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INVESTIGATION OF THE VORTEX PICTURE OF A FREE JET FLOW
BOUNDED BY FLAT WALLS

Abstract. It is shown that the aerodynamics of turbulent jets flowing from rectangular
nozzles is significantly influenced not only by the presence or absence of limiting end walls, but
also by the development of large-scale coherent vortices formed at the initial section of the jet.
It is established that in the case of large-scale vortices formed at the initial section with axes
parallel to the free edge of the nozzle, they can either rest against the end walls with their ends,
or close on themselves at the end walls, covering the initial section of the jet. It is shown that the
initially formed annular vortices covering the initial section of the jet deform as they move away
from the nozzle and turn into vortex cords with axes parallel to the direction of the jet. As arule,
the vortex cords are arranged symmetrically relative to the axis and have opposite directions.
These vortices are the main cause of the appearance of an uneven velocity and temperature
profile along the axis. At the same time, large-scale primary vortices with their ends rest against
the end walls and cannot cause the appearance of maxima and minima of the velocity profile
along the axis. In this case, the development of the boundary layers at the end walls is similar to
the development of the boundary layer of a homogeneous flow in a flat channel.
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7Ka3pIK KaObIprajjapMeH IEKTeIreH ePKiH AaFbIHHBIH AFbIHIIAJAFbI Ky bIH/bI
KOpiHiciH 3epTTey

AnHoTamus: bByn kyMmeicTa TIKOYPBIITHI CaHbUIAyJdapAaH araThlH TYypOYJICHTTI
aFBIHIAPBIH a9POJAMHAMHUKACHIHA IISKTEYI KaObIpranap/ablH OOJybl HeMece 0OJMaybl FaHa
€MeC, COHBIMEH KaTap arbIHHBIH OacTarkbl OeJiriHie naina O0JaThiH KeH KeJeMJIi KOrepeHTTI
KYWBIHIAPJBIH JaMybl Ja aiTapiblkrali acep ereTiHairi kepceruireH. CaHpuiayablH 00C

XKHETiHe mapajiens ockTepi Oap Oacramkel aiiMakTa mnaiina OosraH 4210 YJIKeH Kenemi
KYHBbIHJIAp YIIBIMEH COHFbI KaObIpFajapra Tipeidyl MYMKiH HEMece arbIHHBIH OacTanKbl O6IiriH
KaMTHUTBIH COHFBI KaObIpFajapra >KaKblH OpHAJIACYbl MYMKIH €KEHHIr1 aHBIKTAIIbl. AFBIHHBIH
Oactankbl OeJiriH KaMTHTBIH aJFallKpla Maiina OonfaH CakMHANBl KYHBIHAAp canTaMaiaH
neGopMalysUIaHbIN, aFbIHHBIH OaFbIThIHA MapajieNlb ochTepl Oap KYWBIHABI ChIMJapFa
allHaNaThIHBI KOPCETINreH. OJeTTe, KyHbIHIBI ChIMAAP Z OChKE KATBHICTHI CHMMETDPHSIIbI
OpHaJlacKaH J>XKoHE KapaMma-Kapchl OarbiTTa Oosazpl. byn KydblHAap — KbUIZaMIBIK II€H

Temnepatypa npoduiiHiH Z ochTe OipKenki OONMaybIHBIH HeETiri ceGeoi. A<T Gonran
Ke3Jeri ipi MacmTaOTarbl alfallKbl KYHbIHIAp YIOiH OJapAblH YINTaphl IIETKI KaObIprajapra
Tipenin, Z oci OOHBIMEH XBUIIAMIBIK MPOQWIiHIH MaKCUMyMJapbl MEH MHHUMYMIAPbIHBIH
maiiga OomyeiHa Jkonm  Oepmeiimi. bynm karmaiima coHFbl KaObIprajapiarbl IIEKapajibIK
KabaTTap/bIH JaMybl Ka3bIK KaHaJlarbl OIpTEKTi aFbIHHBIH LIeKapa KaOaTbIHbIH JaMybIHa YKCac
xypeni. CoHpIMeH 0ipre aMIUIMTYAAJIBIK-KUUTIK aHaJIM3aTOPBI 9JIeKaiiia dKOFaphbl KHUUIIKTepre
JIEHIHT] IIaFBIH MACIITAOTHI KBIIAMIBIK ITyJIbCAITHSIIAPHIHBIH OOTYBIH KOpCETE .

