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The results of experimental studies are presented in order to study the features of the for-
mation of separated and vortex flows in the vicinity of a transversely streamlined cylinder
on the surface of a hydraulically smooth rigid surface and to determine the space-time
characteristics of sources of wall pressure fluctuations. The studies were carried out in la-
boratory conditions on transversely streamlined cylinders, which were located on a rigid
surface. The field of wall pressure fluctuations was measured by a group of miniature pi-
ezoceramic pressure fluctuation sensors, which were installed flush with the streamlined
rigid surface in front of the cylinder and in its wake. The research results were processed
and analyzed using the mathematical apparatus of the theory of probability and mathe-
matical statistics. The spectral and correlation characteristics of the separated flow in the
vicinity of a transversely streamlined cylinder are obtained.

Key words: cylinder, flat surface, pressure fluctuation sensors, spectrum, correlation,
vortex structures.
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HaBeneHo pe3ynbTaTH eKCIIEpUMEHTAIBHUX JOCITIIDKEHb 3 METOI BHBUEHHS 0CO-
OnBocTel (hOpMyBaHHS BIIPUBHUX i BUXPOBUX TEUil B OKOJI ITONEPEYHO OOTIYHOTO IH-
JHIpa Ha TIOBEPXHi TiJPaBIiYHO IJIaAKOI0 XKOPCTKOT MOBEPXHi i BU3HAYEHHS IPOCTOPO-
BO-YaCOBHX XapaKTePHCTHK Kepes MyJbCalliii MPUCTIHHOTO THUCKY. JlOCHiKeHHS Mpo-
BeZIeHiI B Ta0OpaTOPHUX YMOBAX Ha MOMEPEYHO OOTIYHUX IMITIHIpaX, SKi Oy po3Taiio-
BaHi Ha TUIOCKiH JKOpCTKil moBepxHi. [lome mynbcariii IpUCTIHHOTO THCKY BUMIpIOBAIO-
¢l TPYIIOI0 MIHIATIOPHUX IT'€30KepaMiYHUX AATYHKIB MyJIbCAIlii TUCKY, SIKi OyJIM BCTaHO-
BJICHI BPiBEHH 3 OOTIYHOI JKOPCTKOIO TOBEPXHEIO IMepesa HWIHAPOM 1 B Horo cmig. Pe-
3yJIBTaTH JOCHIMKEHb OOpOOISIIHCS 1 aHami3yBajlucs 3a JOMOMOIOI0 MaTeMaTHYHOTO
amapaty Teopil IMOBIPHOCTI Ta MaTeMaTU4HOI CTATUCTHKU. Y CTAHOBIICHO, 10 IHTEHCHB-
HICTb ITyJIbCAllill MPUCTIHHOTO TUCKY B BIAPUBHUX 00JIACTAX B OKOJIi MOMEPEYHO 0OTIUHO-
ro IWIIHApPa B KilbKa pa3iB BUIIA, HK B yMOBaxX OOTiKaHHS TiApaBIiYHO TJIAIKOI MOBEP-
xHi. 3 BigmaneHHsM noHax 100 xiamMeTpiB monepedHo OOTIYHOTO IIUIIHIpA MPUKOPIOH-
HUI1 ap BiTHOBIIOEThCS. BUABIEHO, 110 31 30UIBIICHHSM JliaMeTpa MOMEPevYHO OOTIYHO-
ro OWIIHApPA 1 3 HAOIMKEHHSIM J0 KOPMOBOI YaCTHHH WTIHAPA PiBHI CIEKTPIiB 30UIBIIY-
10Thesl. 31 30UTBIIEHHSIM AiamMeTpa MITiHApa 30UIBIIYIOTECS HU3bKOYACTOTHI KOMIIOHEHTH
MyJIbCalliil TUCKY, SIKi TeHEPYIOThCS BEIMKOMACIITAOHUMH BUXPOBUMH CTpYKTypamu. Ko-
TePEeHTHICTb MOJIS MyJIbCalliil MPUCTIHHOTO THCKY 3MEHILY€ETHCS 31 30LIBIICHHAM JliaMeT-
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pa mumiHapa, a gasa B3a€EMHOTO CIIEKTpPa JIHIHHO 3MIHIOETECS B 00J1aCTi HU3BKUX YacTOT.
YcTaHOBJIEHO, MO 31 30LIBIMICHHSAM BIJICTaHI MK JIaTYUKAMH KOPEJIOBAHICTH ITyNIbCAIliil
THCKY 3MEHIIYETHCS, Yepe3 BUPOPKEHHs IpiOHOMacTabHUX BUXOPIB, | MAKCUMYMH KO-
ediuieHTa Kopemsiii MaroTh Micle mpu OLIBLIOMY 4Yacy 3aTpUMKH. Y CHifi MOMepedHo
00TIYHOTO IWIIIHAPA BENUKOMACIITA0HI BUXPOBI CTPYKTYPHU HEPEHOCATHCS 3 OLIBII BHCO-
KOO IIBHUJIKICTIO, HIXK JIpiOHOMAcIITaOHI BUXOPH.

