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Abstract

The relaminarization process of a turbulent boundary layer under a sink flow was investigated experimentally. The boundary
layer was accelerated because of the contraction of the flow area. The mean and fluctuating velocity components were measured
using a hot-wire anemometer. With relaminarization, the fluctuating velocity, which was normalized by the free-stream velocity,
decreased. The degree of decrease differed between the streamwise and wall-normal components, depending on the distance
from the wall. The conditional probabilities that two hot-wire probes separated in the spanwise direction simultaneously
observed turbulent and nonturbulent flows were obtained. A spanwise-wide turbulent region was spread near the wall, but its
width decreased as the distance from the wall increased. When the layer was relaminarized, this decrease in the spanwise width
started near the wall. The low-speed streak spacing of the coherent structure was obtained from the lateral correlation coefficient
of the streamwise fluctuating velocity and average spanwise spectra, and both parameters were somewhat consistent. Both the
spanwise spacing of the streaks and the vertical scale of the coherent structure increased because of relaminarization. The
conditional lateral correlation coefficient of the streamwise fluctuating velocity based on turbulence or nonturbulence was
calculated. The streak spacing was slightly wider under nonturbulent conditions. This trend is consistent with the spreading
behavior of the streak spacing, owing to relaminarization. With relaminarization, coherent structures became less frequent.
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AWFFEDW D WAL, T o F DI E A RO AR LT SUE A35R MIHE /) AR K D IR OFER, 72 (R
LU TBIRIREE~ATT DA R T LD TH D, ZD X ) RN I B #A 2 (Lienhard, 2020)°H A % —
7 L— N _ L0 EMayle, 1991)72 E1254A L, EOREAI ST 5 2 LI FUE O RIBECEMREIZ B
LI EEETHD. F-MBFRINCH, BN O ELIR~DOEBEBIREN T X MEORBETHDHDIZXL, ED
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72k, < SUMRBEHEKOTEI O ClE, JEIEDE R Navier-Stokes FFEAUIFHEIZEHUC L 0 FEHIR I el L
720, & L CZOIRE M HFRRXOMIFE MBI TR D Z &7 Jeffery(1915) & Hamel(1917)IC & 0 JHNZIC
FRENTH S, Jeffery-Hamel B3 & MEIEIL, 2 < OAFFEN 72 S T& 7= (Batchelor(1967), Gersten and
Rocklage(1994), [4(2009), Kobayashi(2014)72&). ZDOFAUTIEL SOTESAN BTN RET LA L, THAIS
W NAENDHENRH DD, THADDIRNWBIHL5E1ET 4 7 2 — PRkt L, < SUOREALELA /X
BOZEIZ LV RN S D Z E M BIVERICHEMETH L. —7, TEHRIZRVIAEN D613/
ZNRIUTKIS L, ADIERT DD L0 bHMiE 725,

J& Bt T OFRBLFR AU RS9 2 ELIRBE A E 13, — k(S PHTEL BT SE S8 & 4L, Townsend(1956, 1976),
Clauser(1956), Rotta(1962)IZ L 1, ZAVEFVMNLIZHE L S AL SdUbded Tz, 20 Z & 13AE & O S RN T,
10, MO E R BIALTORNWI LB EiLd. 2 TH Rotta(1962, 1975)1F 6 FREHD FEHFLITEL R
JE DAz R LTS, TEAICRVIAE DG — LUT sink flow (WGAAE) & FRS — (X1 CRERIZSEEL
SNLME—OYEELIRESRE TH Y, IEER—EITe D &V ) B2 IIEELE S E Th 5.

Z D72, sink flow OFHHZE LSO TR R THOI T E T, EAIILEDFI Y sink flow I % Herring
and Nobury(1967), Launder and Jones(1969), Jones etal.(2001), Perryetal.(2002), McEligot and Eckelmann(2006), Dixit
and Ramesh(2008, 2013), Yuan and Piomelli(2014), 5[H %(2021), Patwardhan and Ramesh(2021)233/-<Cu 5.

INERDFRGH IR~ DIE T A —% K Thw U HND D3, MEATRON G A FELTEL S8 it b3 2. sink
flow DFFEIAIZOUVNTIE, Spalart(1986)723J\ T I Z B\ C BT LS OFHE 217> 7=, Badri Narayanan and
Ramjee(1969), Jonesand Launder(1972), Bourassaetal.(2000), Talamelli etal.(2002), Bourassa and Thomas(2009), Dixit
and Ramesh(2010)/ 58V I IZ AW TREWHL 2% L, RFIC Talamelli et al.(2002)iF = b — L > M (Rl
coherent structure % CS &FiT 572, ZIZITHH—ELTab—Lr» MEELIES) DA M) —27 OZLEFTH~
7o BROEENETIE, Mi/VEIRIE sink flow DN CTHBFZER TN CTE 2. ZAUTBT 2 AREMZSCRIZIT,
Blackwelder and Kovasznay(1972), Escudier et al.(1998), Warnack and Fernholz(1998), Piomelli et al.(2000), Stefes and
Fernholz(2005), Mukund et al.(2006), Shah and Tachie(2008), Caland Castillo(2008)72 E23% V), REZHUT Tl Piomelli
and Yuan(2013)23V# i & LA AE 2OV VT DNS <° LES R ATV, BEhEEOERC LA ) VRIS OIEES
P, LA P NVABEISIEC AT, EiZabe—L 2> MiZR, ZOR N —7kEE, HBUEREREZ RO T
%. Araya et al.2015)iZ DNS Tl A / /L AW AMIG ) OREE T 5AAN KBS CRbIND Z L &R LTz,
Ranjan and Narasimha(2017)i%, —JEE7 /WIS S ERRIGRZ, HSaLOm LA Vv AEIRE T 52 L1
£V, @A VA THRBILOREE CZOMmNAERNTHSH Z &4~ L1z, Baderetal(2018)1%, FHH
PEAEBHE AT 2 JE L C, BERBONEN HANE~OTER) Sl S g i LI KR X 7o &8 2 ]9 2 L &2oR
L7-. Saltar and Araya(2020)(%, 58\ sink flow OFFHEZ1TV, GLIEET VORGEETT - T2,