Tyiiin ce3mep: ’ka3plK KaOBIpFa, KYWbIH, Termep KeJeHKeTl KOHABIPFBICH, ipi
MaciuTaOThl KYHBIHAAp, canTama.
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HccnenoBanne BUXpeBoii KAPTUHBI Te4eHUsI CBOOOAHOI CTPYH, OTPAHUYEHHOI MJI0CKUMH
CTEeHKaMU

AnHoTanus. B paboTe moka3aHo, 4YTO Ha a’pOAMHAMHKY TypOYJEHTHBIX CTpYH,
WCTEKAIOMNX W3 MPSIMOYTOJNBHBIX COMEN, CYNICCTBEHHOE BIIMSHHE OKAa3bIBA€T HE TOJBKO
HAIMYAE WIA OTCYTCTBHE OrPaHUYMBAIOIIMX TOPLOBBIX CTEHOK, HO M pa3BUTHE
KpYIMHOMacIITaOHBIX KOTE€PEHTHBIX BUXpel, 00pa3yIolMXCs HAa Ha4aJbHOM YYacTKE CTPYH.
Ycranoeneno, uro mnpu A > 10 kpymHoMacimitaOHble BHXpHU, 0Opa3oBaHHBIC HAa HAYaIbHOM
YYaCTKE C OCSAMH, MapajlieIbHBIMU CBOOOJHON KPOMKE COIUIA, MOTYT JIMOO CBOMMH KOHIIAMH
yIUpaTsCsl B TOPLOBBIE CTEHKH, JTHUOO Yy TOPLOBBIX CTEHOK 3aMBIKaThCS caMH Ha ceds,
OXBATbhIBasl HAYANBHBIN y4acTOK cTpyH. [lokazaHo, 4TO MepBOHAYATBHO BO3SHUKIIHE KOJBIIECBbIC
BUXPH, OXBATHIBAIOIIUC HAYALHBIA YYACTOK CTPYH, C YAAJICHUEM OT COIUIa, NeQOPMHUPYSICH,
MPEBPAIAOTCS B BUXPEBBIE NIHYPHI C OCSIMU MapaljieIbHO HampaBlieHHIo cTpyH. Kak npasuo,
BUXpEBBIE IIHYPHl PACHONaraloTCs CHMMETPHUYHO OTHOCHTENBHO OCH Z ¥ HUMCEKT
MPOTHBOIMOJIOXKHBIC HAMPABICHUSA. OTH BHUXPU SBISIOTCS OCHOBHOW NPHUYUHOMN MOSIBICHUS
HEPaBHOMEPHOCTH MpOQMIIsE CKOPOCTH U TemIepaTypel mo ocu 2Z. Ilpu A < 7
KpyIHOMAacITaOHbIe TIEPBUYHBIC BUXPH CBOMMH TOPIIAMH YIUPAIOTCS B TOPLOBBIC CTEHKH U HE
MOTYT BBI3BATh MOSBICHHEC MAaKCUMYMOB ¥ MUHHUMYMOB MPO(UIIsI CKOPOCTH MO ocu Z. B atom
cllydae pa3BUTHE MOTPAHUYHBIX CIOEB Y TOPLOBBIX CTCHOK MPOUCXOANUT aHAJIOTHYHO Pa3BUTHIO
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MOrpaHUYHOI0 CJI0A OJHOPOJAHOTO IMMOTOKA B IIJIOCKOM KaHaJiC.

KuaroueBble cioBa: ImIocKas
KpyITHOMAacIITaOHbIe BUXPH, COILIO.

Introduction

The visual picture of the flow in a plane
jet was investigated with end walls made of
glass. Visual pictures of the vortex structure
were obtained using the Topler 1AB-451
shadow setup. The optical inhomogeneity of
the jet was achieved by slightly heating the jet.
Along with this, a smoke jet with stroboscopic
lighting was also used.

Instant photos of the shadow flow pattern
in the jet with 1 =16 and A4 =2.72 at initial
speed U,=5,4u/s and various frequencies of

acoustic exposure are shown in Figs. 1 and 2.

In the left half of all images, the light
beam is directed parallel to the axis z
(perpendicular to the end plates), on the right
half - parallel to the axis y (parallel to the end

plates). The left photographs clearly show
large-scale vortices forming in the initial
section parallel to the free edge of the nozzle.

