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SKCHEPUMEHTAJIBHOE HCCJIEJOBAHUE TYPBYJEHTHOMN CBOBOIHOM
CTPYU, UCTEKAIOIIEN N3 COILJIA C TIPAMOYI'OJIBHBIM BbBIXO/IHBIM
CEYEHUEM

C.M. Ucaraes, I'. Toaeyos, M.C. UcaTaeB
HUUDT®, Kazaxckuii Hayuonanvhwill ynusepcumem um. anv-Dapabu, Anmamol

Lenp manHOM pabOTHI 3aKIOYAECTCS B 3KCIIEPUMEHTAIBHOM HMCCICHOBAHUU CPEIHHX XapaKTEPHCTHK
TEYEHHUS B TPEXMEPHOM CTpye B MHUPOKHUX MpefiesiaX U3MEHEHUS COOTHOIIEHHUSI CTOPOH COIIJIa, MCCIIEIOBAaHNE
KOTepEHTHON CTPYKTYpBl TYpOYJEHTHOCTH B TPEXMEPHOM CTpye W BBISICHEHHE pOJIM BIUSHHUS TaKUX
CTPYKTYp Ha a3pOAMHAMUKY CTPYH.

DKCTIepUMEHTAILHBIMI HCCIIEOBAaHUSAMU TocHeaHUX JieT [1-2] Obulo 3aMe4eHo, uTo MpHU
HCTEUYEHUU CTPYyH M3 COIUIa NPSIMOYTOJIBHOTO CEUEHHUs Pa3BUBAIOTCA NPOGUIM CKOPOCTH H
TEMIIEpPaTypbl C Pe3KMMU HEPAaBHOMEPHOCTSMHU, HECMOTpPSI Ha TO, YTO B BBIXOJJHOM CEYCHHH COILIA
podUIu CKOPOCTH U TEMIIEpaTypbl ObLIIM paBHOMEPHBIMU. JlanbHel e UCClieJOBaHNS TTOKa3alH,
9TO 3TH HEPABHOMEPHOCTH OOYCIOBJICHBI BIUSHUEM CTPYKTYpPbl KPYITHOMACIITAOHBIX BHXPEH,
pa3BHUBAIOIIMXCS B HayaJbHOM YydacTKe CTpyd. B maHHO#l paboTe NpUBOAATCS pe3yNbTaThl
KOMILIEKCHOTO 3KCIIEPHUMEHTAIILHOTO HMCCIEA0BAaHMS a’POJMHAMHUKH TPEXMEPHOH TypOYJIeHTHOU
CTpPYH, UCTEKAIOUICH U3 PSMOYTOIBHOTO COTLIA.

DKCTepuMEHTHI MTPOBOAMINCH HA YCTAHOBKE, CXeMAaTUYHO MMOKa3aHHOM Ha pucyHke 1. Bozmyx
oT BeHTMWiIATOpa (1) mocTynan yepe3 BuOporacsmuii nepexo (2) B yCoKouTenbHyto kamepy (3),
3ateM uepes3 ceTku (4) u (5) ucrekan u3 cora (6) ¢ IpIMOYroibHOM (POPMOI BEIXOJAHOTO CEUCHUSI.

KopneBast ywacth cTpyu pacmonaragach B pabodeit wyactu TeHeBoro mpubopa MAB-451,
000pYIOBAHHOTO TaK, YTO MOXKHO OBLIO HAOMIOATh TEHEBYIO MTHOBEHHYIO KapTUHY TCUCHHS.

Bo3zneiictBue Ha CTpyrO0 OCYIIECTBISUIOCH € TOMOIIblo auHamuka (7) momHocTteio 50 Br,
pPa3MENIeHHOT0 B YCIMOKOUTENbHON Kamepe (PpOHTaIbHO K BBIXOJHOMY CEUEHHIO cTpyu. [lpu
rojauye Ha JWHAMHMK CHUHYCOMJAJIbHOTO CHUTHajia W3 3ByKoBoro reseparopa (10) B BbIXOZHOM
CEUEHHH CTPYH CO3AAI0TCS CHHYCOUAATbHbBIE KOJIeOaHUsI CKOPOCTH BEIOPAHHOM YaCcTOTHI.