Ki1rouoBi cioBa: muiiHIp, IIOCKA MOBEPXHS, JAaTYUKU ITyJIbCaLlill TUCKY, CHEKTp, Kope-
JISILIST, BUXPOBI CTPYKTYPH.

1. Introduction

Cross flow over cylinders is widely used in practice. Trunk pipelines, optical commu-
nication lines, sealed cable sheaths cross a large number of rivers, seas and oceans. Of-
ten, cylindrical structures are located on rigid solid surfaces and are subject to currents
that cause oscillations and vibrations of streamlined cylinders. When the frequencies of
the forced vibrations coincide with the frequencies of the natural vibrations of cylindrical
structures, resonance phenomena arise that cause significant loads on the structures and
lead to emergency situations.

The study of sources of oscillations and vibrations of transversely streamlined cylin-
drical surfaces and the development of means to reduce their effect on structures is car-
ried out in many countries. The formation of a complex vortex flow in the vicinity of
such bodies, its nonstationarity and inhomogeneity significantly complicate the numeri-
cal and physical modeling. The random process of vortex formation, velocity and pres-
sure fields, and vibration characteristics requires the use of modern means and methods
of research [1, 2].

The aim of this work is to study the features of the formation of separated and vortex
flows in the vicinity of a transversely streamlined cylinder on the surface of a hydrau-
lically smooth rigid surface and to determine the space-time characteristics of sources of
wall pressure fluctuations.

2. Program and research methodology

The study of the features of the formation of a separated flow in the vicinity of a
transversely streamlined cylinder located on a rigid surface was carried out using physi-
cal modeling methods. The flow diagram over a rigid wall with a transverse cylinder and
the location of the wall pressure fluctuation sensors are shown in Fig. 1. An unfavorable
pressure gradient leads to separation of the boundary layer in front of the cylinder. Be-
hind the cylinder, the boundary layer is attached to the rigid surface. A complex vortex
motion is formed in the areas of separation of the boundary layer. Periodically, large-
scale vortex structures are detached from the aft surface of the cylinder, at the appropri-
ate Reynolds numbers, and are carried away by the current. Intense fluctuations of veloc-
ity and pressure are generated in the areas of separation and reattachment of the bounda-
ry layer [3, 4]. The separation of vortex structures and velocity and wall pressure fluctua-
tion fields cause vibrations of the streamlined surface and oscillations of the transversely
streamlined cylinder. Large non-stationary loads often lead to emergency situations on
trunk pipelines and fiber-optic communication lines.
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Fig. 1. Scheme of the flow over a transversely streamlined cylinder and the installation
locations of the wall pressure fluctuation sensors.

