Tan $low visualization and mixing quantification

in a rod bundle using laser induced fluorescence // Nucl. Eng. Des. 2016305.

Pp. 1-8.

Eltayeb A., Tan S., Ala A.A., Zhang Q.The study of the influence of slug density on the
mixing performance in the reactor vessel, using PLIF experiment and FLUENT simulation
// Prog. Nucl. Energy. 2021.0V. 131. P. 103558.

Li X., Mi Z., Tan S., Wang X., Wang R., Ding H.Experimental investigation of fluid
mixing inside a rod bundle using laser induced fluorescence // Prog. Nucl. Energy. 2019.
Vol. 110. Bp. 90-102.

Borg A., Bolinder J., Fuchs L.Simultaneous velocity and concentration measurements in
the near field of a turbulent lopressure jet by digital particle image velocimgttginar
laserinduced fluorescence // Exp. Fluids. 200bI\81 -~ 2 p. 148152.

Shestakov M. V.Experimental study of flow dynamics of a sweeping jet in a slot channel
/Il J. Phys. Conf. Ser. 20210V 2119~  P.012034

Chen D., Jirka G.H. Experimental study of plane turbulent wakes in a shallow water layer
/I Fluid DynamicsReear ch. 1995. Mbl. 16. -~ 1. Pp.
Daoyi Chen B., Jirka G.H.Absolute and convective instabilities of plane turbulent wakes
in a shallow water layer // J. Fluid Mech. 199p. 157172.

Shestakov M. V., Markovich D.M. 3D structure of the flow in a near wake behind a
cylinder in the slot channel // Thermophy&eromechanics. 2021. of. 28. ~ 6 .
Pp. 765770.

24



Shestakow.V.

Kutateladze Institute of Thermophysics SB RASsia,
630090 Novosibirsk, Russia, 1 Lavrentiev AZemail: maximvsh@gmail.com

STUDY OF OSCILLATING JET EFFECTS
ON MIXING AND THE FLOW STRUCTURE IN A NARROW GAP

ABSTRACT

Flows in narrow gaps are characteristic of power engineering equipment, particularly fuel
assemblies. In densely packed rod bundles, the flow structure is highly anisotropic and exhibits large
scale quasperiodic fluctuations in both longitudinal and trawverse velocities, which significantly
affect intersubchannel mixing processes. The study employed simultaneous PIV and PLIF
measurements to investigate the effect of an oscillatinggeerated by #uidic oscillator,on mixing
and quasiperiodic flow structure in a narrow gap. Experimental results demonstrate that the
oscillating jet effectively modifies both mixing processes and flow structure. However, due to the jet's
limited penetration range, its area of influence remains constrained and depegdp parameters,
flow regime in the channels, and jet Reynolds number.

PIV, PLIF, COMPLEXGEOMETRY CHANNELS, FLOW CONTROL,NARROW GAP,
FLUIDIC OSCILLATOR, OSCILLATING JET
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DETERMINATION OF APPLICABILITY LIMITS OF FLOW DIAGNOSTICS COMPLEX
BASED ON MULTICOLOR PARTICLE IMAGE VELOCIMETRY

ABSTRACT

The work is devoted to determining applicability limits of the previously developed optical
electronic complex for 3D flow diagnostics based on multicolor particle image velocimetry.
Multicolor particle image velocimetry (MPIV) is one of the modern madi€inos of the particle
image velocimetry (PIV). The main difference between MPIV and other similar modifications is the
number of probing planes; for MPIV measurements, three laser planes with wavelengths of 450, 550
and 650 nm are supposed to be useda Aesult, such an upgrade makes it possible to visualize the
flow structure simultaneously in three planes. The paper describes operation principle of the
developed complex and formulates an algorithm for processing experimental results. To determine
compkx applicability limits, a water stream created in a glass tube with an inner diameter of 8,6 mm
has been considered as an object of research. To form a flow in the tube, a system of communicating
vessels was used, consisting of two glass cuvettes, améhitbewas gravitsfed through the tube
from one cuvette to the other. To assess MPIV measurements accuracy, the position of the water level
in the cuvettes was also recorded during the experiment. Based on experimental data obtained by two
different methds, the volumetric flow rate in a cuvette and the volumetric flow rate in a cylindrical
tube were calculated.

MULTICOLOR PARTICLE IMAGE VELOCIMETRY, 3D FLOW DIAGNOSTICS, FLOW
DIAGNOSTICS IN LIQUID MEDIA, FLOW STRUCTURE VISUALIZATION
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FRINGE IMAGING TECHNIQUE FOR MEASURING SKIN -FRICTION ON A PLANE
SURFACE

ABSTRACT

This paper concerns itself with fringe imaging skintion (FISF) technique an optical
method of measuring skin friction based on interference in oil films, here in the case of a plane
surface. The focus is on choosing the following components ofiragpéal setup: lights source,
surface material, camera parameters. Fringe visibilities on several common materials are compared,
the profile of an oil drop near the leading edge is experimentally proved to take a wedge shape.

SKIN-FRICTION, MESUREMENT, INTERFEROMETRY, OIL FILM, SET-UP

43



¢4 Cygw

vjJdagJ 9" J d tJWwWtcOSIssdBd sSted Y.

44



l sMj dc3dzOH YyOIls OW [ j 3 H HsdpGrtelm{Hydp@C Oz0
cdflsdudmMEdd dBilstsHr di
[ sMC0GE dzwodd ¥ d205G

vrs 53.082.532:004.932

I d dedzd uj.pS. 8 Zhols Qlj.of i gl ts

[ M BsoMCd?2 | MzHOhlogdgde P. bdzd p pilgHdelsmise O,
119991, [ Mo O, [EmdidniZyi@n@yandexsitcr , 1/ 2,
VfuYyz(1 R MOt odsvrtrReURs vr1vrdf4d Al LIS
VrtrRIrrRYyrasrf Alpruvr3f Al LS R [Yrrrcelron RI

fruofrdf wrlryido Ad13
dbr1J{vdARC

] OBl w©GOMMEstcj d disa’ 2 9 0OttdOdzls Isj dzj 9 56t
Jlsdg &3 Wisdesds d BYtejHjdjddjd fedv Mdjhjddy n
ZzyOls! Htsflstse jtedzr j tejLbzd? OIr ftod dL dBj tej dzqd c
zOfMmis d2 Mg N WBC ydd f cteOHdj dElstsds fd3j " j ded™ B tsdzj
Otedzr 2 otdzdz dqazd btsdzSdj bjfdser j d Stdyj delsteO
Ctej M detsyls g, MowL Odedzr | Mt MdEjh jdedjdgs yojlsde -
f OtcOlsdzts?2 W kdzStayd jP Mdssws@VABjd3 " Edi3s iz B3OIstedyr .
tej Sydd +Idn ftctejhdtsflsj2 BjL Ijislsjtec[ f totsfr
st tsfiyls o sBtOBISS d dLsBOY j dzd 2 . WiSlsdo dat
Hiso jtey HJjdO M §dBsh s ﬁ]crdzlscllsorwmﬁcmn% dfiy djB MtejOdg
so jHjdz toj Odzt dzr 2 4 Citf j tod Bj dzls H daydzchingf ¥t dzdz.d tseoizetadss
dzlz y J dzdz’ n tejLEzdz sOIstse m  udmdzj dedz" d3 d3tsH j dzd tot
JHAEEY j ddzte s d&j StsH O.