AL DOFEH BIL, THVE TITHEEAS RIS N DRSS OELFEL UG 2 3~ 72 (— =, 1995),(—&=
fitl, 1996),(Ichimiyaetal., 1998). % Z CiX, ) - BEESA, HHRBOEF T A—4, BEHEE AT ML,
WEAHBE, e — L MBEOZE R E A LTz,

LB~z & 50, Ik, i@ OELRE S8 ORIEDONIZER 2 8dH 575, KM L L TIZENR
FEDWDRREDNRAL ST ISy & BETRELT Ay DF TR 58, KA b U — 7 ORHIROHIED S CE
NZNMBIC =22 EN TR Y, EEOFERMORCHBEES N TORVE, BEI R TOELLDZE
FiE D2, 7o ESFEOMER K-> T D,

Z ZCAIRZEE, TR EOELTESE SR ST OINE D sink flow DOEHIZHEA, S EET LT 2N Dk
NIGORED A & EEHNTIHT. E D2 2 RO T 0 —7 2 B8 S EELNOZE MM 2 HIE Lz, £z,
IEEEFE D RSy O D 7= 8%, Tennekes and Lumley(1972) Dt/ IMT X DO E OBLS > it 2 37
7o HiZae—Ly MESICAONAM (RN —2) OfFE LT, i FmEEEORHEBIREZRD 2D
FEE, WS EERE O AT NV R D EOIG & GE L%, A b Y —7 BROMREmRC K5
A Z T
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2. EBRKERURRAE

A GERAEE TS B Z L > TR AR E T AT EYRCH Y, Hah AVEfRT, X 1IR3 HIE X R
PRV R U, TEKPMAT . HEXMIZEE 4m THY, BIEH AR EICHIR S 5558 231E
RBTHD.

PRI QWIS & 570 mm, AEiE (X 1 BA4T750) 620 mm ThH Y, £ Z0EGFEWEHERICR S HEA IS
2500 mm /7= 5. PARRHEKERICIE MY v B 7T A YRgRE SN, PR EICERBEREN R ET D, 0%
? 500 mm TIE, PARICIEXT HEEmAMERMA 43° TERAIZEHIC 100 mm TS X, ZAUZ Lo T

BUZUNH TS sink flow 2SFEBEIND. Z OFEHE/ N L DA OINEIC X - CELFEE N E N HE b+ 5. %
D% D 1000 mm 1, AR E ORRE 100 mm Zff > THOSATIREEIC/2 5. 228K 1 IZI3EE TR0, T
St & ORIFRZ RN LT, HAIZHBW TR i%%ﬁ%ﬁ W EnS.

HEXBAONS FHTHA~OEEZ X & L, X=2500 mm (28} 5 RIETENE NtGS (F 2 CosEREE
S 6o=33mm) O NIFIHAAD D R Z x &9 5. if:%ﬁﬁ%ﬁﬁ TGN D R Ay, R 1) R A
z&T5.

FERITHEAL LA VB, U, /v=2557<100m" (U, = 3.8m/s, v IFEEE) & —EIfft> b=, Zo
& A NG R x =0 12 jac#éﬁ%ﬁ)%%ﬁ%f@iiﬁ&ﬁﬁ@b%ﬁ STHEASL VA JVZEL RoIT 911 THD. =+
PEOELAVEIL X = 1600 mm (23T 0.6% Th o7z, #%RibRD K 5122 OAE CIXELHEIIBITAE > T,

HEIXERS um, B&I=1mm DX 7 AT U #2 ARz, zﬁm \ZFECCALE L7z z JrmfHEe 1 BB~ e —
7, [RERC y JFIAIC 2 AREC = y HIAARRE T RBR 7 0 — 7, O x-p “EENIZHI 90° TRZET D L D12 2 Ak
STz X BB T 0 — 7 B W=,z y IR 1R 0 —7 O 7 £ ACH ), BRREIERREZ 2 Ji6, v )5
ML SRR 2 E Uiz, B o — 7B E SIS b A VA /v (u \TEEBSERE) 1XFE
PALRTOELAWET X = 1600 mm TiX 12 THHH, FALIET 5 LML T X=2800 mm TiX 26 ThH-o7=. A
M7 —7 O A/D EBHRE NIz, z, y FIAAHRE TRBWACII 77U o RS 10 kHz, Yo7V > J{EE
262144 DK 26 B, XAEGRTIIH 7Y o FTEEEL 20 kHz, 2770 o Z{EEL 524288 {E DK 26 FfE T
NATAV IS/ (W Wl B R | = B kg L A 71 (2, JRET, BEREOFASEL CH D IEELIE TH H 0 EHIET

L BN METH D, T OMBIBIENCIE X BT 0 — T EE AN E SV (ey ) NO x FIE Dy 5
[ OBRRREEE DB ST D 1 RO \M%zaq/at Tz HEDORFISE, TA 7 — OSSO
NG &, HED x 2L D1 06q/ox \[CEBTE %, ETEEEEIZOWTIEL, x IZXDM0 L y 2L 285714
F—H— & HIpt D (Rotta, 1962). 72> Hoglot 1IEERRE 2 K45 Z L1270 0, ZEEhiRE DR & S ChLt/FE
HMEHEL TS B2 LN TE D, FHEMIIMEY & 9 5 REAOLENERE ¢ %%/J\ 2 ey 2 G
L CRked7o. wpIBEE & i35 U UMY, L2028 L72AE X = 1600 mm (Z351F 2 RIRERE D y 7
MR DS, B < E BTV DR 725541 (Kovasznay et al., 1970)1C—E3 2% L 912, )E‘Jfﬁa)y TOENEE v/ U,
W U T b STz, 29 LTHE L LEVWMEIRELVR S OIS LT DR800 & 7e o 72, T OBk