Experimental studies were carried out in the hydrodynamic flume [2, 5]. The field of
wall pressure fluctuations in the vicinity of a transversely streamlined cylinder was in-
vestigated using miniature pressure fluctuation sensors. The sensors had a sensitive sur-
face diameter ds=1.3 mm and were installed flush with the streamlined surface in front of
the cylinder and behind it [2, 3]. The group of sensors made it possible to determine the
integral, spectral and correlation characteristics of the pressure fluctuation field, to study
the features of the generation and evolution of the vortex flow, the inhomogeneity and
nonstationarity of separation regions in the vicinity of the cylinder.

The processing and analysis of experimental data was carried out using the mathemat-
ical apparatus of the theory of probability and mathematical statistics [1, 6]. The root-
mean-square values of pressure fluctuations were determined as:

Prs (0 1) =4/ P*(x,1) = /R, (0,0) = ﬁ P(0, f)df } , (1)

where x is the longitudinal coordinate, t is the time, f is the frequency, R(0,0) is the
autocorrelation, and P(O, f) is the spectral power density of the wall pressure fluctua-

tions. The power spectral densities of the wall pressure fluctuations were calculated from
the dependence:

P(w) = % T R, (O, el dr = %T R,(0,7)cos(wr)dz, 2

where w=2xf is the circular frequency, 7 is the delay time. The cross power spectral
density of the pressure fluctuations between the two sensors was calculated as:

Pal&0) == [RuE Depjonde—Pa G olep-i0E o), @)

where & is the separation between the sensors, R,,(&,t) is the cross-correlation and
O(§, ) is the phase of the cross-spectrum. The cross correlation of the wall pressure
fluctuations between the two sensors was determined by the dependence:

Ry (69) = [P0, O x, Ot @

where x, and x, are the coordinates of the near-wall pressure pulsation sensors. The
cross-correlation coefficient was determined according to the dependence:

P2 (& 1) =Ry, (6 1) / p'(x, P (X, 1) - ()
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Fig. 2. Pressure fluctuation sensors (a) and experimental setup (b).

3. Research results

The research results showed that the intensity of the wall pressure fluctuations in the
separation regions in the vicinity of the transversely streamlined cylinder became several
times higher than in the flow on a hydraulically smooth plate. For large cylinder diame-
ters and Reynolds numbers, this difference exceeded several orders of magnitude. Fig. 2
shows the values of the intensity of the wall pressure fluctuations in the wake of the cyl-
inder. Fig. 2a shows the rms values of pressure fluctuations (1), which are normalized by

dynamic pressure q=pU?/2, where p is the water density and U is the flow velocity,
depending on the distance from the cylinder to the measurement point x/&", where &
is the displacement thickness of the boundary layer. Curve 1 was obtained for cylinder
diameter d" =Ud /v =162, where v is the kinematic coefficient of viscosity, curve 2
was measured for d*=324. Fig. 2b shows the rms pressure fluctuations, which are nor-
malized by the rms pressure fluctuations on a smooth plate, depending on the distance in
the cylinder wake. Curve 1 was measured for a cylinder with a diameter of d* =162,
curve 2 - d*=324, curve 3 - d* =648, curve 4 - d* =487 and curve 5 - d*=974. Curves
1-3 are measured for the Reynolds number Re, =UL/v=5-10, where L is the dis-
tance from the nose of the plate to the location of the cylinder. Curves 4 and 5 are meas-
ured for Re, =1-10°. The results of the studies showed that with the removal of more

than 100 diameters of the transversely streamlined cylinder, the boundary layer is re-
stored.
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Fig. 3. Power spectral density of the wall pressure fluctuations for cylinder
d*=324 (a) and different cylinders (b).
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Fig. 3a presents the results of measuring the spectra of pressure fluctuations (2),
which are normalized by external variables in the form P"(w) = P(@)U / (p*(x,t)0"),

depending on the frequency o =278 /U . Here curve 1 is measured on a smooth sur-
face without a cylinder, and the rest of the curves are measured for different distances
from the cylinder with a diameter of d*=324. Fig. 3b shows the power spectral densities
of the wall pressure fluctuations, which were measured in the wake of cylinders of dif-
ferent diameters. The low-frequency components of pressure fluctuations, which are
generated by large-scale vortex structures [7], are increased in the separation regions of
the boundary layer behind large-diameter cylinders.
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Fig. 4. Coherence function and phase of the mutual spectrum of wall pressure
fluctuations.