St S 0 Ok KO S O
SIS ITPIFSEFITE®FOO

srredde Al I3 frulr, [rtéafuvsd RYJITOMTLRE,
Flrorroure

| ZOEsHOLY fueflssls] (SMfjteddj disOd ds?2 tj Oc
Ctsdzdyjflseojdeder 7 tjLbkd sOsse f msteshddk §shlsecod
B ssH (uvaf) [1, 2] eofj yohj fwddjdvjlsm¥ Hdv d
9 (b On fEsMistcOdziIse j dedz" = dL d3j dzgj dzed 2 Isj o5 j 6 OIs
Ckf sdaj dzls dzOBdzs HOj s  j ¥ wOSydy. [d&v dL d&jts,
Mo jh jdedzr 2 Wihsdesor 2 1 CtOdz d dmMmdziHkzjk 2 B j
dMidzj nizj Bsj L0 yPBMEd RYlsOdd Ysdd o §sdkyj dzo
sCOLTr 908 IsMmw Md3jh jdo 5 MtcOodzj deds ) s stede’ 3 fda
fsCOLOj & (o] dsdkdjddy. 102HY ojChkttds] §sd
sBtOBBISSCd dLtsBteOY j ded 2, oditdyddiss) offtsdipinjls Oflas® @ Is ®© Is jdiz!
bitcjHdej dedetsj] o HBd fhkisd dzyO, dL §sdj2 jet ] Ge
LdzOyj ded v, L OnlOskzddsE s jo FdE s&O Hds?2 dL cttOdzdy
LOosdMmd@3sMmisd sils dMmmdzj Hoz jlsgsly dagte’j, H " d Ld  fE@RVO S sty QO L
By dzs SfjHjddls! f§odv §asksdshlsd, Isj&fjcOlskzt:
Bdzs ¢ 5¢ 5 &Y 5dzj dzls ZOY e HO.

45



stesmMME stetej dzv yd sdzdzOY BKLOBBISCO L tsBWGOY J dzd 2,
Istc © MM jotefdztzXO dzd L Oy d d, ftcd dMfsd LsoOdzdd Wisdesa ¢
tcOL di3j BSREdE M sLotsdzwjls dzOrtsHJIS! -0f =R2dzv dffifdly. L PdrddEO ¢
Ctsdgj ydese s tcOL 3 c©® B dZOMIsd s tetsMO, 9-7 Stk foctz?
CtesmMmC stedzde'd? ygd stsH cOLtcjh Ojls otsL Bh j &HWY §id < mdz
ItsdzjJ btsets, ftod dOdzdydd o Ijuyudiddd Ltsdz i twjLCd
o tsdzdz" , stsdzC dj Ibjfdtser j ddzd Ctsdeyj delstceOyd tsdadz |
ftcOodzs s LO@dgflg@jls fdiseats] LdOyjdedj Mmdsjn j dadw.
fpdsj M j ded j d3 MtsMmjHdedr Ywisjds, ©OSC d M HYOSEBOIG]] 2
zzyd tls dzjcets, {fsfOHOshdj] o B jCIsdes COdijte"r , {
CGtcOHd ] iz ®©ijHMMC Ptoj dzsdgdzy dzgdw d dMmfr s 9 O Is tcOL dzd Yy
CGtcOHJ J dzls § fnd3Jthzq’W Btsdzjj 0,4 S/ f§dSm LOR Isdz
fted fitjraBH] YjteiL bOCEE Ltsdkz. (ks tcttOddydoe C
gL d3j tc g dzf ? Bﬁ]tSBJdZdZ 9 YdHStMWR (eH]j dL d3j dzj dzq
Bsdz2 hj, yYyidd 9« e0LOR) d o Ijyjddwa, MmMtsHjtey OhdnA

] zOB B OIststedz’ n szr]dztsaq’W: oL sy dzes dMY sdz! L 59
By ssHBse ttejHjdjddy Mmdkhiddwy, OHOf Isdtctso Odzdz' n
Yyomilsdesmis d, Bts ) dzts dimf sdz' L s9 Ols! fjtedsHdyj Mcd
o stcyd sdzOdz! delfs s dk®f) dzs e P B QP &3  f stedesdz fdzd d&3¢
ftocddsj dzgj dz@ HO O IsOSdots Wi jodistslzyj B tcd WW Kt 'dzjj stsH MHoe dc O
(Color PhaseShifting Profilometryy, CPSP [ 3] ) . 1T dzs f 8¢ OL Odzts, Yls &
CtosMMS stotej dzvw ydsdedzr 2 sl gg Mide m83] sHs'sC O i
tcOL toj h j dzd ® d ffsLosdvwels f tsdzkzyOls: Istsydz' § 6 L Iz
fpdsj " j dzdw-0, 9OH 6 dQ M8 § qtdys Mcflzts dijldste fjd d 5 C 6O dzj 2
HdzW B IssHO MHeadeO WOL'™ dg 3ybd jisdiA iz f seAsdz] . 11 tca
CtcOC s s JAPORE dfjtdsjsHdzis Y j dzr iet kEdazkzyhjddw, ¢ Ofm
Yye jlsdzr o COdzOdzts o , Ctsteted Sydd dzj dzddzj 2 dzts?2 Off f OteC
fsctej hdetsisd, MowL Odedets?2 ) hkzdiiscds BOLtcdyr Wkt

frodr rdryd Ady3 o Alpovr3f afrvdf
Clstsls dBjlssH HOodzs d Effjhdes fteddzj dav jlsfqw o

ISt j md3j odets? Wistedsy HtjHBBjlsse [4]. [Br ydes oMY d
fsdsi M MddkzMsdrOd df i ftesW ddzj s WS sfisd,  SL o1
fsdzsmr . |dosnjfd Mg dLdij evils! B Cthiftsdzj dzls’ o3
Holzdgj tedz” 2 W tsdz

Oty 6 6 Al é&) Al é@ 8 P

sd3jh jdadj 1 dzj Bj delstse WisdzO fftedotsHdls € dL d3j daj dad &
Mo w L Odets ) tsafiffsty I dgttpdjj oyl 4 of3