ITrlpplng wire % 0

Unn Boundary |
o o ylayer =,
S| = S l
v 0
/ Upstream Converging Downstream
Flat parallel section parallel
plate section section
2500 ’P500 1000
x/8g=-75.4 0 151 45.3

Unit: mm except x/3g

Fig. 1 Schematic of flow field and coordinate system. The turbulent boundary layer is accelerated by the linear converge of the
opposite wall and relaminarized.
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EONLE (X, y) THHNT, TOMED LEWEZEZ. 20X 512 L EWEORBEEIZ TR E IS W TR D
=N, FERLERF THLZIUIZU TH D Z L %, HERTE & ELR FEELIE OH)E Rt 5 2 i ig U CER
L7z,

3. RBERRUEE

3.1 BEREOBCSHLOREE

B 1 B TR, ARIBRITFRVINLED T CRENET 2 sink flow SEFBICEET 26D THSD. 3 -2 Hi Tk
W2 X9, FEEESAIIFEIREO 72O H CABEWEITRGZ L. AT, sink flow (230N T5E
2 H CARRU e S LR S AR ST BRITA O SO OFRFEDS, B CABBIMED AIFL T D R 1Skt
LT, EORERN L TOD0EMREET 5. Sink flow TIE, FEEEASERRAITHINT 2 8MZHGEL Y, R0
WAV AR Uy, IENT A —% K, ET2RpTOE p 1ZZELLL T OBMIZR A TER 45 (Jones et al,
2001)(Dixit and Ramesh, 2008).

u, 1 .
U, 1-x'/L

_vdu, v 2)

T UuZax' LU,

1 2 1 ..2
_ P1=Po _ (Po—Po)=(Pe1=P1) _ 3PUs—3PUL _ v\ _ 1

Cp = = = T =1l—-|=) =1 /732 (3)
P Pdo Pdo EPUS Uo (1-x"/L)

Z T FAHAT 013 sink flow KN OFEUENT & (sink flow BRAANLE) , FAHRT: 1 IZRFMLE, IXFEEMEDD
/ﬁﬁwkw (AR AR ST~ FERE, L XA E & ERGA R OERE, p, ps, p 1 ZENENAIE, BIE,
HETHDH. EAO)NTBWCIIIEIENE & R EM CREMMESND (po=pn) EIREINTND. KE
ﬁf@_mg3ﬁ@m4%ﬁ%@£¢é.

sink flow XHOFEHENE (2 =0) 121%, HOXI 31| :fﬂu@ﬂ? ;z —&@?ﬁﬂﬁzﬂfﬁz%% 5.6x10° & 72 5 [X[H]

(1.5=x/80=9.1) DOBAMEALE x/60=1.5 (X=2550mm) % &V, KERITIIHEEEERRAE K OBAEREA s (]
HORAEAZR) O (X=3106mm) £ TOPHES, L=556mm & uL.

, %107
7_} ! T T 6 T
6 : i ' ¥ !
L ! ] 5t '/ ! L
I I | |
5 - | - L . 1 \
I I 1 1
o | 4 \ 1 1 \ -
S a4l | 3 4 ! A i
ST ! ] v 3t N IR NN
D 3, : - . R l |
o \ T 2| K : \ -
2 ' 7 TR
| 1 | | C | :
1ba | - 1y ¥ LT
L ! ! J L [ \
0 : | : 1 1 0 ‘ ‘
0 02 04 06 08 1.0 -20 -15 -10 -5 0 5 10 15 20
X'/L x/! &
Fig.2 Downstream variation in free stream velocity. Fig.3 Downstream variation in acceleration parameter.
The free stream velocity almost satisfies the The acceleration parameter remains constant from
sink flow condition, red line, Eq. (1). 1.5 t0 9.1 of x /& and exceeds the

relaminarization criteria, 3.5 X 10°.
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Z 2 BRIERESR A . BERUESNH COFN A IR U, O T2 L& X 2 12737 Wi/ X (2500
mm = X = 3000mm) (23 TIE, BESREPURALT MIRFRIEEERE UI3REHE > D1 S5 SHINL, MKfE U.
LD, ThEBEREINGEE L AT TS, B UMD UATET DR 0.995U, L2 5@ S y A EE XS
LERT D, SOITEEE) DIE S TEMICAD & UL U, DK 99~101%D%iH Ty FIaZZ{b+ 5. Ziuk
ARJETRIN ORI D — RO TH 5. Z D70 S 2NIEE B Mg L HWr SN D@ ST TH U MBI
EEFTZ72NE b —H DN, ZOHAIL UD y FZ KNG, UNIEEICE L Sl S 5% U
E LTz K228 5 x =0 1ZATRO X 912 X=2550mm TH Y, HEHOIRE UpiIZIZZ ZTO U, 2 AN Tn 5,
2D 2 ROBHUIATHR DI T A — & —E X DIER x /80 = 1.5 L& R x /60=9.1 #FKT. TOFFHANT
BIEMEIER) ORERD 1FE 8T 5. O3 28 TORESND L1, GLEESET COMIZm D FEb
MFRAELTWDD, sink flow 1303720 B RNLT 5.

7235 sink flow X[ S LI2IE, 2 OMIC &K iE#HE N O ithA (X=2500mm) & Q MO E
X 606 mm <°, FEESEGHME X OBAENGA R O £ TOMEME X 570/5in43.2° = 832 mm, F7zw/v® 1000~
11000 O 11 ADFHRIEE L 2225 11 ALEOFEE BIOSHENGAS 0°) X = 3040 mm & JiEEsHE/ NBRAANIE X =
2500 mm O AR O FBE S40mm 72 E 2 WD Z L TE XM, A2 L, F&HA()ETE L.