Fig. 4 shows the coherence function, which was calculated from the dependence
V2, (€,0) =|P, (& )| /P,(0,®)P, (0,) , and the phase of the mutual spectrum (3) as a
function of frequency for a flow velocity of 3 m/s and the location of the cylinder rela-
tive to the plate length L, /L =0.35. Curve 1 was measured in the near wake of a cylin-
der with a diameter of d* =162, curve 2 - for d " =324, and curve 3 was measured on the
surface of a hydraulically smooth surface without a cylinder. The cross spectra were
measured by a pair of sensors located at a distance of &/8 =1.475 from each other in the

direction perpendicular to the longitudinal axis of the cylinder. A linear change in the
phase of the cross spectrum made it possible to calculate the phase convective velocity of
vortex structures, which generate the wall pressure fluctuations according to the depend-
ence U, =-2nfe/ 6,,(&,w) .
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Fig. 5. Cross-correlation coefficients (a) and correlogram (b).

The coefficients of cross or space-time correlations of the wall pressure fluctuations
between two sensors, which were located in the wake of the transversely streamlined
cylinder and were calculated using dependencies (4) and (5), and the correlogram, which
represents the change in the correlation coefficients in time, are shown in Fig. 5. With an
increase in the distance between the sensors, the correlation of pressure fluctuations was
decreased and the maxima of the correlation coefficient took place at a longer delay time.
Areas of increasing and decreasing correlations are observed alternately in the correlo-
gram (Fig. 5b). The group velocity of the transfer of vortex structures was determined
from the dependence U =&/, , where and <, is the delay time for which the maxi-

max !

mum of the cross-correlation was observed [6, 8].
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Fig. 6. Group transfer velocity of the correlated sources of wall pressure fluctua-
tions (a) and their phase convective velocity (b).

The group and phase convective velocities of correlated or coherent wall pressure
fluctuations are shown in Fig. 6. The group velocity of vortex structures (Fig. 6a), which
generate the wall pressure pulsations, was increased with increasing distance between the
sensors. With an increase in the distance between the observation points, large-scale vor-
tex structures remain correlated, which are transferred at higher velocities. As the fre-
guency increases, the coherence (Fig. 4) and the phase convective velocity (Fig. 6b) of
vortex structures decrease, since this frequency range is generated by small-scale vorti-
ces, which are located closer to the streamlined surface.
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Conclusion