L h 0 s ‘

CdzommMdud ME BB dBdesesC OHEKso 5d3 o Oted Odalsj dBJIstsH O
tGJHJdZWJlst‘]W dL L dzOyj ded NOY tof ustinastg O % jOdpdi st Y tf dg@ .M
LJ /NGO v20¢dd3s sBtOL s, HAY dJdLdBjtejddw BBjdr € B¢
j dzOlIs ! BgdzdZzds 6 tfsttd =~ d 6 tOBYdns Mdad i<t
B! slsjtodesets dBsddlststc® d dzd ftoesj SIststcO, tc Oy t
mMdzj Hizj dBBsd3 BB MIEA9OIsH Hdry datg] L o3 dedz" &3 © R~ BHJ

46



sMCtsdz Sk 1 Iss oL By dts Istsdz S5 ftod dL g tej dzdw =
ted d3d dzj dz yo J Is dzts 2CPSR0O,Ic d PtdzjsH dFg sgsded2” A o [ 5] . 1 dai
sdz, COdOdzZr C(tbttttets MtsMisOo dvwels Isted m;mr: qdLt
/3. | stedLBdzlsOdz? dz" § d ojttlsdSOd dzr §| f sdzsfr ¢
ddz' steOydd M jSltc® Akte! j (tedfm. 1). Cbkts Lot
sdzsf duL SHdztes MdzdBEC O d fHtsosHdIs! dL d3d teJ dac
IsOIsd ydetzDff § g @els Odgdz™ 2 dz2O BEZdBZOG ] ddzd ftetsL tcOYdats?2

St == N s

Hcexonnoe nzobpakenue T{BeTHBIC KaHAJIbI

Paszenenue rop. u BepT. HOJI0C (pUIBTPALIMEi ClIeKTpa

OGpartHoe 1
1 1 npeoOpasoBaHHe
Dypbe 1

6 n300pakeHuit /Ul MeTo1a C/IBHTa (ha3bl

tdfp. 1. JrHjdjdd] dqLtBLOYjdd?2 f(tdatsff 8 yojlkdsd o

CeSCsMmis! dLEGBEOY jdd2 ojtldSOd d'n (sdksh sfdf

. o ¥ o, o 2 . NE
O -af G OdHAT § %rhs el p8 o

AOLO f tsdztsfy, CO¢C HAv sftstdse s, sO¢ d Hdzv tcOBt
MdMmilsj &3¢ ktcOse dzgj dzd 2

lted {1 Istsd3 BftejHJdzwjIlsimw majm&tBOM”WGm@ﬁ.LCﬁm
g

BOSC i 3Odz! detsj Mmd3i M § d tcjorhOjl ftsdseoddk 1§ j toc
fsdgsh & (2) dzgj sBAtsHJ®BO mOLSmegO tcOL detsfilsd W O
ZOMissW Misjs) tf@ef sdz' L 2jIsmw ftetsMistceOdzmise j dzdzOW tcOL o j
ftoj sBtOL 5o Odedd Alzts! j. RL t©OLo9 jtodzzlsts?2 tcOL dztsfyls
CGoted L Bdzls Odz! detsy Mmad3d M § ded § b dzOdzse dydets dL tcOL 9 j &
Sf e HJ dp¥jjtsldf'S Odz! dets § fndsﬂszdJ- 10 dMm& dz¥ ug dad § «

or ydmdzj ded™ o' § sdzdz” ¥ sMW SlsHjd des HdY SCOYHBES {

smjHdd: §dCMmjdss. GCldd SBEhmdsse dj @ shse’ j  fie
COL G " Ols! oHsdzdstzt J da{wdzdy dzj RBjdzejj 6 §dSfm d His
ff]d34thZCfW fMzh jMmise jdedets ftejor hOshdds 1 §dEm/ fd&m
WOLT wodwjlkMmw of S OW fMbkzy02 Ov {sctkjh dshls! ,
}scte) " dashSY SEQY S dlsd0 Sidesh j dzd s " 2 dsO[ &Pt tf
LOodMmdls Bl §jtedcHO WO, {(s!ikstodk §sctejh dshls:

47



¥ s dzO. [H&ZOC 5 t©0OLo jlsCO WOLT' , dzj sSB - SH J BBZOW H d
fsdzsoddz § jtecdsHO WisdO, d&kzyhj t©OBBlOjls ftod B
WsdzOCRSErj y dls © HJOfOLtsdzy s 30 Hts 100 §d¢Mm.

Yterf{rr1u1v3r vfuyzriRreg

) sMSsd Sk &jlssH MHoadeO® ®OL' fojHY kOO Is
FPtcOodzj dedv asd (3), Bldzdydw tjOd dr 7 dL sBteOy j dzd 2
sftcj HJ dzj ded W woL"T d mMdz i j ded W-ff j tdsotd jmB, 2 8 Ay  gzls dBr t5jtc t

gL tsBtcOY j dzad WIs s @z jststsds, Wdksckzls dd3jls! teOL dzd ydzkzs w
fjtojCter 908 Isqw, ybts ftcdotsHdls ¢ Mdijh jdeds dL tsBtcC
Edzj dg' h jdeds 1 WWjiClsdodegr » MHoadcetse s WOL] s MteO
Il [ 3] Hdzv dbeRdiEttsd CsdstcOMIsO twOL d" 7 yoajlder = €C
ftoJ Hdztsy § dedzOw o [ 7] . Fdzv EydlsO M3 Jdddvy yojlsd
MHodeO WOLT [8], ftLotdvwehd?2 dOrtsHdIls! tOMfte]
MHeodce o d3j )y widgd W cqiadtsstd;@szc{uc[dzr MHodese fted 1-ssdi
ftosWdasdkjlstecdd COdOdtss i stodsets MdadBEO. (IO f{t
s Mdizgjh jdedjd3 yojlsder » COdzOztso, des ftedosHdl € E
ftod d3j todets 9LO 9 dzjtetOr - tsHL] d3sfMylsd tej h j dedw fdMmilsj o3 Is t
COYHBEB fdCMj dzO Mded BC O. 1 dOMmlsswh j2 w©OBBIS] oc
o[ 9] . [ dz sMdeso Odz dzO dL o jMlsdesds W OCIsj, vyt dzd dzj
dzts ) tcOL dz" B O PHBPRd SOCH] wWodw jlsmw MmddzzmtsdHt

