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Abstract

In this paper, the laminar-turbulent transition process of a mixing layer downstream of a two-dimensional nozzle exit was
analyzed based on various information and complexity measures. Shannon entropy, permutation entropy, and approximated
Kolmogorov complexity were also obtained. To obtain the Shannon entropy, the temporal probability distribution of the hot-
wire output voltage data was determined and analyzed. In addition to the fluctuating velocity, its time derivative and the square
of this derivative were analyzed. The Shannon entropy of the time derivative and its square slightly decreased downstream, in
accordance with the increase in the time scale of the turbulence. When the length of the extracted data was constant, the
permutation entropy of the time derivative and its square increased around the peripheral region of the mixing layer, in
accordance with the intermittent nature of the velocity signals. The region is at the 3-4 times farther from the jet centerline than
the region where the fluctuating velocity becomes maximum. When the length of the extracted data was varied in accordance
with the integral time scale of turbulence, the permutation entropy initially decreased in the potential core and subsequently
increased after the disappearance of the potential core, as the transition progressed. The approximated Kolmogorov complexity
of the time derivative and its square were smaller than that of the fluctuating velocity. Owing to the simplification of the data,
they slowly increased after the disappearance of the potential core and then quickly decreased after the development of
turbulence.

Keywords : Transition, Turbulence, Turbulent flow, Shannon entropy, Permutation entropy, Kolmogorov complexity,
Mixing layer
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ELROFEDEE R UL, TOEEBOARHAMNECH S, ZHIEBIAE, KMERIE S 2 ONREN KD —>
(Schlichting and Gersten, 2000a)(Z FE& < 41TV 5 "high irregular, random, fluctuating motion" | ZHEAIIC R EL STV 5.
BFIZ o7 f@iinn, ZORBAIRELRA~OEBERITIRE I FORE RHETH Y, FloT¥ EbRmEE,
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FEHELIIINETIE, EBREO—D>TH 2 HHEAMEOELTEREFLZEE L C—EDOWEE2IT> TE
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Fig.1 Schematic diagram of the two-dimensional mixing layer and coordinate system. The mixing layer is formed between the
jet and the surrounding quiescent fluid.

T2 SNTAFFETITIA STV 2 & 238 % L(— & fth, 2011b)(Ichimiya et al., 2013), ZiZ o7~ < &Lt
BT O BEOEMES ~DOZE L& W ) FEICEER LT 2 v 7 #4E# (Kolmogorov, 1965, 1983)1235-3<
fENT 24T\, T OAIMEEZ R LIZ(—E, AF, 2012)(Ichimiyaand Nakamura, 2013). = L CZihE, Ok, B
B AW ELTDERERE I A L7z (— = fth, 2014)(—= 1, 2015).

WIZ, % /= kr B —(Shannon, 1948)(Shannon and Weaver, 1949) &, Bandt & Pompe(2002) DJESI = k &
t— (permutation entropy) % F\ 7= BREGEFHRIE IE T — % OF « VX L ENTZ b OO 21T (—=,
Ff, 2017), ZEEEOMESADOY ¥ /ooy b r =, IRAEOILGESRRICB O CTHFICHEM LT, il
TERBDOREEL 720155 Z L2 BN LT, £z, BEMEDOIES| = b v B — X FiictEde &, #n, #d,
BN, B ST 20, ZHURRSEOTRLIGERARTEIC T 5 ZBEE OIS, JEEIZEE) b AR
B~ORERDOZb A KIR LT D Z & AR Lz, 512, AEhsE O B Kullback-Leibler >4 A
Nz A, HIDIBEINT 2723, &KERSTZHIT TR THA LT, BREEOLIER R4 8 L CTHIRIZ
T LW EEHI BN L. 6, Yy r /vy ha =i Tl T & iREAsEx, L g
JIVAIGS & DBHEZR ERONDELEZINAT-. 723 H B AWTIROBEEERIZBWTE, EWIEROBRICH
DB R TRAT T, & D WITEERISL S OB /L O D ELIRBER D X 9 72 it b L 72 ELRSRIT 2 & Tt
HZNTWZRND, iR DK 13 TIIBERREER N5, L L Z OEIBIFEEmELT CH G2 EER D
J7¥(Schlichting and Gersten, 2000b) & (35 7c > T 5. 7238, Z O & 9 7oLt & FEELIRO S 2 D & O ORI >
VNI SCHR(Eames and Flor, 2011)(Hunt et al., 2011)(da Silva et al., 2014)72 K236 5.