In all images taken parallel to the axis z,
in the initial section of the jet, large-scale
vortices are visible, which become most intense
at the resonance frequency corresponding to the

CTEHKa,
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value of the Strouhal number in the interval
Sh=0,30+-0,50. With distance from the

nozzle further than the initial section, the
shadow pattern of large-scale vortices is
blurred and they become indistinguishable.
Analysis of the jet shadow pattern in the
direction of the axis y (parallel to the end
walls) shows that immediately after leaving the
nozzle, the flow field is uniform in temperature
along the axis oz. When 1=16 already at a

distance %2 4 longitudinal stripes appear, the

contrast of which increases with distance from
the nozzle and becomes uneven. The
photographs show that helical vortices with an
axis parallel to the direction of flow in the jet
are formed at the end walls. Through their

. X
development over distances E> 20 three dark

and two light flow stripes are formed in the
right image in Fig. 1.

Buwin.24 T.3-4 2022


mailto:Zhanibek.seidulla@kaznu.kz

Kypuan npoodnem r6onoyuu OmKpoImuIx cucmem

© Al-Farabi Kazakh National University

b_ f=320Hz; Sh=0,30 .

Figure 1 — Snapshots of the shadow pattern of a
vortex flow in a plane jet with end walls at
A=16,U,=54m/s.

In this case, dark stripes correspond to
areas with a low temperature, and light stripes
correspond to areas with a higher temperature.

Obviously, these features of the motion of
large-scale eddies can be explained as follows.

When A>10 large-scale vortices that have
arisen in the initial section can either close on
the end walls or close on themselves, covering
the initial section of the jet in the form of a
closed ring.

With the distance from the nozzle
downstream, the near-wall part of the annular
vortex at the end walls decelerates and lags
behind the part of this vortex in the free mixing
zone. As a result, the vortices are gradually
deformed approximately as shown
schematically in Figs. 3 and 4.
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b- f=125Hz; Sh=0,28.

Figure 2 — Snapshots of the shadow pattern of
the vortex flow in a plane jet with end walls at
A=272;U,=54mls.

Projected onto a plane xz half of the
vortex, facing the viewer, looks like an
elongated arc with the legs below, in a plane
xy - like an arc, turned upside down, and in a
plane yz - like a vortex ring, deformed in the
form of a figure eight. Such development of
large-scale eddies leads to the formation of two
maxima in the wvelocity and temperature
profiles along the axis z .
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Figure 3 — Scheme of vortex development for
A =15,
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Z n
Projection on a plane YZ  Projection on a plane XZ

Figure 4 — Scheme of vortex development for
A=25.

If the vortex deformation is realized as
shown in Fig. 4, then this leads to the formation
of three maxima in the profile of the velocity
and excess temperature of the jet along the axis
Z.

The above results are qualitatively and
quantitatively  consistent with theoretical
calculations of vortex clusters formed in the jet
flow and in the wake of the body, performed by
Z. Zh. Zhanabaev and coworkers [1, 2].

According to the calculations of the
above authors, in the quadrupole structure of
vortices, the distance between the centers of
oppositely rotating vortices in one row
corresponds to 10 calibers. If we take points
corresponding to the mean value between the
maximum and minimum values of the velocity
as the centers of the vortices, then the distance
between the centers of the vortices in one row
at 1=16 corresponds to 8.8 calibers, and the
distance from the center of the extreme vortex
to the wall is 3.7 calibers.

The same distances are maintained at
A =25 when in one row along the axis z 4
oppositely rotating vortices are located.

With a small value 12 <3+5 large-scale
vortices that arise parallel to the nozzle edge in
the free-mixing layer of the jet are closed at the
end walls and they cannot cause non-
uniformity of the velocity and temperature
profile along the axis z .

In this case, the velocity profiles along
the axis z between the end walls will develop
in the same way as in a homogeneous flow in
the initial section of a flat channel.

Figure 2 corresponding value 1=2,72
shadow flow patterns in the direction of the
axis z are qualitatively similar to the previous
case for A=16. However, in the pictures in the
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plane xz (the ray is parallel to the axisy)
spiral-screw motion of a vortex with an axis
parallel to the jet flow is not observed.