s ydmdzs §jttdtsHte  cdst
CsmMddzemMO WOL" Br dzs BdzdL €15 Q ez dzs , O MtejHda] J G
Bty dzts Ijlsls*fr]lsctGLtsq’tQOﬁ]l]’tGJHsz'dzq’ wigCsfisd o yojlsdz =~
LdzOyjded?2 or" Oy jdzdj Hdzw WOL' {§tsdsfy, dj LOsdMmwh
EMmistcOdzv j Isfpw u’tsGtGJhdztsfr]LSJ, Mo w L OdgdzOW fts Mmd3d h J da
WoLr oy @RI0O 280L s MitOodzj deds f i lstsHtsdz [ 8] .
Mdzed 3¢ s0 doj dZOBdetse s ftoejor hOjls L dgOyjdedji Hdzw Mls Odz
l®lstster n, Offf OtcOls dzOW -W A4S @@ v dzjindfdndzjj Xziz0 , W slslz j .
WBEdzO LOHOMts MddkzmtsdHOd dzesy tOmMftej Hjdzjded] Wil
BEZHjls MtsHjtcy Ols! sOC Y J CteOlsdz § COtedzssded € d d
ftesdLgy HY e d dxafigpsouv SSOYHBEtS Yo jlsdese s C OdzOdzO fye
f 51 Istsd3kz Cstetej S ydw dzj dzd dzj 2 desRisdptc j (Cly@™ ) dz@r ' 4 &
COdzdBstesoatsydzr » dJLBBOYjdzd?2 bisBlzjls M jd&¢d Btsd
d dzls j dzfnd o dzts fiylsy o8 lsotdfrpj, 7 Udddsj ro tsL ditsy dzts f tod ftsL H Odzad d
ftets] ClststeO, des dzi ftod IdMfsd L soOdedd MIsOIsd ydese t
tcOBtsls] ftojHdsYyjd d&BjIssH SCtetcj Cydd dzj dzd dzj 2 datsfls ¢
Of ftetsC Md BOYdHdH »p dgj dzefw tcOHT EMisd © COYHEER ¢ O0dzOdzj

Yylsts dqLBteOy jdzdy MHJteyd
L
J

Oy d OO © Ocw h U
GHJ
. ~ . CA® .. CAW

Jtod {stsd §jedsH WdO SftjHjdvjkhny f §sdksh:
jodzlesd dzOYOd dF j WOL'T wWodwslkmw § OOd |
d dzj dzd dzj 2 desfylsd o COYHBAR ¢ OdOdzj C O H
ddz0v wECsmls! (6) (SO fodsydljd d 2

dd | datstc 3SRl st s st  ({OHDEEEs s Ofls ©. t Of

48



) or ftsdzdaw jIsfpw Istsdz ¢t Hdzv i St
ydmazsdz teOBtsydres MmMdzed B3E s ko j dzd y
J EfdkddzOdtsh! , thdse dz' d3 daj
dz i Mow L OdzdzOW i hkzdstsdz BOIstec
J Hobkd3jtodetsets Wddz stcO® dedydedrm yYyOfglstsls ¢
Ojls ¢O¢ ftesmistc Odzmlis o j dadats §
n M Btsdzr hdds cteOHdj dalstsds fMd3y
tc dzd ¥ dzd ~ YyoOmlstsls ddzd Htckzg't
Jqdgj desls C Fots tOL Hjdzj deder d3 L 5B
s Hd&zW McdzOy do Odzdw 9o H sdz! f sdz
PoodLaed e dzed W x(Xted O 68 = > § isdBIsdzS ded 2y
[ . [HEZOSCt tsdz adzdW jIs dzO MY sMts
j dzH d € 2 dzV tdyilzts o3 GtEpQ sic OB dzj tlzd §f , ¢8O
Ckdzwtedzr § Mmd3dh jdede, yohj oMl
Y stcOmMMmj tcdats 2 odLEZOdzdL O6ydd, Yd
tozjlsmw o MmdzjHEzs N jdg teOL Hj dzj . & H @zd fgH g @ (
fn tc Oloddejdegddsj diy j[ W] dz' Istetse Hdzv tOL H j dzj dzd W
Odz dz" =  sdztsfy. JtcOdzd yr stcj Zzetsdz' dzgr = 5B
YC OO0 Hdzv o9 jtolsdC Odz' dzf =  sdzsfyr § i 1 gzfgig )y |
tcsosHdI! MW dgj tsH 45A, O ftsH d¢EB' d3 L OF
fsCOL Odz' My j Clster tcOBtsYydnms Mdzd BEtso M W
d u(eyd dzd dzd 2 3

= ==

OR-Q/I NI ISNE

& »

FESG - Q=03 ITONOFoy ~ =
- -

— O [F

0.2

1

fys THKC
o

0.1

-01 |

-0.2

02 01 0 041 02 02 01 0 01 02

[z, THKC™ fz, mukc™!

a 0
M. 2. wfjClter tOBBYdrs MddBEso HAY &jIsBHO MHo G C
SdHOdz detsy twOMYg)d HMY o dfad ded Inizzg 8 Y daf W=k DM Y off YHipijdzs?2 o
mdd " Jddv M /@8 df deb Fdizh @ Sdy( U)10

¢cd o Isfis Y S0 fo X AN Mitslse jlsMisakzels  jtedHl
COdz dz =  sSdzts. [ dzd dz20 o tsczdzr o tsL dgzh j dedw o
m NIWea), O ctt@nwificdbshdgs" §did" J@F dds {Isdn
A dyog WY zf sc® sdigw jIs MtsateOdzd Is! My j Cilsts
tc ojtelsdtOdz dzr = ftsdzsf. 1 td {1 Issd3 kd3j dz
HN O sfw  otsL d3tsy detsfylx) dL d3j toj ded™ e

N =&

jL ¢
tryuvfRPuvdbuvz vruawu 4 R U[URY[HSRIR RYIJJITOGrr1R

[ v sftejHjdjdd" ssydshlsd, §eshlstodhlss j dadets @ ts
LsdzOR f) Bd hddid COH]j delsOdisd Mdsjh jdedw, € OF
BeOY Jdddvdd M L OHOdd &d §sdvdd Mmdihjddy t
gmed dz@ B3 MdBBiIAsMJAEd®) ,3 btejkzetd dr &3 oW dc
stk hdds IsdCd2 Mmds2 i ssd hdd ctOHd] dak

48

g0



MddehsdnOd d § d bejlkesd d §j fesiddd Mhdjhjd
pjClststelz Mg jdadv. | COujfioj dBit fsetejh dshlsd
2O [[x?) f SzdzOW fisctej " dasfls: Mdsi h jdad v, tsldash jdzd j

Uggdx € j et Issydssds L dzOuj ded® (o  fipdele U Qfj Cltm)diasetsy
sldatsh j dzgd j H dzy(y)dyazlsf) s Q@P B ko (e . dzt cje j it dfdmve
ftoj dzsdzdzj dzgdw fted fjtejmtH] yYdtjL Mds2 @ sBd h(
ddzs j cte@dzz mi sz koydsmls! omftesdLojHjddw
9 Oy dzsmls! Hdzv uvA[ .

10 tedm. 3 fCOLOO §cEtejh dsMmis! &jlssHO MHed
o jdduyddzsy fdigih jdedw MmMjHddns yYojldy » COdzOdzse H dz
ftoed Eydld MKi"jddy COkOdEss §t &BjlssHiz [9]. [
MeL Oddzzs Mt Mdjh jddjd COROdss . vj & daj B dzjj,
ftotsyd dzs © Mm-BZPh kdgd ¥z i dedv CdelstcOMISO dL sB.OY § ded W
GjLEd SO, dgs btejBlzjls LdzOydlsj d dets Btsdzr h jats ¢
WsdjIsdls:, ylsts fted §itejSter sdd MtsmMjHddn $O0dkOdkss
o desdz? d L Bjtejdedj Mmdsjh jdedw MmMlsOdztso dlsmw dzj o tsL ©
L dOyd ddv MmBihjddy d ftd Btsd "jd f§tsyjdsg M
CORZOEZO Mdzseo O MlsOdatse dlsfw  dzj dalz dzj o ' .