WITHEDFESNZ R TIHNT A —F K= (v/UP)dUs | d) . Uod TR O LE SITBWTE h—%
THIE SNz, B EEIbOREAEL LT 3.5X10° 08 L < /R E 4TV % (Badri Narayanan and Ramjee(1969)7¢ &) .
sink flow TIFRQ)VRT L DL, M NRT A =2 F—Elv/ LU 72D, ZOv/ LU DFEFMEEHE, (vIUP)-
(dUeo 1dx)DIEFER: & —ET DM 7= (X3). X3 D 2 ARO— s BRI AR NBRAA A x /50=0 L #& T A
x/80=15.1 ThH 5. K ZEHHE L7-ORNE, kM NI S IEDOEE & 0, IHEORET FHiZ S0 DIES.
FIHEVEE 3.5X10° (X3 FIM) Aoz 5. —EHE 5.6x100 L 2 51X (1.5=x/50=9.1) (50mm = x =
300 mm) A3FESTT 250mm fF(E (X3 10 2 RO L, sinkflow &72-> T\ A, KFOFRERIE, L=556mm
& L BAAAACE X = 2550 mm)IZ31T D U AZHD< v/ LU= 4245X10° ThH 5. K —EXMANOEHERIERS (O
FD) 133Q2) GRERD) LV B REL, ZOXIIDRDBRVVIIETHHIZH 0D H T, K—E&W ) sink flow
FEDe 0 RERALT . IR T A — 2 I 30REHE MET L0 bR o L, & T EIRTRRFZ0 & 72 5.

K —EXRE (sink flow X[#) OEX250mm %2, I b—L> MEED A —L L H_RTEDOR SO 4%
Wr9-%. Robinson etal.(1990) JAUZE, (KiEA MY —27 BSITHHMER S D 1500 (FRRETH L. K —EXHDIAR
LR x/80=1.5,9.1 lIZBITF HEHERE & 0.053,0.029 mm (2H5< &, 250 mm IFKEHEA R U —27 £ EDHK) 3~6 1%
ThD. WIZ, y'=100 TOWNIFFHEIZ T > TRIFRL T2, K —EXFZ@iRT 28 ME2 2 — 1> MEED
fkfeiRe ] & Bl g 5. K —E X Ohf L &R T OEEFE A MmE I EESN T 250 mm 2 i@ d 2 R Lz e
42,22 ms THY, ZhuTu L-YWMEIZHESSARFERO 2 b — L > MEEOMGRFH (B3R LTOR0s,
ZNENR 6, £93 ms) DK T5L72HDT, REMNTHEMNSZ LT 2 Z LidHoriETh 5. LikXy, K
FZERD sink flow X[FE ST+ L s s.
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Fig.4 Downstream variation in static Fig. 5 Streamlines (black), boundary layer thickness (blue), and
pressure coefficient. The pressure displacement thickness (green). The blue and green lines are
coefficient almost satisfies the sink- linearly approximated lines of each thickness. The red line is y =
flow condition, red line, Eq. (3). 1.8(18.3 — x/5o). The two layers decrease almost linearly.
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Fig. 6 Reynolds number based on boundary-layer thickness. It almost
remains constant. Solid line; least-square linear approximation.

WIZEFED FIRE 2% . EARBEE LA CRIE L7 EiRsk (RPTERE & RENE (0 =0) OFEDE
% FAERTIE OBYE TR LT b 0) D& 4157, B4 0 x = 0 (3 MR X = 2550 mm T 2. Hithh
DR TTALIZIEE 2 R 3 O—EB & [ U< L BIEAATEX = 2550 mm)iZE1) % U, 2 VTV, JEEIEE)IC
ITERITE B L 20 b 00, BNk d 2 X 0 RMUVIEEZ 1T T DI 5290350 5T sink flow STV ik
MCTH 5.

BlZ, sink flow XKEN TOBERENOFRROERREZRFET 5. sink flow TIETWHRNADL DT b LA 0373
<, BREESCHERRE S L—x" 120t > TEAL T % (Rotta, 1962). Blackwelder and Kovasznay(1972) & [/l U<, ¥t
AU TARPEIEEE U % y HFTANZAES LTI O B w 2k, w/ v=1000 7> 12000 FC 1000 FX1Z 12 RO
A SIOR LTz, TRMI TR CERIC/2>TRY, sink flow M. SIVTCWD Z EXN0D. AREBROSERE
JEE 13w/ v= 12000 DFAMITIE BT 5. ZOEMNBEIIRITEREDT 20 (FIFRIEEAEE S 1
&2 EARITEL LT2), THRcAT< EFihty/ v=12000 £V & FHICEET 5. R CORLZy=kKL—x) (ki
EFD) L0 HIREICHEL 22D, BREHNOTMRE LT, w/ v=1000~11000 ¢ 11 AOFHRIEE L 28> HALED -
PIFRHRDO X 912 X=3040mm (x=540mm) T 7205 x/5=163 720, ZiUut OfiE (X=3106mm, x/5 =
183) £V % 66mm (S 2.01%) HIICALET 5. 72k, FHEILATOELIENE L LT, IMENEZIEE > T
VR x/8o=-272 (X=1600mm) % 3 -2 FiLI TIIHN D23, Z O OBIFEIE S D w/ vId#) 7800 TH Y,
S BITTURD x /150 =0 ThHtsHe/ N5 ETIZ, ELIREESFEITRED Hix < DU (w/v= 120000 £ TENDHZ &
272 %.