ST, EIROFHEART DI, FENEERROMIC S, ZERESILL T XX —HikR EbdHD. PR
IZZN O DIFERERT 21T > T, £ 0 OFRUMCHIEEZRGTT 2 2 1%, [HHREMTOA AR R A 2
T ORI 5T, B HEEAWNROELIRERRTE DEfF A RO 5 —BiC b7 5 9.

= ZCAMPIEIERTIR(—E, R, 2017)OZEENEE O A2 S HICED T, BENRE ol ST 1L —iiite
DIFHREFRITOBMEE AT 21T O . A —F —WIIL TG 2 B, ZElE u ORISR E D 2 /221
FIRARD Z LY T 50T, R fREeulet o(eulety? 2 i3 5. BB IXRIE D 2/ THDLN, Bty
HETHLDT, TNENBLETDH. THOIEFFHIZHT 22L& THLOT, v /oy br =g~
vhrbv—%, FWEEELORE A 7 —L L ITEET 5.

2. RBEBRURBRAZE

fERT L7 0iAuE, FR RIS 3 RO SN HIRGE Th 5. HEikidiE 310mm, &S h=10
mm O 2 Kot/ AVHO GRVTTRERE x=0) 2OEHT 5. K 1IZHNWEO B0 ROV ER T, EHHD
IXZNETIOWMNDIEY), ZEENEE A, EHROIKNY, FEELOER T RV X —DARR, SR & OEkER
D FHE~DEA 2 £ AT (—= M, 2011a)(Ichimiya et al., 2011). % 7= ELIEIERB R O TEE ST A ~DHEFT 21 5
MINZ U720, VEROHMESRE (Sato and Saito, 1975) % 3K b TERHES T~ D15 HI FIREME 2 F8 -~ 7= (— & fth, 2011b)(Ichimiya
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etal, 2013). F7= / A INCHIE S - AL A & U CTHUY M 72 RER O HRIES 8 i 3k D 52 B (—E fth,
2013) Z i, HRENR OIREMERZD 5% (Ichimiya et al., 2014) A fad L 72.

AFENTIE, Z OO 2V o TN (—E, TAF, 2012)(Ichimiyaand Nakamura, 2013), + v / > x—>
ko B —fTCIES = b v BT E, AT, 2017) &[RRI, 2 AV OIS BT RO E L IRERS
J VIO 2 5D 72N K D I Ik SE TS A O A E xR e Uie, BRI, 7 AV OEZOBWE Uy &/ XL
HOE S WIS LA V%% 5000 (Up = 7.5mis) & L CiT7eo7z. BIEICIT ARG ER 5 um, KX
=1mm O X BIEGET 0 —7 % iz, JRE I HF] U7z B R 1T 77 ) o JTEE SR 5 kHz T 262144 f#
(K52 M) Yo7V T ESniz. EOT —ZNHERS NI T RZAERE u 23T 28 e (SrfifiEAe
=0.002 V) &R REelot & F D 2 Fe(oeloty? ZfENTT 5. FERIBOMREE, Atk 2 ST SDfEEETe 5
FfZ 2 AL L T2 LTGRO, Zoizteelat & D 2 F(oelot)? DT — X #ite DXLV b 4 D720
262140 Th 5. 72¥5, T CIERLFITERNOERE e Z AW 2R, MERRIZITEE S u 2065 R ERZRO T, LT
TlXu WD, ZEfloERes X BBV 1 — 712 RIE T 588 % Burattini(2008)I121E > CaHMili L7 & 24, ud 2
T - HJu? TITEAEIC KT D I RRR 221340 5% (B CEAEO 95%| 2/ Nl S 5), u OZERII %R 2 -4
(Ouldx)? TIEEAIZ AT DA RFAAITR 35% & A Sz, 2D X 5 IR R IRZE M fRRE S k& < &
BA D0, AGECROL v ) v brbE—L)ES|= hr e —X, —2OOREMEIZIBIT 2 262140 {E K D
BKAE & /ML D72 DREER DAL E 2 T3 5 DT, BONAMHEITREZEIZ» Db B2V, FlaLEdn
TEMEEERRATICRB VT, MEIC L DREEDAEREZZE L TEREIT).