-------
..........................................................................

[Tonnas MOrpeiHOCThb, MUKC
o
-

-20 -15 -10 -5 0 5 10 15 20
CMelleHHe, ITHKC
——0%, cTaHgapt = 0%, [9] —— 5%, cTaHgapt 5%, [9] — —10%, crangapT|
« 10%, [9] ----15%, cranpgapt ¢ 15%, [9] 20%, cTangapt 20%, [9]
25%, cTaHaapT 25%, [9] —-30%, cTaHgapT * 30%, [9] o 40%, [9]
t M) 58tcjh GRSAIs ‘Mo w L OdzdzOY Mt Masih jdzdj ok yojlsde 7 COdzOdzse . ¢
Wsdz® 50 ¢S

Isj MlsOn @S| Mdews ig ©dzdzs? ) dzj dzd dzj 2 detsfls! 5  Of
O3 O, Mddels-p St HS L 58Oy j ded W H Y tsdzded Is
j sBtcOL 59 Odad j B

Q—ﬁs_

Q0 pm M0 TOS8 X

J dzd ud dzO C1kV % Pted Jdzlis® OB O ssls 13, 5AfBME sdzr €
dd3d dzlsOdzt dz" § dL d3d tejdzdw My Wesdzsdz, dzOf § yOIsO
m C OdzO dzts o o sL d3gts ) dz’ COdzdB totso sydz j W 2z dzS
SHds?2, ©OC d @ sltedyOlsjd dts?2. (JLbkd k
Bifpczts 0 dzj dzdzOv  dzj dzd dzj 2 desfls! 8  Of f OOl dzgs2 YWk dzS ydd
tod Hdztsy § dzdzOW Ctstetej S ydqw M fdish! s f OtcOB tsdzd Y j
zd3j dz' h dIs! dd 9o dzj MC decQeyg h @ MIs! [ i@ Is tslpde@ 'y Ols § «
Btsdz: h j, yYd d3 Hdzv -f G dalspdf'lshj jdo wslets@ts dzlsgfte OMIs O dL sB O

5C



......................
.............................................
trssnayn, aveAL" "

[Tonuas NOrpeiHOCTh, MHUKC
o
-~
5

$S88223388888944448 e (R F j;,’.’.;;;‘;é;;uz““
SO0 canessiuasitasiss sssssddillsesiigeese®™
.................
M 000000
0.04
-20 -15 -10 -5 0 5 10 15 20
CMelleHHe, THKC
—-5e-4, 6e3 kopp. * -5e-4, napab. kopp. ----0, 6e3 kopp.
o 0, napab. kopp. 5e-4, 6e3 Kopp. + 5e-4, napab. kopp.
------1e-3, 6es kopp. ¢ 1le-3, napab. kopp. 1.5e-3, 6e3 kopp.
1.5e-3, napab. kopp. —--2e-3, 6e3 Kopp. = 2e-3, napab. kopp.

t dMm) sétejh GRSAIS Mo W L OdgdzOW M dzj dzd dzj 2 dztsMls’ & Of f OtcOlsdats? W Iz da
fittdsH WsdO 50 §d¢

rdzv ftesojteSd 1 WWJClsdo dpBSPs ¢ dzff tg © eztizgzdzf o dzh 8 tts ¢
Yyofmissls ¢ MmddsjlsduimMédd dLsBteOyjddvd M mddlkf
HtSB O9 dzWw dzfpw Mz yO2 dzr 2 h kg fMts MisOdzH Otelsdz” a3 tsls € ¢
¢ Odz dets? deStedzdtotso Odedzs? WS sfisd ( B3 Hjjdar ey s
Ftesodzv hEROpIBED W vwts v j Misr ) § oW TABH 2dMe) " j dz
GjLEd ISOIT Ctltste’ 7 ftoj HMIsOo dzj dz¥ 2@ tedfy. 5,
YOfmistslsts?, ftstslse jlsflso zs h j 2 H dzd dzj 9 5 dzdz' 50
ftosmistcOdzmise j dedetsets tcOL toj h j dad W .

2 06
2
S os
2 i
o ;i
S 04 S P
=
I 03
= 0.2
2
ol
2 01
o
c‘ .......
= 0
= 0 10 20 30 40 50
HJ'IHHH BOJIHBI BO3SMYIIICHHA, ITHKC
------ [9], 6e3 wyma —6e3 wyma ----6ez wyma, tg(a) = 10 = 6Ge3 wyma, dpunbrp 50
--- wym 0.05 & wym0.05, punbrp 25 ¢ wym 0.05, dpunbTp 50 — —wym 0.1
o wym 0.1, punbtp 25 + wym 0.1, dpunbrp 50

tdmt jbld OT IjMmisse 0 MddzhsdhEing2izedR. 2 W &I dizi & nd]

Isd hddglsets fjHMisOodzj dzdzr @ tjLbkd sOlstse BT o
flsOdeH Otels dzgs Bz Oz stedlsdsz (4) f ©OLHjdzjddj B ¢ted
U=45A. 1&d$4@4@@;1®d@4b¢@qMBqu C LO& stk
Cdz S Hdax) MedMhjdiejivdedsi §dJCO0 o MY X lspjedyh B

zud dzdzOW H dzw EyjlsoO Mmd3jh j deqw yo Jj Isdzr - C OdzO iz
tojhdetslsd oBdzdL d tojL sdzOdeindzg" @ Hdzddz oatsdzdz 25 (
©O- otddz CwOld 7 §jedBHE WsdO 50 didcfisls &
qaizz MO WOL' BdaE506 (46 d fEHted tOlsdr =) d yk
iz O % OL' maa(s Csd €f)l./ 21 (Htodfj i Mbsy d =& §&d
JOdz dg = 1 CMYJted i3] delsOr, tisd ftoj HY tsdadxizisdad v

SHjtydls HSMsOIsyYydkts] ydmdds §jttdsHtse W isdO.