The main structures in separated flow are vortices. Vortex structures interact with
each other and the streamlined surface and generate intense fields of velocity and pres-
sure fluctuations. The intensity of the wall pressure fluctuations is increased with an in-
crease in the cylinder diameter and with an approach to its aft surface. Large-scale vortex
structures prevail behind the cylinder, which generate low-frequency fluctuations and
have a higher transfer velocity than small-scale vortices.
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ITpuBeneHs! pe3ynbTaThl SKCIEPUMEHTANBHBIX HCCIECJOBAHUI C IENBI0 M3YyYEHHUS OCO-
OeHHOCTEeH (OPMHPOBAHUS OTPHIBHBIX M BUXPEBBIX TEUEHHIH B OKPECTHOCTH IOIEPEYHO
00TekaeMoro IMIMHIPA Ha ITOBEPXHOCTU THUAPABINYECKU IJIAIKOH JKECTKOH ITOBEpXHO-
CTH | OIPENeNICHNUs IPOCTPAHCTBEHHO-BPEMEHHBIX XapaKTEPUCTHK UCTOYHUKOB ITyJIbCa-
Ui TIPUCTEHOYHOTO JaBieHus. VcciemoBaHWs NMpoBeAeHH! B JTa0OPAaTOPHBIX YCIOBHSIX
Ha TIONEPeyHO OOTEeKaeMbIX LIIMHAPAX, KOTOPbIe OBUTH PACIOJIOXKEHBI HA THIPaBIHYE-
CKM TJIAJKON KeCTKOM noBepxHocTu. [lone mynbcauuii NpUCTEHOYHOIO AABIEHUS U3Me-
PSIIOCH TPYIIION MHHHATIOPHBIX MbE30KEPAaMUYECKHX JAaTYMKOB ITyJIbCAIWil JaBICHUS,
KOTOpBIE OBUIN YCTaHOBIICHBI 3aMOJIMII0 ¢ 00TEKaeMOi TOBEPXHOCTHIO IIACTHHEI TIepes
LIMHAPOM U B €ro ciieie. Pe3ynbraTsl HcciaenoBaHui 00padaThIBaINCh M aHAIN3HPOBA-
JICH C TIOMOIIBI0O MAaTeMaTHYECKOTO arapara TEOPHUH BEPOSITHOCTH M MaTeMaTHUECKOH
CTaTHCTHKH. Y CTAaHOBJICHO, YTO MHTEHCUBHOCTD ITyJILCAIIMH IIPUCTEHOYHOTO JIABJICHUS B
OTPBIBHBIX O0JIACTAX B OKPECTHOCTH IIONEPEYHO OOTEKAaeMOro LIUIMHAPa B HECKOJIBKO
pa3 cTaja BbIIIE, YeM B YCIOBHAX OOTEKaHUS THAPABIMYECKH ITankoil mosepxHocTH. C
yaaizenueMm Oonee 100 muaMeTpoB MOMEPEYHO OOTEKAEMOTO IMJIMHApA MOTPAHHYHBIA
ci1oit BocctanapnmuBaeTca. OOHapYKEHO, YTO C YBEIMUCHHEM AUaMeTpa MoNnepedHo o0Te-
KaeMoro HWIMHAPA U C MPHOIIDKEHHEM K KOPMOBON 9acTH HMJIMHAPA YPOBHU CIIEKTPOB
yBennuuBatoTcs. C yBelMYeHNEM AuaMeTpa LIHHAPA YBEININBAIOTCS HU3KOYaCTOTHEIC
KOMITOHEHTBHI ITyJIbCallii JaBJIeHHs, KOTOPbIe TeHePUPYIOTCS KPYITHOMACIITAOHBIMHU BHX-
PEBBIMH CTPYKTypaMu. KOrepeHTHOCTb OIS Iy IbCalliid IPUCTEHOYHOTO JaBJIeHHs yObI-
BAaeT C yBEJIMUCHUEM JHaMeTpa IWINHAPA, a (a3a B3aUMHOTO CIIEKTpa JIMHEHHO U3MEHSI-
eTcs B 007aCT! HU3KUX YacTOT. YCTAHOBIEHO, YTO C YBEIUYEHHUEM PACCTOSHHS MEXIY
JaTIMKaMU KOPPEINPOBAHHOCTD IMy/IbCAIMH AABICHNS YMEHBIIACTCS, H3-3a BHIPOKICHHS
MEIKOMACIITa0HBIX BHXPEH, U MakCUMyMbI KO3(duImenTa KOppersiiui IMEIOT MECTO
mpu OoJIBIIEM BpeMEHH 3aepXKKU. B ciene momepedno o0TekaeMOro MUIMH/pPA KPYITHO-
MaciiTabHble BHXPEBbIE CTPYKTYPbI HEPEHOCATCS ¢ 0oJjiee BBICOKOI CKOPOCTBIO, 4YeM
MEITKOMACIITa0HbIE BUXPH.

KnrodeBble cll0Ba: IUIMHAp, IUIOCKAasl ITOBEPXHOCTH, NATYUKH ITyJIbCAUH TaBICHUS,
CHEKTpP, KOPPEJSILUsA, BUXPEBBIE CTPYKTYPHI.