Almost all visualization methods do not
allow studying the development of discrete
vortices that arise in the initial section, with
distance from the nozzle in the main section of
the jet. The ASCHKH-1 analyzer has a wide
bandwidth and can register discrete frequencies
of flow velocity fluctuations only within the
initial section of the jet. Figure 5 shows a
spectral analysis of turbulent velocity
fluctuations in the initial section of a plane jet

at a distance %:5 and 40 for acoustic

resonance exposure with a frequency
f =320 Hz in jet with parameters 1=16 and
U,=4,3m/s.

X
As you can see, the analyzer at E=5

shows not only the fundamental frequency of
velocity oscillations caused by discrete
vortices, but also harmonics corresponding to
the frequencies 0,5f;2f;3f etc. On the

spectrogram corresponding to the main section
. . X .
of the jet at a distance, E: 40 a continuous

turbulent spectrum is visible.
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Figure 5 — Spectral analysis of turbulent
pulsations
speed at f =320 Hz,A=16 and U,=4,3m/s.

However, direct observation of the
oscillograms of the instantaneous velocity
pulsation signal sweep shows the presence of
periodic velocity pulsations caused by primary
large-scale vortices of the initial section of the
jet. With moving away downstream, as a result
of interaction and coalescence of the initial
vortices into larger ones, low-frequency

Bun.24 1.3-4 2022
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structures with a larger amplitude of velocity
fluctuations are formed. At the same time,
high-frequency fluctuations of the velocity
caused by the initial vortices are preserved
against their background. For example, in Fig.
6 oscillograms of velocity pulsations in a jet
bounded by end walls are presented for values
of the parameter 2=16 and U,=9,8m/s at

different distances from the nozzle and from
the jet axis.

T e i
WM"M/“‘%M "\/\ lmn '\ \//\/ o

H \' \[ MJM

r" \‘

| \ o 2o, mwmn L1 140,246, 20,
’( \ i B §

n |
”\ M ‘hu it M‘WW'I

! 2 i ‘\f‘\l‘ ‘ ’\‘ H o | -£=ZU,mmm§ 150, 220,30,
J;‘ﬁ‘l’WtW‘MJVWMWWMﬂ '[\i 1 N‘ ‘\“”\/ﬂ

B =g l )‘\.M ‘!‘ . I Vi , ,
l“lwl M“lh ‘ | 1 moema L 145214303
H A M !
. ” i N {

il
f

U\’!\H

5 r=0100¢

Figure 6 — Oscillograms of velocity pulsations
in the jetat 2=16,U,=9,8m/s.

Waveform Sweep Time ¢ indicated in the
figures. The frequencies of the primary vortices
were calculated from the high-frequency
pulsations, and the Strouhal numbers were

calculated from them ShO:E Sh,, -T2
U U,
(fig. 7).
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Figure 7 — Changing the Strouhal number

Conclusion
As seen, Sh, decreases with distance

from the nozzle. T his is due to the fact that as
the flow velocity decreases with distance from
the nozzle, the number of vortices passing by
the hot-wire anemometer nozzle per unit time
also decreases. ConsequentlySh  maintains an

almost constant value along the length of the jet
. X
up to a large distance B >100.

At the same time, it is very interesting
that we established the fact that in an
instantaneous  oscillogram  of  velocity
pulsations up to a large distance with a distance

from the nozzle (§>100) the frequency of

small-scale pulsations does not exceed the
frequency of the initial large-scale eddies of the
initial section.

In this case, the amplitude of the
pulsations of the velocity of primary vortices
decreases by more than an order of magnitude
in comparison with the amplitude of pulsations
of large low-frequency vortex formations,
which include up to tens of primary vortices.

At the same time, as you know, the
amplitude-frequency analyzer shows the
presence of small-scale velocity pulsations up
to much higher frequencies.

This, obviously, is explained by the fact
that any complex motion with continuously
varying speed, according to the theory, can be
represented by the Fourier series in the general
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case as the sum of an infinite number of
periodic  trigonometric ~ functions  with
increasing frequency and decreasing amplitude.

A similar phenomenon of preservation of
a coherent vortex structure created by acoustic
impact in a turbulent wake behind a thin plate
and a profile far downstream was established in
the work of N.N. Yanenko with colleagues
[3,4] with a narrow-band amplitude-frequency
analyzer total 4 Hz.
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