51



ud Mmisr fp MddzmMsdHOod! df i3 Q] cf s§ @ GdgdB@ N,
tcOMmh dtcj dedv MY y€ 3O mqit}dzJZIanvtdOL Hjdgjdzadj cetstod L tsdzl
slsfj COjIs ofj Hdzdde o tsdzdzy g Uk " jI dzdaBPSPiEZ dis' @ dsjH, 15 d
WisdzO 50tg(fWH)E Mded tcOL tcj h Ojxdy) oftpL wizlizd detdl] v o 3 dzdz' d3d dad
tcOLtejh Ojls oxL dfghjdaffdesd otsdzdzr 6 fdSf). I tL dtsy d
fsdzv Mmdgj hjdedw o dzOff tcOo dzj dzd (, 4t j dvd € zdsv tedzts d
Eydlsr 9 Ols! fted SftcjHjdzjddd Wddz IstcO®O H&Y tOL HJ dzj
Y Ists COMOJ Ismw o dzd W ded W M dzOy do O h j G ts Wddz IstcO
fdtefjdidlizdytedsd dOfteOo dzj ddd, Ists  f§ted d&3d daj dzq |
Motslse jIsMiswlg W] gz dzdztf 2 Huwdzedgg Slofp D | Ic 0 M H dzd dz' €
ay) , dBjdz hdj LIsts2 Hozddy otsdzdzr . Clsts ScteOded ydo O}
Bsy dzts MY sdz' L t50qQlsay B(JUD Is tef nCatsdz? S d3j dz' M d § H O
fdzz YO, Isshisinjk Pz stesds ©OLHj dzj ded™ CEtstedL sdals Odz dz -
IStej Eetsdz de" d3 JteW el df sH@L " p@dys, > ylsts ¢ sdadyJ ded J
Wddz stcO ftedosHdIls ¢ fYtsdedyjdzedy GtojHJdz desgts HEsy
Oy tede dzd L d syflgtydasc HES o

trof?1v38 Ssel [t RI[1U: [T RAAUV)YRC - ReARCEturRLS [ 1 [T ¢

10 tedfm. 6 ftojHMISOsdzj dg@r tojL zdz SOIsT i sdzlz yJ ok
otsw@zdyjteddz M fsh@sh! 8 BjlssHO MHeadecO WOL"™ M yoj
ftow Bskzesdz dets?2 Mlsj € dzw dzedBMR1 3C sdgdi. Is ju tdfC= deltgi Mg t56d3 ISLOLOB €
ZO Hdets Cv 9 jlsr, YH M2 HdMsddzdzdtctse Odgdzs?2 o SHT
ML HOIs! LSk GcOddykz &BIYHE YdHECMIsW d&3d . 1 j to
Crojlbr 11 B (CMYJtedd dsQd'd3aaY dfpse @Ealy O o "
MtcOo dij dzgfljvL Zdz! SOOBBd uvAf, tHtesB s fdMOdr o [
sftciHjdzjds f fsish s tjihjddy EtctOodzi dzdw 1 Ot
L OHOdzdzr d3 dz0 o jterndzj?2 CtOdzedyj B dZOMIsd dL 3§ tej dad W
By des fosd stedflisdziz yj degdes gz L dzgOyj dzgd s HBOMMso 52 H S
tdLlzdz IsOIsr, f8C0OL Odzdz" § dzO tdm. 6, BT dzd f Sdzlz YgJ
YydtedL 35 dddzzls fsmdzy dZ2OYyodzdO HdWwwWkzrdd, M Eydlst
1 s sdpimEdzj H iz BBs | tGOff]ﬂtGJHJdZJdZCfJ fsCOL Olsj dzv f te
tcOLH]jdzjdd] cttdL sdsO0d d'r d tclsd ¢ Odz' dz" = f Bdz
tg( U1, Hdzw ff sH Oo dzj dzd W h 2 30 qfnq’ dz' L s Odzd ! tSH
fctccetotc?2 HAdzddts?2 eotdzder Hts 400 §d¢ ., (fiaddzdyjlddls
Wddz! St ag06 <M. 1 dHdzts, Yylsts mddz dets g e dzOy
fticjfwisfmlsoakzjls bydtsddz dL di3jtcjdeds ctoOHdjdzlsO Mmd3j

1 OB dz¥ HOJ Isfy Gftpdejs h fi) Jj to sz diz s Ols Oz yd Mmdzj dedets e s f3ts
Ofmd disdzd Isted W SO0 ojttlsdSOd detse s Mmdzj h j ded v, fno w
HdWWEkLdd f tesMistsds S dzyd delstcOydd cdzd yd teddzO@. 1 sdz
fd¢fm HJBsdhistedtolzjdg) tog Haf sy giaisdgish d nd Lz " j ded2
ftosmMstcOdemise j dedets? tOL o jtelsCd WOLT. 10 9aCd&zOHE ] ¢
ftosW ddzj 2 MixEF dihds, (6 Gdzyj dd = fted dMysd LsoC
Odkze stedsBO d Wdd stetso HtgHsO eddzj deffn." BRQ. 4s O hydejj
Mz " jdedj &3 Yo jlsder » COdzOdzso d dzj dzddzj 2 desfls' 8 O |
dej o jdzd C . wjd3 dzgj ®idejd, kujlb MBihjddYy ye jld -
Oy dzdlsznlz §jtedsHdud M dy, Qg dzezv G 2 d Anfigizy " ff dzd

COMMdyj MSsects Odkestedlsd® (4). [hj Mmdd daj j daj !
dzd y ded = YyOfmssis.

52



300
200
100

100
200

300

Y, CM

O = N W Hh OO O ~N
Lm—
Y, CM

- N W A O O ~N

o

0 2 4 6
r, CM
a 5 B
< 300 12 2 18
= £ = = .
= £ . =, —akcnepumenT
< ) S —nmoger "
=i = 08 g 4
g 200 5 =)
g = 06 ey
= 150 = = J
= = 04 c 0
S 100 g z (
2 g 02 S 2t
E 50 J g 0 Z -4
& = =
2 o0 . 0.2 = -6 . . .
m 0 2 4 6 8 0 2 4 6 8 g8 o 2 4 6 8
Y, CM 1Y, CM ~ Y, CM
r pi e
&3 300
=
B 250
= 200
§ 150
_/.
g 100
E 50
g
= o
/M -50
2 2.5 3 3.5 4 45 5 5.5 6 6.5 7
Y, CM
XK
tdmt jékzd O dL Bjtej dd?2 HJWWECddydisgd ahizsy &j BEmbd ] bty o «
Yyo jlsdzr d3 W tsdzts d:

OWtOcd) dzls tcOB s Ujtdy fpddtatsSd®, O dp' dzts ¢ 5 Bdzj " 3@ s 6 6§ 2 C iy ozd o & d
j 9jlsdCOd dF | fsiidqdd ojtsdCOd dses Mmdjhjddy, EOMhse

Eftej Hdzj dzdzr x=18s ffdsdsfQdz dzr 2 o lsdC Od dz 2 e =3 ofjdels d ¢
d MOodsj dzdj "EBO ftod dmMitsd Lso0ddd LOLd - § Otfask] stsso
Odkctstedlsdl (4) BjL idqzueOwIhHE] Egtzgy 2o jlsd’ & COdzOdsse {1
hzRsHIf8 BjlstsHiz [ Owqgpadddzf &G HO0O0 <M d 400