Jns u3MepeHust cpeHel CKOPOCTH W JTUHAMHUYECKOTO JaBJICHUS NMPUMEHSUIMCH TpyOka Iluto
(8) u muxpomanometp (9) mapku MMH-240.
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1-BeHTUIATOD; 2-BUOpOTacAIuil mepexo; 3-yCrnoKOUTeNbHas KaMepa;
4-BbIpaBHUBAIOIINE CETKH; S-HarpeBaeMas cetka; 6-coruio; 7-nuHamuk; 8-tpyoka [1uro;
9- Mukpomanometp; 10-3BykoBOi1 renepaTop

Puc.1. Cxema 3kcnieprMeHTalbHON YCTaHOBKU



[Tepememenue TpyOku [IUTO U JaTYUKOB 1O TPEM OCSAM CUMMETPHH COILIa OCYIIECTBIISIIOCH C
MOMOIIIbIO TPEXMEPHOTO KOOPIMHATHHUKA.

Jlns ¢opMupoBaHus TPEXMEPHBIX CTPYH HCIOJIB30BATUCH CMEHHBIE COIUIA C PAa3IUYHBIMU
yATUHEHUSMH. Y JUITMHEHUEM COTLIIa Ha3bIBAIOT OTHOIICHUE JUIUHBI d, K ITUPUHE b BBIXOTHOTO cpe3a
coruta (A = a/b).

CrnpodunupoBanHbie 10 ¢GopMysie BUTONIMHCKOTO dYeThIpe CTOPOHBI COIJIAa CHadvala
MOHTHPOBAJIUCh APYT APYTYy CIEUUaIbHBIMU 3aXKUMaMH, 3aTeM TIIATEIbHO MPOMNauBaIKCh.
[IpssmoyrosibHblE CcOIUIa HMMEIM OJMHAKOBYHO MHY 90 MM, co creneHaMmu mnomkarus c~10
(c = F\/F,, tne F) - ionaae BXOJHOTO cedeHUs: KoH(py30pa; F, - IUIOMAAh BBIXOJIHOTO CCUCHUS
KoH(y30pa), MpUYeM 3HAYCHHs IUIOIIANEH cpe3a BBIXOJAA IS BCEX COMeNl OBbLIM MPUMEPHO
OJIMHAKOBbl M PABHOBEJIMKM M0 IUIOIIAAU KPYIJIOMY COIUTYy, JHAMETp KOTOpPOro COCTaBIIsUT Obl
d«y=22,57 mm. B cooTBeTCTBHH € 3TUM 3P HEKTUBHBIN TUaMETpP KaXKI0Tr0 MPSIMOYTOJILHOTO coIuia d,

ObUI IPUOIN3UTENIBHO TAKUM K€, KaK TuaMeTp Kpyrioro comia. 3aece d, =2,/ab/n

B ombITax ncronps30BaIuch COTUIa ¢ COOTHOIIIEHHEM CTOpoH: A=3; 11; 16 u 25,25.

OcCHOBHBIE W3MEpEHHUsI MPOBEACHBI NMPH CKOPOCTH HcTedeHus u3 comia Up=20 wm/c, 4yTo
COOTBETCTBOBaJO uyuciay PeitHonbaca Re = 3,256 10%, paccuuTaHHOrO 10 3(h(HEKTUBHOMY
IUaMeTpy.

C uenbio BBIABIEHUS 3aKOHOMEPHOCTH BIIMSHUS IapaMeTpa A Ha a’pOJMHAMMKY
TPEXMEPHOTO TEUYEHHUs OBUIM H3MEpEeHBl IONepeuHble Npo(UIM CpeiHed CKOpOCTH CTpyH B
pa3IUYHBIX CEYEHUSX BO B3aMMHO MEPHNEHAMKYISIPHBIX IIOCKOCTAX cuMmmeTpu. Ha pucynkax
2,3,4 u 5 moKazaHbl pPe3yibTaThl M3MEpPEHHH MONEPEeYHbIX MNpOoQuIeH CKOPOCTH BIOJb OCEH,
MapajuieIbHbIX JJIMHHOW (Z) M KOPOTKOH (y) CTOpOHaM BBIXOJHOTO CEUEHHUs COTUIa, i A= 3;
11;16;25 npu Uy =20 m/c (Ha pucyHkax o6o3HaueHus: o3HadaroT: U — IpoIoJibHAs COCTaBIISAIOIIAs
ckopoct, Uy — CKOPOCTh Ha BBIXOAHOM ceueHHH comia, Upy- MakcuMaibHas CKOPOCTh B IaHHOM
CeUCHHH, X — KOOPAMHATHAS OCh BJOJb pPACIPOCTpAaHCHHS TeueHHs, X/b — OTHOCHTENbHas
KoopauHata (Kanubp), y,s U Z,s - TMOMNEPEYHBIE KOOPAUHATHI, TA€ CKOPOCTh PaBHA MOJOBUHE

MakcumainbHOU (Uy, /2)). Ha pucyHKax y v Z OTCUUTBIBAIOTCS OT LIEHTPa CTPYH.

