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Fig. 1. Physical model of high-speed turbulent channel flows.
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Table 1.  Grid and flow parameters for different cases.
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Fig. 2. (a) Number of structures and (b) the volume of
structures extracted from high-speed turbulent channel
flows under different « values, normalized by their respec-

tive maximum values.
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Fig. 3. (a) Velocity wall-attached structures, (b) velocity wall-detached structures, (c¢) temperature wall-attached structures, and
(d) temperature wall-detached structures in the M8AW case of high-speed turbulent channel flow.
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Fig. 4. (a) Velocity wall-attached structures, (b) velocity wall-detached structures, (c¢) temperature wall-attached structures, and
(d) temperature wall-detached structures in the M8 CWO05 case of high-speed turbulent channel flow.
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Fig. 5. (a) Velocity wall-attached structures, (b) velocity wall-detached structures, (c) temperature wall-attached structures, and

(d) temperature wall-detached structures in the M8 CW02 case of high-speed turbulent channel flow.
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Fig. 6. The number of clusters per unit with respect to ymin and Ymax :

(a) Velocity and (b) temperature structures in the M8AW case;

(c) velocity and (d) temperature structures in the M8CWO02 case; (e) velocity and (f) temperature structures in the M8CWO5 case.
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Fig. 7. Scale relations in wall attached structures for w and T: (a) IF-13 ; (b) IF-1 .
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Fig. 8. Conditional averaging results of velocity wall-attached structures in high-speed turbulent channel flow: (a) Streamwise Reyn-

olds normal stress and (b) shear Reynolds stress in the M8AW case; (c¢) streamwise Reynolds normal stress and (d) shear Reynolds

stress in the M8CWO5 case; (e) streamwise Reynolds normal stress and (f) shear Reynolds stress in the M8CWO02 case. Here, p and

n denote high-speed and low-speed structures, respectively; ss, s, and t represent self-similar, squat, and tall structures, respectively.
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Fig. 9. Conditional averaging results of temperature wall-attached structures in high-speed turbulent channel flow: (a) Mean square

of temperature fluctuations and (b) turbulent heat flux in the M8AW case; (c) mean square of temperature fluctuations and

(d) turbulent heat flux in the M8CWO5 case; (e) mean square of temperature fluctuations and (f) turbulent heat flux in the

M8CWO02 case. Here, p and n denote high-temperature and low-temperature structures, respectively; ss, s, and t represent self-simi-

lar, squat, and tall structures, respectively.

— HSRA_ v _a T a - HSRA v a T'd ---HSRA_u_a T w — HSRA u d T a - HSRA v d_ T d ---HSRA v d T w
— HSRA v w T a ----HSRA v w T'd ---HSRA u w T w — HSRA
4 4 4
(a)
3 3 3

HSRA
HSRA
N
HSRA
N

&l 10 M i P B ZE R SR T SRR IE LA R (a) M8 AW B 4l; (b) M8 CWO5 Z.4il; (c) M8 CW02 -1
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Table 2. Contribution percentage, C¢r1/Ct of the
turbulent kinetic energy production term to wall fric-

tion under different velocity structures.

Case N,ss N,s N,t Pss Ps Pt Total

M8 AW 322 032 626 1.88 1.35 540 42.11
M8 CW05 3.71 0.13 7.10 1.66 1.27 3.70 38.84
M8 CW02 221 0.15 9.61 2.01 0.73 270 37.20

3 IR HUE SR A RO BE TG Y DTk
I Ch rs/ Ch

Table 3. Contribution percentage, Cygrs/Chr of the
production term to wall heat flux under different velocity

structures.

Case N,ss N,s N,t Pss Ps Pt Total

M8 CW05 6.66 0.16 14.24 233 1.38 6.32 69.21
M8 CW02 3.00 0.10 14.19 2.09 0.58 3.40 50.56

Fa IR BELE R it TP B T BE I B A BT
Ak Gy 1/ G

Table 4. Contribution percentage, Cy 1/Ch of the tur-
bulent heat transport term to wall heat flux under differ-
ent velocity structures.

Case N,ss N,s N,t Pss Ps Pt Total

M8CW05 -0.21 0.33 -0.62 -0.36 0.11 -3.00 -24.95
M8CW02 0.00 093 -0.24 -0.01 0.08 -1.22 -8.08

M 22— 4 A RT LI R A AR
v 2 R X R T BEL M EAGAE A I Y DTk B o W, 2
VR BH 55 R0 A 1 L 2 —; OO (R A AH
IS5, AL Z T, e S5 A8 T FEE BRI RA I A BT
SEMAR/ . e RGBT I, iR F AR Rl A s
E T NEE A E G AR W T A AR S
SR AARRUEZ S, RS = IS A TE B e
14 SRR EAH .