108 OY[1RY

]l deOfmlstswh j2 tOBtsls] fidMOd detsear 2 o Oted Odals Isj
jhjddw d&BjlssHsd MHeadec O WOLT. J dzj &3 dMmf sdz' L
HyJdzvjlsmw 6 tOLdshmisd WOoL fodish o OBy d3
fnd 3CEsjdatsjjded § Ytojor hNOjls fodseddkz §fjtedsHO Wt
tcjhdqzoOw ) sdishi ¥ Odzdtstodlsdisces ftosMmistcOdeMmise j c
wodw kMY BiScsSCOHEE B8 BjlssHEBM®R, ©HOSE dd dad o
Mjter o dLsBPlY B! BEpjHMIsOodzjdz o o9dH] HABSETE
fsLotsdzw jls ftesotsHdls! dLdBjtejddw dzj MlsOydsdzOtcdz n
&Bj IstsH L dzOydlsj dz' dzts ftojosmMatsHdls CtesmMMmC stotej dzv
BZ3d dzd BOdz! dets? tcOL toj hodxigtfdlz "HjdaAddy do @G fnd BBOdz! datsE 5 ¢
Masjh jdedvw. 1ted dMfsd LsoaOddd WtsdO f fjtodsHisd 5

53



otsdzdzr dzy djdeid 6 HdEMm, O ftojHjd dg" 2 ¢
Cf. [Mdsody &5 dagj HsMsOS s d&jlssHO MHo g
sfls! fMdjh jddw, MmMowL OddzOY f) hbkdsd KOs
WSt Is j dzs 2" i3 d fmlstsyded C O3d § sctej " desflsd
d dzj dzddzj 2 desfls! Of (-OQ@BEWB2 N zdOBt$E | My b
jMsdiese Oder fsyjHbkter, f(oLotdvshdj kdjd' "d
HS Y s dzded i jsdrsdgdl RS GzsB Oy j dzd 2. ) s OdzOdzd L
hjdedd o dzOl]’teOadz,;dzq’q’ fjtof jdHd S Zdzv tedatsdz  ts
ddzd?2 HAWWELJddse d&d Qisd dze §f B)E Hls ds e o tiscH tors o
Ols! Hlel’]lStSSJﬂﬁdBrCfJ Bisin B dgRIs ®lg dzd yddzj Mmd3j h Jj dzd v
Sojdadas fejor "OF N5 1 fqdCM/fdSh. uOCY] ¢
f Wddz Istc O
Is J

gF— =
@
o

L)
O

J

f sdgtsh + 8 SHdats 3] todats @ 15 dzd » dzd = Y«
wdflsds .

RMMdzi Hiseo Odzd § HLOZE @dzj dzsfizH OteMmise j degdztse s L OH Odz(
fted §BHHjGYSC] [ B8MMd2MS e &30 00LIFHE C &Y . AsE dzHIOZ H je
ZOCSHOedls AsdH ©OLoadlsdw IsjstejlsdyjmMis?2 W¥dLds.
ddzOodzhseo s §BSHHJjtYCE.

ONNGF- O " §Oo-Fag

8&- jﬁ_&l—Q— m%ﬁﬁng
QOO N"FGroOo2FI g

=w o 11 530 F o N T
3 n I gq_.

[«

VRue ffsrRUT T QuULT 3

1. Raffel M. Backgroundoriented schlieren (BOS) technique&Xp. Fluids. 2015. Vol. 56.
T Pp. E17.

2. Vinnichenko N.A., Pushtaev A.V.Measurements of strongly refracting objects using
background oriented schlieren with different patterns and image processing techniques: a
review //J. Flow Vis. Image Process. 2025.Vol.32. 2. -Bp. 1

3. Vinnichenko N.A., Pushtaev A.V., Rudenko Yu.K., Plaksina Yu.Yu., Uvarov A.V.
Backgroundoriented schlieren with image processing based on ghagieg
profilometry [/ Exp. F18ui ds. 2025. Vol . 6

4. ZuoC.,FengS.,Huang L., Tao T., Yin W., Chen (Phase shifting algorithms for fringe
projection profilometry: a review // Opt. Lasers Eng. 2018. Vol. 109. Rp923

5. Trumper I, Choi H., Kim D.W. Instantaneous phase shifting deflectometry // Opt.
Express. 2016. Vol. 24. 2 4 .2798328007.

6. Volkov V.V., Zhu Y. Deterministic phase unwrapping in the presence of noise // Opt. Lett.
2003. Vol. 287 22. Pp. 215&158.

7. Juarez-Salazar R., RobledeSanchez C., GuerrereSanchez F., BarcelatéPinzon A.,
GonzalezGarcia J., SantiageAlvarado A. Intensity normalization of additive and
multiplicative spatially multiplexed patterns with n encoded phases // Opt. Lasers Eng.
2016. Vol. 77. Pp. 22329.

8. Wang Z., Han B. Advanced iterative algorithm for phase extraction of randomly phase
shifted interferograms // Opt. Lett. 2004. Vol. 29. 1Pp. 16711673.

9. Ochoa N.A., Garcialsais C.A. Alternative interpretation of color phasaifting
profilometry and a sel€ontained method for fringe analysis // Appl. Opt. 2021. Vol. 60.

" 4. Pp. 935041.

54



VinnichenkoN.A., PushtaeW.V., RudenkoYu.K.

M.V.Lomonosov Moscow State UniversRyssia,
119991, Moscow, Leninskiye Gory, 1/2mail: nickvinn@yandex.ru

IMPROVEMENT OF PERFORMANCE FOR BACKGROUND ORIENTED SCHLIEREN
WITH PERIODIC COLOR PATTERN AND DISPLACEMENT DETERMINATION
USING PHASE-SHIFTING PROFILOMETRY

ABSTRACT

We consider new variant of Background Oriented Schlieren technique with periodic color
pattern and displacement determination using PHalsiting Profilometry. It allows reliable
measurements of unsteady flows, which contain regions of strong refraetaing to displacement
gradient above 1 pix/pix, such as shock fronts or thin thermal and diffusion boundary layers. Errors,
related to the color crostlk, nonlinear response of the camera and random noise of the sensor, are
considered. Corrections apgoposed, which do not sacrifice the spatial resolution of the technique
or the image processing rate. The performance of the proposed improvements is confirmed using
synthetic images with known displacement field. Real experiment is performed forrditiysioin
waterglycerol system. Comparison of the obtained results with numerical simulation demonstrates
high accuracy of the proposed technique.

BACKGROUND ORIENTED SCHLIEREN, IMAGE PROCESSING, PHASHIFTING
PROFILOMETRY
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METHODS FOR DETERMINING GEOMETRIC PARAMETERS OF EVAPORATING
DROPLETS FROM DIGITAL IMAGES

ABSTRACT

Currently, urgent tasks include research in the field of spray cooling, droplet interaction with
complexly structured surfaces, evaporation of droplets of various liquids from a solid wall, etc. When
conducting such experiments that require recording gdaamount of video data, automatic digital
image processing methods play a key role. Methods for recognizing liquid droplets on a digital image
are proposed to obtain geometric characteristics of an object in ashadow experiment. New
algorithms have ben developed for selecting and closing the boundaries of objects in conditions of
insufficient contrast, which are used to measure the geometric parameters of evaporating droplets.
Experiments have been conducted to recreate the-thineensional surfacefdvanging droplets and
droplets on an inclined surface. A comparison is made with the data obtained by manual image
processing, and the conditions of applicability of the proposed algorithms are demonstrated.