REITEESEEEyY = 0 O#PATITo 72, HIEE, RT3y a 7 B3k L CTREAE O H CAREN LT
HALE L D b+ RO xth =25 £ T 7z,

3. TAMBEFE
3:-1 Yv/>xI>obhabb—
vy sy ha i, BiR(—E, A, 2017) & EERIC B SR EOIFHE & L TkATRD 7. 22 Txf
BOIEIZ2 & Lic. Zo5E, BAbit]R2F 6 b.

- i pi log p 1)

2T il BEEOHERZER L ORISR P NG O L&, nEFEET AR ER X OMERPX)TH 5. £12pi
=00 L X(Ipilogpi=0 LEFT D, BIER(—E, A, 2017 TRIALZL DS, v v/ b a B3R
SOEANERTHOT, TNEAROFWH T LI-ELS @A U7 e TR e DV, ARBFFEIR 7250
FBIR 2N ELEER BRI W2, 2 2 CTEIEHIC b E R T o P AR K L Ty v mr bR e
—ZTDLANSLKRD I ELTRENDIDOT, EOFEBOMPIITEELRFNRMLETHD. 2B TIE, [

U< MERDARZHKASSE—A L FEDERIZEE/ LTS,

AWFIZBIT DUy /vy ha—i, 5RO X 9T REERE u, ORI REeulet & OV D
2 Fe(oulot)? 1Ioxt U CRESRZFHA L TRD D, FEROFHEAZITR D 72011E, FRO 1 KHOWEZRET 5 MR
b5, KEMEAE L Z2uZN)IcB T 2 KM n S L, —RICXEE Uy v /v hr e
T 216 Ths. 22 TREWRINME (/ AVHDEZOHO EORERE (x/h=05,y/(h2)=0), ¥t
A IRE R 40 FE 20> & O ZS B D rms 5 W A3 R OALE x [ h =8,y / (h2) = 1.3 DELE, & U4 Fiied x/h =20,
y [ (h/2) = 3.6 DFLIE) IZBWTREEICKIT 5 v /v b B —H OZ(LERRT-. 7ok, Ziuh 3NLED
A BEOMIIRTHRICOR L CWA(—E, FAf, 2017). 262144 f % 7213 262140 0T — % O#FPH (R KA & e/ IME
D7) ZESESERDEFTHEILIZEEZDuU, aulet, @uiet)2DH (ZNFHHy, Hy Hz Eitd) OZ{bEX 2
[
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Fig. 2 Shannon entropy as a function of section number: (@) fluctuating velocity, (b) time derivative of fluctuating velocity,
and (c) square of the time derivative of fluctuating velocity. Black, x/h = 0.5, y/(h/2) = 0, laminar; green, x/h = 8, y/(h/2)
= 1.3, turbulent; red, x/h = 20, y/(h/2) = 3.6, turbulent. Vertical broken lines correspond to the value of the difference
between the maximum and minimum value of each position, divided by the data solution. Vertical solid red line in (c)
indicates the section number used to calculate the Shannon entropies of the square of the time derivative of fluctuating
velocity. Shannon entropies initially increase and then become constant.

u DBA (K 2a) 1%, PIOIZXEEROBEN & H TN 5. BB D Unax— tmin) | Au O KRR 5|
WS, KRS AR D & H 3BT 5. ZAUE o fREELL EIC KIS CIg X T, £
OXBNITIET =2 BNFEELRONS pilogpi=0 E7e> THIZEHG LW Thd., 22T, HIZITZED
FMEZERATHZ LI Lz, ZAUTRIHR—E, 1, 201728~ L8680 TH 5.