EIRBUGAR I, L SR 0T BE T EE B AT EAAL Y
SR T AR A BT U TN ST, TR RE 4G
AT B TTR AL 1A i s 1 P ) 2 AR T AT
. BT, 2 BE B A5 A4 X6 IO 1) Jok s 0 B i
JEE RHL /B A B TERR AR AZAT 50%, o 5 3 T LA
111 3t 2 B S5 45 R Xz 114 Jk s et R i oz 114 o ik
FEXA PR, X — M S5 18 3—5 AT B S5 H 71
FRIE— 2 L RE R 4 A S B Hh B N 3l 2 AR
FH i I B B A ) 2 o DU AT 45553

5 %4 %

AT T RISGEM Ik, RGP0 HAE
i it PR TR R I B 454, il e i
LT 451

1) S FRARLE S0 8 5 i 3 B e
LSRR R A AR, 7745 Townsend Hi &
BRI R, PRI ST [ AR AAS AR F AR LIRSS
F-ARRH L A5G 1 = AR .

2) T PETEAEE: SRR AR, e

204702-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 20 (2025)

204702

TV LY ) 5 1 EE DK - 5 R X B4 2 %
%, 1_~I)b;§‘,iﬁA Townsend (1976) [l iR, H.
BE T LTI B2 G T B S e I 2 5 TR ST
3) v is L A R 2 3 i R ) 3 i
T G R T JEE BH 5 A AR B, TR 2 DU g v
fﬁ]‘/ﬂﬁ?ﬁ,m% s P AR AL Ty ). R AT RS,

VR T2 1 8 4 15 1 v A X B T R L S Bt A

HATPSE T 5Tk

S 3k

[1] Smits A, McKeon B, Marusic I 2011 Annu. Rev. Fluid Mech.
43 353

[2] Jiménez J 2012 Annu. Rev. Fluid Mech. 44 27
[3] Kline S, Reynolds W, Schraub F, Runstadler P 1967 J. Fluid
Mech. 30 741
[4] Cheng C, Fu L 2022 Phys. Rev. Fluids 7 114604
[5] Yu M, Xu C, Chen J, Liu P, Fu Y, Yuan X 2022 Phys. Rev.
Fluids 7 054607
[6] Townsend A 1976 The Structure of Turbulent Shear Flows
(Cambridge: Cambridge University Press)
[7] Perry A, Chong M 1982 J. Fluid Mech. 119 173
[8] Marusic I, Monty J. 2019 Annu. Rev. Fluid Mech. 51 49
[9] Hutchins N, Nickels T, Marusic I, Chong M 2009 J. Fluid
Mech. 635 103
[10] Hultmark M, Vallikivi M, Bailey S, Smits A 2012 Phys. Rev.
Lett. 108 094501
[11] Hutchins N, Chauhan K, Marusic I, Monty J 2012 Boundary-
Layer Meteorol. 145 273
(12] Lee M, Moser R 2015 J. Fluid Mech. 774 395

204702-10

Nickels T, Marusic I, Hafez S, Chong M 2005 Phys. Rev. Lett.
95 074501

Ahn J, Lee J, Kang J, Sung H 2015 Phys. Fluids 27 065110
Lozano D, Flores O, Jiménez J 2012 J. Fluid Mech. 694 100
Lozano D, Jiménez J 2014 J. Fluid Mech. 759 432

Dong S, Lozano D, Sekimoto A, Jiménez J 2017 J. Fluid
Mech. 816 167

Lozano D A, Bae H J 2019 J. Fluid Mech. 868 698

Jiménez J 2013 Phys. Fluids 25 101302

Dong S W, Cheng C, Chen J Q, Yuan X X, Li W P 2021
Adv. Mech. 51 792 (in Chinese) [# 8 1, B, FRI25R, G
JB, ZEHEMG 2021 Jy2EdbE 51 792)

Hwang J, Sung H 2018 J. Fluid Mech. 856 58

Yang J, Hwang J, Sung H 2019 Phys. Rev. Fluids 4 114606
Yoon M, Hwang J, Yang J, Sung H 2020 J. Fluid Mech. 885
Al12

Hwang J, Lee J, Sung H 2020 J. Fluid Mech. 905 A6

Yoon M, Sung H 2022 J. Fluid Mech. 943 A14

Fukagata K, Iwamoto K, Kasagi N 2002 Phys. Fluids 14 73
Renard N, Deck S 2016 J. Fluid Mech. 790 339

Gomez T, Flutet V, Sagaut P 2009 Phys. Rev. E 79 035301
Zhang P, Xia Z 2020 Phys. Rev. E 102 043107