AHanu3upysl pe3ysbTaThl HUCCICIOBAHUS, MOMYyYEeHHBbIE HAMU, MOXKHO CJelaTh HECKOIbKO
3aKJIIOYEHUN.

Bo-nepBbIx, Moka3zaHo, 4YTO aBTOMOJIEIFHOCTh IPOQHIICH BAOJIb OCH NMapauIeIbHON KOPOTKOM
CTOpPOHE YCTAaHABIMBAETCHA HE3ABUCMMO OT A mpu x/b=6, a BIONL OCH, MApalUIENbHON IIMHHOMN
CTOpPOHE, CKOPOCTHBIE MPOMUIN MEPEXOIAT K MPOQUIIM XapaKTEPHBIM OCECHMMETPUYHON CTpye
npu x/b=20 ms A=3, x/b=50 g A=11, x/b=70 misa A=16 u x/b= 100 ms A=25,25.

Bo-BTopeix, npu usmepenuu mnpoduiiel ckopoctu Ans A=11 Bmonb HampaBiaeHHUs OONBIION
OCH B IMEPEXOJHOM yYacTKe B MPOPWISIX cKopocTH Habmromaercs "cemroo0pa3HocTs" Gopmbl mx
pacnpenenenus. C qanbHEHIINM yBeJIMUYEHUEM 3HAYCHHM MapameTrpa A B MOMEPEUHbIX MPOodUiIsax
CKOPOCTH 1O 3TOM K€ OCH YHCIO0 MAKCUMYMOB TaKXe yBEJIWUUBAETCs (Hampumep, uis A=16 yucio
MaKCHUMYMOB PaBHHI 3, a UIst A=25 3TO YHCIIO COCTABIISET J).

OTU pe3ynbTaThl, KaK IOKa3blBAET BU3YAJIbHOE HCCIEIOBAaHUE C IOMOLIbIO TEHEBOIO
npubopa, B OCHOBHOM CBSI3aHBl C BO3HMKHOBEHHEM M JAlIbHEHIINM pPAa3BUTHEM 3aMKHYTHIX
KpYITHOMACIITaOHBIX BUXPEH, TUHAMUKA KOTOPBIX 3aBUCHUT OT MapameTpa A.

JleiicTBUTENBHO, BU3YaJbHBIM HAOIIOJEHHEM C MOMOIILI0 ONTUYECKUX MPHUOOPOB KAPTUHBI
HCTEYEHHUS U3 COIUIa MOAOIPETON CTPYyH YCTaHOBIIEHO, YTO B 30HE CMEIIECHUS TypOyJIEHTHOU CTpyH
00pa3yroTcs MepHoANYecKre KPYIMHOMACIITAOHbIE BUXPH, KOTOPbIE C YJAJICHHEM OT cpe3a COoIlia
HETPEPBIBHO 1e()OPMUPYIOTCSL.

Tenepp Ha OCHOBE MPOCTPAHCTBEHHOT'O MOBEACHUS TAaKUX KPYMHOMACIITAOHBIX BUXPEH,
0oJee noaApoOHO MPOBEAEM KaueCTBEHHBIM aHAIN3 IaHHBIX, KOTOPbIE PHUBOAMIINCH BBIILIE.
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Puc. 2. be3pazmepHbie mpoduiin CKOPOCTH TPEXMEPHOU CTPYH
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Puc. 3. be3pazmepHbie mpohui CKOPOCTH TPEXMEPHOU CTPYH
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Puc. 4. be3pazmepnbie Mpog Ik CKOPOCTH TPEXMEPHOU CTPYH
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A= 25,25; Uy=20m/c

Puc. 5. Bespazmepnbie mpod i CKOPOCTH TPEXMEPHOU CTPYH



B pe3ynbrate nccienoBaHus BU3yalbHOM KapTHHBI TEUEHUS, a TAKKe U3MEpeHUs npoduien
CKOPOCTH M TEMIIEpaTyphl OBLIM YCTAaHOBJIEHBI HECKOJIbKO BO3MOXHBIX BApHUAHTOB pPAa3BHTHUS
KpPYNHOMACIITaOHbIX BUXPEH B HAYaIbHOM U NIEPEXOAHOM Y4aCTKaX CTPYH.