B R oulor DEA (K2b) b, u DA LR, FIDIXKEEOSMN & 3602 B 332523, [XH
BNIREE (HERY) 28z D & H 13— EEICEfT 5. £ 2T, BIJIZZOMMEZEA Lz, Zofafint s
SYEENE, FCRIEMED u DZFIUHARD &, g 1~4 5L 7e o7,

eI PR SR 2 3] (owlor? DG (X 2(0) b, FIDIXXEEROHI & 2 By 13803528, ELiE (k=
B, R =AH) ICBWTEREEE e 0 £ < LT iU Hy OIRIFH S 3, fafid 25 XM (0/h=0.5,y/(h2)
=0 TIXERAHRGE, Mo 2 & TIX 1082 E) FTHAHELLEIT T, XD 100 &z 5 & FHRRR 2
KT/ HDOT, fafi L T e THXEEE 1048577 (5E15K 1048576 =2%) (IREMEIERR) & L(owory &7 —4
EHE L. K200, DEENENLYZLTHL HBITIEEETHDHOT, MR EHETIND.

3:2 EFTv bOE—

V¥ STy hRE—TCIEBEINTWRNT — X OIEFIZ IS < K/NBIR % EJE L C, Bandt & Pompe(2002)
DIRE LAY b r B —%, K@SCTHARE, TR, 2017) & R RO 7. R T EORSRY (0, x,
x> BB 0 ] OEIN (X1, X2,y Xean) %2, 0=t=(T=n) \ZH->T T—n+1 HEY HI & &, n HERENITHE LW
ERE ST TS, KABIFROES (BY) OiInl THD. Z0 L EKIESNOWHER pIx, 0=t=(T-n)D
#WHNTO, ZOIESOEE) /(T-n+l) 25D T, Oy hut— (EF|=> hrbv—) HN Yy /T
v hav— L FEEEE,

n!

H,= —Z pilog p; 2)

TERIND. W= huat—%, n—1 Eidlogn! TIEFILTAZ L5 5.

JIEZ = b e =R DIZH Y, RIEL TR NEEKMHFUTONTIL, AT & RIS £ n [HOZHENITARSE
LWMEDSEE D D &0 ) FLBIEFNC E D 7. IS, TR T ESNOERE n bR E FRIC8 & L. 72721,
T OEFEOEPUCEI LTI 4 - 4 Hi AT 5. BRISTTORERINOERE T ORI TH L0, Ziuxh 7Y
Y7 U T =2 RT3 RO ST — 2 2T XN T720 5 u DR EIEHETER & [FERIC 262144 T
BV, oulot C(euor? TIERMER L72 & 912262140 TH 5.
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72, FRCETRICRBO T, BETIIHET 2R ) A XOT-DIEOERNEL DO T, ZOEE /A
REBET L0, BiRE FC, BT —X 2207 —4 OEEEE ms fEw Z2F LD L2k, wiVhE
VBT CIIEEI N T — Z OSRRELL FICHE T 2 & 9 Ic 887, BRI, B OE IR KA E x/h=8, v/ (h/2)
=13 CIHRFTO wEF L THENPEDLLRNE IS, BT —XIZ (REMLED w | Uy, KR INLED w | Uy)
U

3:3 aJLEITOTEME

RGN )V I 7 EMEERNTIE, EHE5OD0 N ETOML(—E, F4, 2012)(Ichimiya and Nakamura,
2013)(— B, 2014)(— =, 2015) CrE LS TE 20T, Z Z CIIAHICHAT 5. AT, R
— & (BREGEEHH %2 A/D B U TR T — 2 5)) ZIERET 1 7T N TH, FO8MEE, )k

Amm=%§ 3)

DI, BT —F XORS (F—FFE) XITHTLEMT 777 ATHEMSNZ X DRI CODHTRIN
Ditllaneadn 7HEME AK THRRT 5.