Wenzel C, Gibis T, Kloker M 2021 J. Fluid Mech. 930 A1

Li W, Fan Y, Modesti D, Cheng C 2019 J. Fluid Mech. 875
101

Sun D, Guo Q, Yuan X, Zhang H, Liu P 2021 Adv. Aerodyn.
31

Yu M, Xu C 2021 Phys. Fluids 33 075106

Yu M, Liu P, Fu Y, Tang Z, Yuan X 2022 Phys. Fluids 34
065139

Yu M, Liu P, Fu Y, Tang Z, Yuan X 2022 Phys. Fluids 34
065140

Huang P G, Coleman G N, Bradshaw P 1995 J. Fluid Mech.
305 185


https://doi.org/10.1146/annurev-fluid-122109-160753
https://doi.org/10.1146/annurev-fluid-122109-160753
https://doi.org/10.1146/annurev-fluid-122109-160753
https://doi.org/10.1146/annurev-fluid-122109-160753
https://doi.org/10.1146/annurev-fluid-122109-160753
https://doi.org/10.1146/annurev-fluid-122109-160753
https://doi.org/10.1146/annurev-fluid-120710-101039
https://doi.org/10.1146/annurev-fluid-120710-101039
https://doi.org/10.1146/annurev-fluid-120710-101039
https://doi.org/10.1146/annurev-fluid-120710-101039
https://doi.org/10.1146/annurev-fluid-120710-101039
https://doi.org/10.1146/annurev-fluid-120710-101039
https://doi.org/10.1146/annurev-fluid-120710-101039
https://doi.org/10.1017/S0022112067001740
https://doi.org/10.1017/S0022112067001740
https://doi.org/10.1017/S0022112067001740
https://doi.org/10.1017/S0022112067001740
https://doi.org/10.1017/S0022112067001740
https://doi.org/10.1017/S0022112067001740
https://doi.org/10.1017/S0022112067001740
https://doi.org/10.1017/S0022112067001740
https://doi.org/10.1103/PhysRevFluids.7.114604
https://doi.org/10.1103/PhysRevFluids.7.114604
https://doi.org/10.1103/PhysRevFluids.7.114604
https://doi.org/10.1103/PhysRevFluids.7.114604
https://doi.org/10.1103/PhysRevFluids.7.114604
https://doi.org/10.1103/PhysRevFluids.7.114604
https://doi.org/10.1103/PhysRevFluids.7.114604
https://doi.org/10.1103/PhysRevFluids.7.054607
https://doi.org/10.1103/PhysRevFluids.7.054607
https://doi.org/10.1103/PhysRevFluids.7.054607
https://doi.org/10.1103/PhysRevFluids.7.054607
https://doi.org/10.1103/PhysRevFluids.7.054607
https://doi.org/10.1103/PhysRevFluids.7.054607
https://doi.org/10.1103/PhysRevFluids.7.054607
https://doi.org/10.1103/PhysRevFluids.7.054607
https://doi.org/10.1017/S0022112082001311
https://doi.org/10.1017/S0022112082001311
https://doi.org/10.1017/S0022112082001311
https://doi.org/10.1017/S0022112082001311
https://doi.org/10.1017/S0022112082001311
https://doi.org/10.1017/S0022112082001311
https://doi.org/10.1017/S0022112082001311
https://doi.org/10.1146/annurev-fluid-010518-040427
https://doi.org/10.1146/annurev-fluid-010518-040427
https://doi.org/10.1146/annurev-fluid-010518-040427
https://doi.org/10.1146/annurev-fluid-010518-040427
https://doi.org/10.1146/annurev-fluid-010518-040427
https://doi.org/10.1146/annurev-fluid-010518-040427
https://doi.org/10.1146/annurev-fluid-010518-040427
https://doi.org/10.1017/S0022112009007721
https://doi.org/10.1017/S0022112009007721
https://doi.org/10.1017/S0022112009007721
https://doi.org/10.1017/S0022112009007721
https://doi.org/10.1017/S0022112009007721
https://doi.org/10.1017/S0022112009007721
https://doi.org/10.1017/S0022112009007721
https://doi.org/10.1017/S0022112009007721
https://doi.org/10.1103/PhysRevLett.108.094501
https://doi.org/10.1103/PhysRevLett.108.094501
https://doi.org/10.1103/PhysRevLett.108.094501
https://doi.org/10.1103/PhysRevLett.108.094501
https://doi.org/10.1103/PhysRevLett.108.094501
https://doi.org/10.1103/PhysRevLett.108.094501
https://doi.org/10.1103/PhysRevLett.108.094501
https://doi.org/10.1103/PhysRevLett.108.094501
https://doi.org/10.1007/s10546-012-9735-4
https://doi.org/10.1007/s10546-012-9735-4
https://doi.org/10.1007/s10546-012-9735-4