X 6 \ZITBEREIE SICEE S A VA Re=Und/ vE AT . ZIUL ISR DRE N, FiCHs-> TR
P LTS, ZHUTK 2 IR LT L DI Ul UL—XWIFIERED OO, K S IR LI X Y ICERBES
D L—x TIPSO TH D,

Uk, RFEAGIHETIET 5 X 9 725 IO 72 OICELEAVE & Lo B EMAEMERSRN CQO DI b B
59, R~G)BEL KL LZY, BERABESNIHTERANHDT 5 X5 7, PEELRERE Th 5 sink flow
DFFE AT L TN D 2 & DS ERZE.

3:2 BRHRLICKSHEEDEL

AR sink flow 1%, HEEEHME/INT Lo THBEDZSWIASIZNEKET 5 DT, T OEMEF TlX, Blackwelder and
Kovasznay(1972)<° Escudier et al.(1998)D X 9|2, #EEDOZALZ IR > T, TRDbw/ vICH L TEZERT LD
DB T A H M, K5I L & 9 IZERFEE S 1XF Ulitft FIZIZERLDT, w/vORDYIZy/SIZx LT
FNTH, AR E A EED B Red o Te. Fio, BERLD G E DRIOELIEREOMRE L LT x/6§=-27.2
HRTH, ZOBEREIE S SOyl vIEARO K 512K 7800 TH Y, sink flow KFEH DO SO% T HME (1 12000)
EIFERESERDZDT, KETITHEREDOE(LE y /81T L ORT Z &7 5.

LIRS, X BB v —7 CHRIE L2 i R U (7)), RS H (= SRR S/ EEhER S) (X
8), WAMITIAIZEENEEED rms i v (4 9), BEFEE S MZAEHRED mms 6 v (X 10), ZEREEL o /v (X 11),
LA I NAEAMS ) —ur (K12), By (X13), Sl £ (X 14) 2xd. 228, X9~14
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Fig. 7 Mean velocity profiles: (a) linear and (b), (c) logarithmic scales. The chain and broken lines in (@) are Spalart (Re= 670)
and Blasius profiles, respectively. The broken line in (¢) is U/u-=y u./v. The solid line in (c) is U/u.= 5.5logio (v u:/v)
+ 5.4. The velocity initially increases because of flow acceleration and then decreases because of relaminarization
downstream.
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Fig. 8 Downstream variation in shape factor. It first decreases and then increases because of relaminarization downstream.

HOFE T T T 7 OZFFUTE L. fiVTe x /6 ORI, FEAR T CREI LT 2O LR E O
F& LTx/00=-272, WREEHE/INBRAESD x/850=0, sink flow X[ (1.5=x/50=9.1) T 6 Wi DE 7 8 Wr
HTHD.

WAV PR (X 7) T, x/80=-27.2 TIXZEDNLED Ro(1047)ZHEV N Ro =670 @ Spalart(1988) DZEF7)
AT ELAEERUE D DNS 2046 (K 7(a), — S8 ([RFTHER Y, E7-BaERNCHE ) b HE LT (Y
7)) 73, WREHGNXENCAD &, ETMROFEED - DITEEAHT THEIH T 5. X 8 DIRIREEIIZ D72 x /60
=272 TlE 145 TH-T=H DM x /60 =0 THYIME 1.33 I2W o 72T 5. ZO®%IIREBICHETLT 5729
(2, WREEIIEENT < CHHOE L CREN B < THHET 5. Z OO IRMREIIININT 5. F o BE R Tl EiEa

[DOI: 10.1299/transjsme.22-00010] © 2022 The Japan Society of Mechanical Engineers



Ichimiya, Nakamura and Nakata, Transactions of the JSME (in Japanese), Vol.88, N0.909 (2022)

0-14_ LU VLIS B RAL B 0.06 L L) S A |
0.12 | gfadn™. 0.05 o .
L. ©) . 1 3 K 4 ’A -
010 e ooal .
> 0.08 | = LoD i ]
= y Z 0.03F 4 B roes e ]
— 0.06 -~ L E , (IR ]
L O .ﬂ i
004 L Spalart 0.02 " &
[ Rz 870 001f ~ downst!eam =
0.02 5 ; -— 1410 . - :
0 AP TP B TR s 0 M I B P B
10 10"t 10° 10 10" 10°
ylé ylo
Fig.9 Distribution of root mean square value of streamwise Fig. 10 Distribution of root mean square value of wall-normal
fluctuating velocity. The fluctuating velocity decreases fluctuating velocity. The fluctuating velocity decreases
downstream because of relaminarization. downstream because of relaminarization.
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Fig. 11 Distribution of fluctuating velocity ratio. Close to Fig. 12 Distribution of Reynolds shear stress component. It
the wall and away from the wall, the ratio decreases decreases downstream because of relaminarization.

downstream. In the middle region, however, the
ratio increases downstream.

(ZHE D FEIBANHEIR L CUREBIZ U=y u./v (X T(e)fifft) (Z—T 28 ANEMT 5. 20X 523 CARENELR
SELZRW. ZAUSHEBIHEORREE 2 D L 9 72RO 72T D, LA L sink flow K& x /60=9.1 T
HEET < CHPeE L TE 57 Blasius 0412 —E3 2 £ TIZIXE L7220 (K 7(a) . FERERE S Blasius 7347 TO
B (K2.6) IZITFEL TRV, A BBEEBGERE u- 1Y, x/80=-27.2 Tl Clauser f#RXI7E (CofEkfEik COMEMI 7(c)F
DFEFR Ulue="5.5logio(y ue/ W)+ 54 \ZHEET HIEERE) (2L T, TRLSND x /8 TITEEIL < OEAL TOIF-HJ
FERRN SR T

TN TAEERREE (K9) TiE, x/8o=-27.2 TiX Re=670 & 1410 ¢ Spalart(1988)7> DNS 4341i 0> HifE O A B
D05, WEICHERET 572012, SEfEs R CHEIOuUb Lo BB E I 5. FRTEET < D 3 /5<0.05
TOWDRE L.