SRR I ITREH(—E, K, 2012)(Ichimiya and Nakamura, 2013) & [FIEEIS, 02ms BE (V7Y 7 Shizifin
FFIEERE u %, 32768 ffl (§9 6.6 #043) MWz, /INIURSCA B Z RS T2DIZ, BB 6 32768 HN O i/ IME %
glE, 7 VN EZERE Uy CHERIE L%, TOEET =213 12 By 87205 4096 5EI S TNHZ &
BERL, KT —F% 00005 999 £ TO 3HOBKITLW LT, FBITHE—FNIW 72 98304 fHDOEET — &
BETXARNT 7 A MRFE LT, ZHUCS Ko THOERDN 4096 75 1000 (232528, O ) 57— Z
12025 3 DT 25D T, [F—7 —FNOKIHOEOZE LB EMEFRIC KT THEZIH TE 5. 7nd, Nz
fELTH AK ORI, &IRE L TEDREWG NS OWFHICBEIT 57200 Th 0, 762 13K
EB/MEMOZEFHAEIZ L D TIFE—ETHH(—EM, 2015). ZDFT—F % Windows /XY 2> ETHAE L7,
W2 EAE AU BESR(—S, T4, 2012)(Ichimiya and Nakamura, 2013) CRE L < BRI L THY, ZHICESNT 72
R LAY

4. BTRERRUBER

4-1 [RYESE

LD T T B D IEREMMT-AEMEEIENT 24T 5 BilS, FDTTH L FWEED u LEERESY e O
K& S o=|o| M OENT LT —BulhdFe D2 Z, AETITETTT. K3@~0)iFuo O 2 FEHE
W PeD x-y FHE EDa L Z— (Thbb, ZhbLOBEOEMERE AN X DEON) 2K LELDTHD.
o | TEFRLY,

LTI TR VI TR VR A S
dy 0z’ 0z 0x’ Ox y) T ONTX Ty TR

ERAELBINS. & 512 Rotta(1962)12 L,
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ou ou
day  ox
LRH SN DD T,
oL 2 . 2
® (g_i) % (%) (5)

ERFL O, RGS)DOALITREE Tk~ 5 Taylor OEFEELIRIGIIZ L - TR OB D. BVREGHFTCA S E
DZERSSy 1D ORRETH DDk L, EOFHEIZ LAUTERT — & ORFEIIC L 0 BEhifEORE X0
ZEMEACIR E D T ENFREL 12 D,

— W B RGO T — X IR RYNT — X TH Y, ZIUTEEDSWTELROZE S 2 M2 MR S 5. &
DOFEE UTHRIZEREINT=DN, Taylor(1938) DWFEELIEIGL CH 5. T IUTEE /RGO THEETKFE
DI TR~ 51TV 5 (Hinze, 1975)(Pope, 2000)(Panton, 2005b). % D%, MHIER EIZB L THE < OIFFEN B
Y (Hinze, 1975), £ Th %o DHFZEA 5 % (Tsinober et al., 2001)(Moin, 2009)(del Alamo and Jiménez, 2009)(He et
al., 2010)(Higgins et al., 2012)(Geng et al., 2015)(Shet et al., 2017)(Yang and Howland, 2018). 7t Taylor DI,
& B ZERIE ;U COELNORFRIZIIY, ORI TOERNOZEMP AT — RN—EOEE W LIZEF), £
DORE R AT 5 Z ENBAETLERETHHDTHLD. Taylor lTZi %, Nu=9@) =gV DT &
L LTW%. Hinze(1975)TlX, ROFMEIT DBURDELD S2HZ & & LTS,

9yl (6)

Pope(2000)i% “flying hot wire’ {EIC L DHIEZFNZ & VFA L T\ 5. F7z, HT-ELIT Tl Taylor OGRS SLITGR
WEIERIC L SR 2023, B B AL DWW TR FER Tl L 722V & i< Tuv 4. Panton(2005b)1 L+
JHRBEFINZE D, KBRS Z L ELTWD. ZZTUNIREECTHS.