B nepsom cnyuae (1= A =<3) kpynHoMmacmraGHble BUXPH, 0OpasylOLIMECS B HAYAILHOM
yUYacTKe, 3aMBIKAIOTCS B BUE DIUIMIICOMIA CaMU Ha ceOs. B 3ToOM ciydyae BUXpH CYIIECTBEHHO HE
BIMAIOT Ha NPOQUIN CpeAHeld CKOpOCTH Kak BJOJb OCH y, TaKk W BIOJb ocu z. Ha pucynke 2
MIPUBEJICHBI pacpeCTICHNsI CKOPOCTHU TI0 OCSM y U Z Ha PA3IMYHBIX PACCTOSHUSIX OT COIIa B CTPYE,
UCTeKamIlell u3 coma ¢ yuMHeHueM A=3. Kak BHJIHO B 3TOM ciy4yae HpO(QHIN CKOPOCTU
MOHOTOHHBIE.

Bo Bropom ciyuae mpu 3HaueHusX A= 10 aBuKeHHE O0pa30BABIIMXCA BIOJIb KPOMOK
JUIMHHBIX BHUXPEBBIX INHYPOB CTAaHOBATCS HEYCTOMYMBBIMH W C YAAJCHHEM OT COIUIa MOTYT
pacnacThbCsl Ha HECKOJIBKO BUXPEBBIX KOJIEL! IO AJIMHE COIJIa BIOJIb OCH Z.

B sToMm ciydae oOpa3yroTcs ¢ yajleHneM OT COIia B IEPEXOIHOM 00JIaCTH CTPYH HECKOJIBKO
MaKCUMYMOB U MUHMMYMOB B IIPO(HIIe CKOPOCTH B0 OCH Z.

Ha pucynkax 3, 4 u 5 npuBeneHsl Mpo(UIA CKOPOCTH B CTPYSIX, UCTEKAIOIIUX M3 COIEN C
yanuHenuem A=11, 16 u 25. Bo Bcex ciydasx B HayaldbHOM YYacTKe CTpyH oOpa3oBasvCh
HECKOJIbKO 3aMKHYTBIX TOPOHMJAIBHBIX BUXpel. B pesynbraTe ux BIUSHUS NPO(UIN CKOPOCTH O
OCHU Z CTAHOBSITCS CUJIbHO HEPABHOMEPHBIMH y>K€ Ha PACCTOSHUSX B HECKOJIBbKO KanuOpos (x/b) oT
cpe3a coIuta, XOTs Ha BBIXOZIE U3 COIUIa OBUT PAaBHOMEPHBINA POQHITH CKOPOCTH.

[Ipu A=11 B momepeyHOM CEYEHMH MOXKET O0O0pa3oBaTbCi JABa TOPOUIAIBHBIX BUXpPS, B
pe3ynbTare 4ero B Npoduiie CKOPOCTU MO OCH Z (PUCYHOK 3) oOpa3yercs B IEHTPE MUHUMYM, a 110
KpasiM JiBa MakcumyMa ckopocTH. [Ipu A=16 B HayaJbHOM ydyacCTKE B MECTO OJHOTO JUIMHHOTO
TOpouza O0pa3yloTCsi TPU TOPOMAAIBHBIX BHXPS, PACIIOJIOKEHHBIE MO OCH Z B OJHOM CEYCHHU
ctpyu. brnaromapst 3TomMy, Kak Moka3aHO Ha pUCyHKe 4 oOpa3yloTcs 3 MakcuMyMma B Ipoduiie
CKOpOCTH BIIOJIb OCH z. [Tpu A=25 MoxkeT 00pa3oBaThCsi 5 TOPOUJAIBHBIX BUXpEU U 00pa3yroTcs 5
MaKCUMYMOB B ITpO(uiIe CKOPOCTH BIOJIb OCU Z (PUCYHOK 5).