BESRELT 0 ZAEREE (B4 10) RS, SEREIMNmEE CHEAOUE LA, FRic < &35, Linl
TRALIT VS EIHE & 1372~ C, BEMNBEENTZ 0.05<y/6<0.5 TRE AT HDEEIS TIHEFEAE—ETH
5. Z O#EFIT Bourassa and Thomas(2009)I1Z & FAL TV 5.

TENERE w & v okt (M 11) T, FEEsHENRTO x /60=-27.2 HHENTW DD, M/ NBIAAALE x /So=0 DD
A bR RE .

BEITL D y/6<0.06 EBENSEL D 02<y /S T FRICIT< EEBEREEITED L, w73 v L0 HFEY
WD LTWDZ 8D, L LIlREO T D 0.06<y /6 <02 TIX FHRICITS SEIIEmL, volinw X
D B LD, 20X 91 y OFPIIC L > THEHEA R 5203, LU EOBIIIRRED OfE$1E Warnack

[DOI: 10.1299/transjsme.22-00010] © 2022 The Japan Society of Mechanical Engineers n



Ichimiya, Nakamura and Nakata, Transactions of the JSME (in Japanese), Vol.88, N0.909 (2022)

0 NS
0 02 04 06 08 10 12 14

ylé ylé
Fig. 13 Distribution of intermittency factor. It decreases Fig. 14 Distribution of intermittency frequency. It
downstream because of relaminarization. initially increases and then decreases

downstream because of relaminarization.

and Fernholz(1998), Stefes and Fernholz(2005)<° Bourassa and Thomas(2009) & &, —£3~%. 5132 D X 5 [Z#iPHIC
Ko TR B2 HBLEIZITS L L Theu.

ZOEET EREN G IEIZBWT w0 v X0 BRI Z & %, Tennekes and Lumey(1972)723555¢ 3]
L7ziffE O (vortex stretching) & /& L7RWDMRETT 5. ARERO X 5 22 THRlcAT< & FEg 235/ L CmE
T2 oU/ax >0 CTiE, iRl x i Coh 20 bRE o NI 5. E7EkR HoViey +oWioz<0 L 725
DT, ZOHEDOMHERy, z 8 ROME 0, +o. DT 5. 20K D RIS X 5 BB =R FX DA E
ExHL, ETME e, O L > T, x8lE Y OBy & wsEINT 5. —HiREe, OB X > TGEE u &
w DN L, I o, DI K> CEE u & v 235803 % (Tennekes and Lumey, 1972). LA EORZNEAEEHT 5
Lo u AL, v EwiTWTRBEINE B L WO KT HIER AT 5. D ZATME OMEND w33
HEND., ZOX 5 2iEOMEIC X 2FIIEET < LEENLE S TORAZ YT 5, HFRIOE S TiLZ DR
[ESETING =AY

LA VAR AWIS S (X 12) 1 dx/60=—272 128\ TIE, 0.05<y/58<0.6 {ZF VT, 220 Spalart ® DNS 4y
&Y HhE. TR T< &, b B ESMERE TER O LT 5.

MR (X 13) 1%, x/60=-27.2 CIXELHEMEE (=1 KOMX#EE 0<y<1) TH-720.1<y/5<08I
BWT, FRTIIHERIEOTZDIZED T 5.

R B ANEE ORI T, BLAVZiEEIE, EEhEE AR OWAN — 2D, ELiE#(eddy)Z 72 LT\ 5 & A
D, ZOFELFHLOBR Y v — T LEERE L f &1, FRSREIRIC | B ST 0 IS ER A RS D AR
R K140 5005 K91, EOWEIZI T b LS AN XM KRR 0.5 L7225\ S TR &
725, FT2IX 14 1R LT BRSSO sink flow KREIZAD EWo 72 AUBINL, ZAUuSMbiiuc b - alik
WAZHOERT 5 Z LA EWT S, £, EROUEEEIIED L, SR RETREIC L > TR LT s 2
Np/Y YIEVR

WIZ, ELISIAEIE OB A — Vi H 12012, BEFANT 2 RO 1 BB T v — 7 S 3 2l » 7207 1@
Tz z JafERE 1 AER 7 o — 7 CRIRFAIE 21TV, 2 ROZEGH SRR ST 2 809 2 e, F-FRpcIE
EIR A B DR AR, —HO7 a—7IXFITREHIE RO (2=0) IZRIEL (A 7v—7 LIES), fi)y
O7u—7 B7u—T7LIESR) [dz=riIESED. 70— OmEmS pIFELWD

A 7o —7CHIE LIRS (A 7'a—7 BELRIC e 558 1235, @07 v —7 RNELRIZ e kg
Dk, DFED A T —TRENETH HRFC B 70— 7 HELIEIC 72 D TR pra kb=, WS, A Ta—>7
DIERLINS 72 DWERITHT LT, W GIERLIRIC /R DR DI py RO T2, 7B Z OFAOMER L1, F OS2
T3 T =280, 2T —XEIKTHHTHD.

BIE U7z el L, HEib 2108 TH 5 x 160 =272, FBIHRILAhE > T 5 sink flow X[H
MEIRD x160=15 LHKED x/50=91 D3 WH TH 5.
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Fig. 15 Conditional probabilities for hot-wire probe detecting turbulence when A probe detects turbulence: (a) x /&% =—27.2, ¥
=19.5,26.8,36.5,60.8,97.3, 144, 214, and 364; (b) x /& = 1.5, ¥* = 28.3,39.0, 53.1, 88.6, 147, 390, and 496; (c) x /& =
9.1,r"=41.1,56.5,77.0, 128, 190, 259, 431, and 647. The probabilities decrease with the distance from the wall.
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Fig. 16 Conditional probabilities for hot-wire probe detecting nonturbulence when A probe detects nonturbulence: () x /& =
=27.2, (b)x /&= 1.5 and (¢) x /& = 9.1. The values of ¥ are same as those shown in Fig. 15.The probabilities increase
with the distance from the wall.