Rpp(-xi:O, r,:O, T) ~ Rpp(xlz UCT, O, O) (7)

AL TR T — 2 1 B 22 RS OB 2 HEE T D DR DT, Z ORGSR SEo b D & LTHE
Z5. 728, Hinze DRIE, FE L OR(TA, K, 1985 THEE LA TH LD, WEEET. +habb, 5
RE%K f(x, )TN T Hinze D52 72613 W xro72 BHIX, offot+ Udflox=0 235505, Z OfRssy ifEo—
AR,

f=fx —Up (8)

ToH Y (PR, KK, 1985)(<1-,1998), ZiuLx DO EDSHNEE U TEMT 2147, fAZTEE u &7

WL, u=u(x—UHERDDT, ZOHE, HELIIPE L TERTE2EIRT2 L5425, 2O Taylor OEFEEL

TSGR DSELVOIREMWE A BT 5 L0 D FE, FH O OFF~To#iPH TSR S Bl R4S 72 5720,
HhoRF2 7 —NLD—>TH % Taylor DRI A 77—V 1 1Z(Pope, 2000), @ DM & [FHEIZE 2 TRO

EOIZE M ND.
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Fig. 3 Contour map of normalized values in the x—y plane: (@) fluctuating velocity, (b) fluctuating vorticity, and (c) turbulent
energy dissipation rate. Nine contour lines are drawn with 10 equal intervals between the maximum and minimum
values.

20 L ©)
@ @ Ve

T7bb, b u ORFREIMSIZESWCEETX 4.
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T, EEHAE O RSN TWD. M 3@ w i / RV HEE Uy & Bl b L CERHE L RO o 2 —XT
5. T=x/h=11 ® 7 2\ (y/ (h2)=1) FHEORES TZOENBKE V. x/h~13 LLEO FHICBWTHRES
JEHL (y/(A2)=0) fHEIZ = 2 —RUCMAR R LS. ZiudBZ b IEETE T I TELAL O X
BN L ERTHDTHS .

3(b)Ew % FEMERE IS < B v/ U & O Cvael U =v2 v IteUUR OF TR LT Be@hon D= 2 %
—H{THD. 2=x/h=4 D) ZVEGEEAAHTO R S TROVERZ R L, 8=x/h=11 T2 &LV Z < LT
%. ¥l xlh = 20,y/(h2) =0 TlE, EIVNSWEEA R SIS, 2 IUTEBEE ORI S W 7eb b
B 2 r— LN BN L AR 5.

BOIEELN =R X —HifkFe AT b DO TH D, RPFEFMEEITETIUL, €= 15v (dulox)? TiHlish
2 ZE[E1 4y F dulox ~ (oulon)lU & WISy G X Hax 7-1%, HEUEHEE U, L HUERFE Y /U2 % AV Cve/ Ut = 15
V2 (ou/or)? | UUg* DIE TR I LT Bt ZFR LT D, €5 2=x/h=4 fFIEOD 7 Z)VIE T O S THL
R AR L, 8=x/h=11 fHEIC &R0 EI 2R LTS, e NI VERCH S = &1L, 22 THATRLF
— BB RN A T — L OBMBER TH D = L 2 ERT . AR ROV TORME NS 1L
—uvoUley D & 5 IeELNOAERIALELNOEEHZ £ 3 EEEER E2 ML BERH Y, SHROMEE B X
%, F122Thx/h = 20,y/(W2)=0 TiE, EAVNSVEEAS RO, ZAUZEGRO X 5 102 BhHEE o R
A=A RRNZ L ERET .

TE=
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Fig. 4 Contour map of Shannon entropy in the x-y plane: (a) fluctuating velocity, (b) time derivative of fluctuating velocity,
and (c) square of the time derivative of fluctuating velocity. Nine contour lines are drawn with 10 equal intervals
between the maximum and minimum values. Shannon entropy is lower in the laminar region and higher in the
turbulent region.
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Fig. 19 Dimensional permutation entropy as a function of
streamwise distance, n varies according to the integral
time: (a) fluctuating velocity, (b) time derivative of
fluctuating velocity, and (c) square of the time
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entropy initially increases rapidly, then increases
slowly, and eventually decreases in the streamwise
direction.
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Fig. 20 Dimensional permutation entropy as a function of
flow-normal distance, n varies according to the integral
time: (a) fluctuating velocity, (b) time derivative of
fluctuating velocity, and (c) square of the time
derivative of fluctuating velocity. The permutation
entropy is higher in the turbulent region and lower in
the laminar region.
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