DIGITAL IMAGE PROCESSING, EVAPORATING DROPLETS, CONVEX HULL METHOD,
SURFACE RECONSTRUCTION
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INVESTIGATION OF STRATIFIED LIQUID BY LASER REFRACTOGRAPHY

AND FRUSTRATED TOTAL INTERNAL REFLECTION

ABSTRACT

The aim of the work is to compare the distribution of the refractive index of water along the
height inside the cuvette, obtained using two methods: laser refractography and the method of
frustrated total internal reflection. Temperature heterogeneity is created by heating water in a tin
container witha boiler. In the course of the work, distributions of the refractive index from the vertical
coordinate were obtained for different time points.

LASER REFRACTOGRAPHY, FRUSTRATED TOTAL INTERNAL REFLECTION
TECHNIQUE, OPTICAL INHOMOGENEITY
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COLOR PANORAMIC AND NARROW -FIELD SCHLIEREN OBSERVATIONS OF
HETEROGENEOUS FLUID FLOWS

ABSTRACT

Description of the dynamics and structure of heterogeneous liquid and gas flows based on the
system of fundamental equations of fluid mechanics stimulated the development of both new
observation techniques and classical schlieren instruments. Developrhentserical methods for
data processing, sources and receivers of light in a wide spectral range expands the possibilities of
obtaining and analyzing visual images of flows. Both classical schlieren instruments and original
developments acquire new quig. Selection of the shape of the source and the visualizing
diaphragm allows recording the fields of various components of the refractive index and density
gradient in stratified flows (examples are given). Of particular interest is the development of
instruments with high temporal and spatial resolution, allowing simultaneous recording of large
scale components jets, wakes, vortices, waves, and ligamentsathematical images of thin
components of stratified flows. Examples of schlieren visualizati@b stratified wakes and their
calculations based on a reduced system of fundamental equations are given.
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OPTICAL HILBERT TOMOGRAPHY OF GASEOQOUS,
CONDENSED AND REACTIVE MEDIA

ABSTRACT

The possibility of using the GershbdPgpoulis algorithm in the problem of phase structure
reconstructing of the studied medium based on the Hilbert tomography results using numerical
models as an example is shown in the paper. The Hilbert tomograplydeétrhase optical density
fields, developed on the basis of the wagerture shadow device 1AB53M, performs fouangle
probing of the studied medium using | ight bee:
device optical axis, and simultamesly records all tomographic projections on the camera's CCD
matrix. This allows images fragments to be fixed at points that correspond to Radon integrals along
straight lines passing through the nodes of the sampling grid corresponding to the photomatrix
resolution, and makes it possible to use the original data in the inversion formulas without
preliminary interpolation. The presented results will be used to process experimental data.

OPTICAL DIAGNOSTICS, HILBERT TOMOGRAPHY, GERSHBERBAPOULIS
ALGORITHM
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GILBERT VISUALIZATION OF A DETACHED FLAME IN AN ELECTRIC FIELD
ABSTRACT

External electric fields are one of the effective ways to control combustion proc&isHes.
same time, the problems of both environmental safety and increasing the energy efficiency of process
plants are solved. Gilbert diagnostics of flame parameters allows to exclude additional changes in
the distribution of charges and the flow of curt®in the presence of an external electric field. The
paper discusses the study of the structure of a diffusion flame stabilized by a longitudinal electric
field. Optcal diagnostics adapted to the study of combustion problems is based on the visualization
of phase disturbances induced in the probing light field of the studied medium, using Gilbert optics
methods. The diagnostic complex is implemented on the bases18B463M shadow device with
modified units of optical filtration, a light source, registration and processing of information

FUEL MIXTURE CH4/H2, DIFFUSION FLAME, ELECTRIC FIELD, HILBERT
VISUALIZATION
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CAUSTIC LASER RADIATION METHOD APPLICATION
FOR SOLVING OF THE REFRACTION PROBLEMS IN TURBID MEDIA

The study of refractive index distribution in inhomogeneous turbid media presents a significant
challenge due to strong light scattering, which reduces the accuracy of traditional optical diagnostic
methods. This paper explores the application of the lesiation caustics method for diagnosing
optical inhomogeneities under conditions of limited transparency. It is shown that, despite scattering
in turbid media, caustiésdefined as specific lines and surfaces where the intensity of the light field
increages sharply retain information about the refractive index distribution. In cases where the
intensity of radiation is substantially attenuated while passing through an optically inhomogeneous
medium, caustics can still be observed in refraction patternsoutitthe need for specialized
equipment. Furthermore, the geometric characteristics of the caustics can be used to reconstruct the
refractive index profile. A diffusion layer containing suspended kaolin particles is used in this study
as the model turbid ndeum.

CAUSTIC METHOD, LASER REFRACTOGRAPHY, LIQUID DIFFUSION LAYER,
SCATTERING
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FEATURES OF VISUALIZATION OF VORTEX FILAMENTS
ABSTRACT

A number of vortex flows characteristic of the aerophysical experiment are considered. Such
visualization methods asctdieren and direct shadow methods, backgroumdented schlieren
method (BOS), laser knife method and shear interferometry are given. Schemes for the
implementation of methods are given and improvements to visualization systems adapted for use on
aerodynamic stands are described. The visualization patterns of toroid@les, including both the
background oriented schlieren method and riethod of shear interferometry, as well as vortices
with inflows of wings and end vortices, are presented. General recommendations on the selection of
circuit parameters are given.
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GAS DISCHARGE VISUALIZATION OF STEADY SUPERSONIC FLOW AROUND A
BLUNT BODY

ABSTRACT

The spatial structure of a supersonic flow
flow around an axisymmetric blunt body was investigated experimentally. The Mach numbers of the
airflow behind the diffracted planar shock wave ranged from 103660. The steady flow around
the model formed within 3s after shock wave difdg,actemai mi
within the duration of the uniform driver flow. Visualization was performed by recording the glow of
a combined volume dischargad by the direct shadowgraph method. The volume discharge, with a
duration of up to 50@s, was generated by a RY pulsed voltage applied over a 1®dn long region
aligned with the f1l ow. Hi gh s p e@@adfps.sCoreeldtogwg r a p
di scharge gl ow i mages wi t h shadowgraph fran
three di mensi onal structure of the supersonic
the oblique compression waves downstream.

SHOCK WAVE, SUPERSONIC FLOWNANOSECONDCOMBINED VOLUME DISCHARGE
GAS DISCHARGE VIZUALIZATION, SHADOWGRAPHY VIZUALIZATION
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