FETHIDIZ, AT =T WNEIETH DR B 72 —7 HELIRIZ 72 2 SR pr D5 % X 15 1R 7. BET
STTHEMNLIZRDN, ZIUTA 7a—T0NERCTHHEXIIB Ve —T b HICER THH Z L E2FE L, BELIL T
R NS IRWELTSRFAE T 5 2 & 2T . BENDEENDIZIE> T prdild T2 01X, A 7'm—7 0L Th
S>TH B 7 E—T AL TII Wy — AN 2 5 Z L&KL, Lo mEN DT 2 Z L 27rd. firm
— 7 ORETENE r BSREVIEE prOBD N LV, Z0Z &b ENEEMT 5. £72 sink flow XD x /8,
=1.5 (X 15()) & 9.1 (K 15(c) Tix, ZORIDBEEL 22BhEE D, ZAUT P CIEFEREBI LI X > TR
DOREF MRS 5 Z & &R

WIZ, A 7a—T7 PRI CTh DT B 71— 7 S IEELIRIC 7R D SR py DA %X 16 1273, BEE<
TEN 0 THDHN, ZiUIfi7a—7 & BIZIEILRICR D ELNGFIE Lol lodTh 5. BENGEELTHX
e (A 13) 281 K0 b/hEL<7edE, pyEINT 52, ZHUuT A 7e—7 0GR THIUE B 7' —7 133
IR CTHLr—ANEZ D2 L 2R, ZHUIIEELRTER OB RSN 5 Z L 27, r BDREWVIZE py
DOEENMEENAD, U7 v —7 RGBS AT U 72 < &b H AL E & D 2 5 AlREtERS E\ W 29T
b5, Fiosink flow XD x /60=1.5 (X 16(h)) & 9.1 (X 16(c) TIE, ZOHEMMEEL BIEED. Zivh
FHEAIC X > CIHEELIREE O T AR N9~ 5 2 & 2o

3:3 aE—LY I MEEDRT—IL

AECIEFEREI LA T b — L MEED A7 — M RIETHEE RS, GLEREO 2 — L > MEEZR
KTHHDOLLT, M (A RY—2) RE 72> THRAF AN O T HARIEREIR & msfEik (Hinze(1975), Leeand
Jiang(2019)) "dHITHNDH. FTZDOA M) =7 DOfRZRD 5.

A2 MU=V MEERD D THEE, UUTFO 2 FiEdRRE., ETRIOOIFIEL, #EHEEGREgr) =
F@f(+1)/f? ZKDDHEDOTHS. FEHINT r 12T 2 SORITERE AR & SEfERNIc B0
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Fig. 17 Contour maps of lateral space correlation coefficient: x /& = (a) —27.2, (b) 1.5, and (c) 9.1, and enlarged maps close to
the wall: x /& = (d) —27.2, (e) 1.5, and (/) 9.1. Eleven contour lines are drawn with 12 equal intervals between the
maximum and minimum values. The strong negative region damps downstream.

BOFEL, f OB IFITAME, tFXEMEICRIUE, gn)iTatRs. Zologr)BNadkhe s L x
D r Offi% 25T IURICHA bV — 7 MR E 72 idmi A Y — 27 MRz 7e 5. BIEL £12i%, Osterlund etal.(2003)i%
JRENRE A AUWTIS ) & FVY, Lee etal.(1990) & Talamelli et al.(2002)( i1 5 R 28 B A 2. AHFFE T HidL
D5 S EERE A F V.

Z b =7 ERD 5 2 FHOSEIE, Kline et al. (1967)SC1L T 5(1995) A3V =it J7 [ 28 Blis BE DA A~
7 MV UI)THD. ZHUTAST B 2807220 L (BiFo) BEFHRICRELR (N %, kXD L 5
(27— U B LU CREAAY RV R,

Ul =4 fooo R,,(r) cos % dr (4)
WIZZNET o TR LT(UD)YD AR DMK & 72 DA0EZE, AR —JBEETHHDTHD.
EEREA Y S IAOUNE, TEAVASKERHIZ EH D> DR N —8k72 ©1F, IRAD X 5 ek SEE 857 mAA B
g D7 — U LI GROTL N E bbb,
(TD) = 4f0°°g(r) cos%dr (5)
& o FIRIZ, FBg ()2 NAED SN L T 02725 r & Uiz, H%ib 35X 17 1I2BW TN B TIEd

TO FORBICHENTr) =0 THHD, 20L& X 1S 2m A CHYEITb 572, -1 Lkt 5 L 912,
SEEREARY BVInD A Y — 7 BIBROFHHIZ AW =DI3EET < (YN OF =X ThD.
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Fig. 18 Spanwise spectrum: x /& = (a) —27.2, (b) 1.5, and (c) 9.1. The variation in maximum position supports the results for
the lateral space correlation coefficient.

b2 2o0A M) — 7 M@z 5 HFENZNE Tl Sz Z &1 K 972D T, AR TIEET A
DFERZ T 5.