Panee ormewanmoch [3], YTO Ha OCHOBE TIOJYYEHHBIX pE3yJIbTaTOB H3MEPEHUs
IIPOCTPAHCTBEHHBIX MPO(pUIEeH MOTHOTO JABJIECHUS, HA OCHOBE HaOmroAeHus U (hoTorpapupoBaHus
TEHEBOM KapTUHBI TEUCHMS U M3 CpPaBHEHHUS Oe3pa3MepHBIX mpoduieil cKopocTd M W30BITOUYHOU
TeMIIepaTypbl TPEXMEPHOU CTPYH, MOKHO NPEJICTABUTH YNPOLICHHYIO CXEMY 3BOJIFOLUHU (POPMBI U
pa3mepa BUXPEBBIX CTPYKTYp Ha Pa3IMYHBIX PAcCTOSIHUAX OT cpe3a comuia. Jlanee coobmaercs, Kak
Ha OCHOBE JTOH K€ CXeMbl yJaloch OOBSICHUTh NPUPOAY BO3HUKHOBEHHMS HEMOHOTOHHOCTH B
IpOoUIAX CKOPOCTH U U30BITOYHOM TeMIepaTypbl CTPYH.

To4yHO Takke MOKHO OOBSCHUTH MPUYMHY OOpa30BaHMs HEPABHOMEPHOCTEH B MONEPEYHBIX
npodumnsx ckopoctet (1Mo z) ¥ B JAHHOM cliy4dae (PUCYHOK 0).

W3 ananuza pe3ynbTaToB HabOmoneHUs W GoTorpadupoBaHusl TEHEBOW KapTUHKU TCUCHHS
ClIeZlyeT,  4YTO  NPOMCXOOUT  HempepbiBHAasg  jAedopMamust  BUXPEBOr0  BO3MYUICHHS,
COTIPOBOXKIAIOIICHCS  CJIOKHOW  TpPaeKTOpHeW COMMKEHUST W TEepPEeMBbIKaHHUs €ro  4JacTei,
Pa3BUBAIOIIMXCS CO CTOPOHBI KOPOTKHMX M JUIMHHBIX KpoMok comuia. Hammume muaumyma U/Uo
(pucyHOK 6) cBsi3aHO ¢ 00pa30BaHMEM JIOKAJIM30BAHHOW O0JACTH, B KOTOPOM JIMHEWHAs! CKOPOCTh
BUXpSl TIOCJIE€ 3aBEpIIEHHs IpoLecca IMEepPEeMbIKaHUS BHUXPEBOTO IIHypa BONHM3M OCH CTPYyH H
OKOHYAaTeJIbHOr0 (hOPMHUPOBAHMSI BHUXPEBOIO TOpa HANpaBiI€Ha NPOTHB OCHOBHOIO MOTOKAa. B
KOHEYHOM CYETE, 3TO, M OOBSICHIET NPUUMHY 00pa30BaHUsI HEPAaBHOMEPHOCTEH B CKOPOCTHOM TIOJIE.



A=11; Uy=6 m/c; x/B~12

Puc. 6. MrHOBeHHas1 KapTHHA KPYITHOMACIITA0OHBIX BUXPEH HA MIEPEXOTHOM YIaCTKE
TPEXMEPHBIX CTPYH U UX BIMSHHUE HA PACIIPEAEICHUE CKOPOCTU
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HIbIFbIC KUMACBI TIKTOPTBYPBIIITHI COIIVIOJAH AFBIII IIBIFATBIH
TYPBYJIEHTTI EPKIH AFBIHITAHBI DKCIIEPUMEHTTIK 3EPTTEY

C.U. Ucaraes, I'. Teaeyos, M.C. HcaTaes
BepiireH JKYMBICTBIH MaKcaThl, COIUIO >KaKTapbl KaTbIHACTAPBIHBIH ©3TepyiHiH KEeH
JMana30HIapblHAa YIIeIIeM i aFbIHIIaHbIH OpTallla CHIaTTaMajapblH SKCIEPUMEHTTIK 3epTTey,
aFpIHINAAFbl  TYpOYJEHTTUIIKTIH KOTEPEHTTIK KYPBUIBIMAAPBIH  3€pTT€y KOHE  OCBIHAAN
KYPBUIBIMIAP IbIH aFbIHIITIAHBIH a9POIMHAMHUKACHIHA 9CEPIHIH POJIiH TYCIHAIPY OOBIT TaObLIA b,

EXPERIMENTAL RESEARCH OF TURBULENT FREE JETS FLOWING FROM
NOZZLE WITH RECTANGLE OUTFLOW FACE

S. Isatayev, G. Toleuov, M. Isatayev
The work represents the results of experimental research of aerodynamics of three-
dimensional turbulent jets flowing from nozzles with rectangle outflow face. The results of
measurements of middle flow characteristics of three-dimensional jets are given.