X 1712 z FAAERE TR 7 0 — 7 & WG, x /8o =272, 1.5 &L 9.1 THESN-g(r)Da X —%, B
B (7 Cd) KROWH I (BB ORIl A~ T3 P L Cnd. X 17 oo RIS OFEHE
—0.1 275 0.9 £TO0.1 BXIZ 11 KEF\W\ e,

x/60=-272 (K 17(a)) D r" = 150~300, y" = 50~250 OEDOFMBEADIR VEE (-02=g(r)=-0.1) 1L, 2K
DT —TNEGEA MY —7 L{GHA N —7 Ol G ER AT b O & Bbivs D3, N)DHEFAIR L,
ZOHEBIVEICET D EEZLNHDT, Wb HHNEDKR A —/LiEH)(Robinson, 1991)Z%fd 5 &€
5. x/6=9.1 (K 17(c)) T ZDEMBEDOMOERIZIR SR, T2bbLHERICLY, SNEBDORA S —
JUEENN AN 7270 < 20D, Z 0 Z &1 Faleo(1980) D AL BEEIC  H 55

X 17(d)~(f WoR LTz 3 Wi OBEFITEE (0 = y" = 5002 BIERHMNHEST DA b U — 7 [MEa %529
%. BEI < OBABOIRVGER (—02=g(r)=-0.1) ®, FPETAEIEEZ LD &, x/6=—272 (X 17(d) Tix
= 50~100 (0> 70) ICHFEAET DB DN, x/50=9.1 (K 17(f)) TiLr = 80~200 (H1l>100) (ZEZD 5.
TRbLEBRICE Y A N —27 OFLREEAK 15 fFC8nd 5. ZoZ SIEFRC A7 — L Z2f{~ 7
Talamelli et al.(2002) DA & —ET 2 3% 5 OFER (7 = 60 2% 150~180 F THIN) 1T L FM L7V, ZHux
PREEHE/ N OF S BAMFTETIE 500 mm 7223 5 Tl 1430 mm ERW2o &b D, RICEETEE 7 6] #iH 2
BB L, x/60=-272 TIXy <10 DHEPHTH 72 b DD, x/5=9.1 TlLy'<25 TS, ThbbEERICX
D3t —L 2 MEEORERE TR A 7 — VTN 5.

X 17 12N A 7 —V TR T U CHRIBHZ 7R L7228, B A 7 — L CHR T L Ch R URER & e o 72,

RIZ 2 FHHDFEREART S D A N — 7 [HREZFHES 2. K182 x/60=-27.2, 1.5 & 9.11ZH1T D84
R NG AT BB (YY) TIE, BEAAY MR HONIZL LT, x/80=-27.2 (X 18(a))
T =170 T, £72x/60=9.1 (K 18(c) TIX I =200~250 THKE 25, ZHBDMHEIE, X 17 DI
IREIHE ORAEEMRE S RO TAE (ZNEHHI 70 D 2 £%, £ 100 D 2 £%) ([ZEBROAHEN S OFPAN T
THERIED., PRMER MU — 7 MfRIE, TN E BRI & TR AR P LD 8 G B TR
OTH, IELWEHETEND.
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PbD LA R —7 BIED 2 >OHFERITB BT LD, I Z2bIXifii 7 mZ shisk R R
R gl iER L, ZHMELRE & FEELRRF CED L OB LT A0 E&EET 5. T2 T, MAFDO7 v —7 L
ThdEE, FlliFO7a—7PIEIR TH D & ZITHEHREg % R T-.  Z ORMFITFRBIRE Y T ORI
Hu(z = 0u(z = )OHR LT, HREOEBHE S Hu |2 bEMT5.

AT EEEE 2 KD D PINEAEFAT 5. TR ZRD S, — RIS, BRpE MR BEE T (F
X 1=D T TRIL, &L (E7I39ELHR) OF — 2 B CEFUIELTR EERERE  (F 7213
FE) DMEHIDHD, ABENIBRREEE S, W7 m— 7 ORIKBEIBOME Ll (F721X(1—L)(1—1p) ZF L TRIIL
T, A Bl —7 & bEE (E7239EELR) &5 7 — 2% (R(O)DRE) THD LR (OD LI IHbiD.
RBRIREE X, &7 a0 —T B E IR TH D (T 70bh 2 BT3B L& W MELL B 7
IR L 72 %) AN TENENL 720120 705,

U= m, U= Z@(I_IA)(l_IB)’ U= Yuplalp  Upie Zf@(l—IA)(l—IB). ©
Y(1-14)(1-1Ip) Ylalp Y(1-14)(1-1p)

WA war, wan, upr, upnlE, BRREEREES FFOSRHEERRE 22 LG L& b, 0 ) Bifl
WilRE & D U ORE waupr £ T2 ITIEEIRF E 5 LOFE wavugy 24 LT2 b OPRDROFAAMHEBIR R CH D, £7-%
AUH D rms By, Usy, U, Usn I, war, wan, ugr, upyZ 25 LC, TIRBIBEE Llp (721X —L)(1—15) %ZFL
THRFIL, A, Bili7re—>7 L b0 (E3FEELR) b7 —2 8 THI - TEIRE & 5. (D)X, i
5 rms fHD 2 fOREHBHEA 2.

2 _ 2(@a=Uar)®lalg  ,, _ L(@a—Uan)*(1-10)(A-1g) ,, _ X(Wp=Upr)’lalp
Ugr > Uan > UpT
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Fig. 19 Conditionally-averaged lateral spatial correlation coefficients: x /& = (@) —27.2, (b) 1.5, and (¢) 9.1. The result that the
nonturbulent values exceed the turbulent values supports that the streak spacing widens with relaminarization.
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Fig. 21 Coherent structure detection frequency values obtained using u-level method: (a) ejection and (b) sweep. The
detection decreases significantly because of relaminarization.
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Fig. 22 Simultaneous detection ratio of ejection and sweep with two single-shaped probes: x /& = (a) —27.2, (b) 1.5, and (c)
9.1. The detection ratio decreases because of relaminarization.
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Fig. 23  Contour maps of spatiotemporal correlation coefficient: (a) x /& =—27.2, lower probe height y* =21, (b) x /5= 1.5,
lower probe height y* = 23, and (c) x /8o = 9.1, lower probe height y" = 21. Ten contour lines are drawn with 11 equal
intervals between the maximum and minimum values. The slope of the correlation region almost constant
downstream.
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