https://doi.org/10.1007/s10546-012-9735-4
https://doi.org/10.1007/s10546-012-9735-4
https://doi.org/10.1007/s10546-012-9735-4
https://doi.org/10.1007/s10546-012-9735-4
https://doi.org/10.1007/s10546-012-9735-4
https://doi.org/10.1007/s10546-012-9735-4
https://doi.org/10.1017/jfm.2015.268
https://doi.org/10.1017/jfm.2015.268
https://doi.org/10.1017/jfm.2015.268
https://doi.org/10.1017/jfm.2015.268
https://doi.org/10.1017/jfm.2015.268
https://doi.org/10.1017/jfm.2015.268
https://doi.org/10.1017/jfm.2015.268
https://doi.org/10.1103/PhysRevLett.95.074501
https://doi.org/10.1103/PhysRevLett.95.074501
https://doi.org/10.1103/PhysRevLett.95.074501
https://doi.org/10.1103/PhysRevLett.95.074501
https://doi.org/10.1103/PhysRevLett.95.074501
https://doi.org/10.1103/PhysRevLett.95.074501
https://doi.org/10.1063/1.4922612
https://doi.org/10.1063/1.4922612
https://doi.org/10.1063/1.4922612
https://doi.org/10.1063/1.4922612
https://doi.org/10.1063/1.4922612
https://doi.org/10.1063/1.4922612
https://doi.org/10.1063/1.4922612
https://doi.org/10.1017/jfm.2011.524
https://doi.org/10.1017/jfm.2011.524
https://doi.org/10.1017/jfm.2011.524
https://doi.org/10.1017/jfm.2011.524
https://doi.org/10.1017/jfm.2011.524
https://doi.org/10.1017/jfm.2011.524
https://doi.org/10.1017/jfm.2011.524
https://doi.org/10.1017/jfm.2014.575
https://doi.org/10.1017/jfm.2014.575
https://doi.org/10.1017/jfm.2014.575
https://doi.org/10.1017/jfm.2014.575
https://doi.org/10.1017/jfm.2014.575
https://doi.org/10.1017/jfm.2014.575
https://doi.org/10.1017/jfm.2014.575
https://doi.org/10.1017/jfm.2017.78
https://doi.org/10.1017/jfm.2017.78
https://doi.org/10.1017/jfm.2017.78
https://doi.org/10.1017/jfm.2017.78
https://doi.org/10.1017/jfm.2017.78
https://doi.org/10.1017/jfm.2017.78
https://doi.org/10.1017/jfm.2017.78
https://doi.org/10.1017/jfm.2017.78
https://doi.org/10.1017/jfm.2019.209
https://doi.org/10.1017/jfm.2019.209
https://doi.org/10.1017/jfm.2019.209
https://doi.org/10.1017/jfm.2019.209
https://doi.org/10.1017/jfm.2019.209
https://doi.org/10.1017/jfm.2019.209
https://doi.org/10.1017/jfm.2019.209
https://doi.org/10.1063/1.4824988
https://doi.org/10.1063/1.4824988
https://doi.org/10.1063/1.4824988
https://doi.org/10.1063/1.4824988
https://doi.org/10.1063/1.4824988
https://doi.org/10.1063/1.4824988
https://doi.org/10.1063/1.4824988
https://doi.org/10.1103/PhysRevFluids.4.114606
https://doi.org/10.1103/PhysRevFluids.4.114606
https://doi.org/10.1103/PhysRevFluids.4.114606
https://doi.org/10.1103/PhysRevFluids.4.114606
https://doi.org/10.1103/PhysRevFluids.4.114606
https://doi.org/10.1103/PhysRevFluids.4.114606
https://doi.org/10.1103/PhysRevFluids.4.114606
https://doi.org/10.1017/jfm.2019.950
https://doi.org/10.1017/jfm.2019.950
https://doi.org/10.1017/jfm.2019.950
https://doi.org/10.1017/jfm.2019.950
https://doi.org/10.1017/jfm.2019.950
https://doi.org/10.1017/jfm.2019.950
https://doi.org/10.1017/jfm.2020.733
https://doi.org/10.1017/jfm.2020.733
https://doi.org/10.1017/jfm.2020.733
https://doi.org/10.1017/jfm.2020.733
https://doi.org/10.1017/jfm.2020.733
https://doi.org/10.1017/jfm.2020.733
https://doi.org/10.1017/jfm.2020.733
https://doi.org/10.1017/jfm.2022.432
https://doi.org/10.1017/jfm.2022.432
https://doi.org/10.1017/jfm.2022.432
https://doi.org/10.1017/jfm.2022.432
https://doi.org/10.1017/jfm.2022.432
https://doi.org/10.1017/jfm.2022.432
https://doi.org/10.1017/jfm.2022.432
https://doi.org/10.1063/1.1516779
https://doi.org/10.1063/1.1516779
https://doi.org/10.1063/1.1516779
https://doi.org/10.1063/1.1516779
https://doi.org/10.1063/1.1516779
https://doi.org/10.1063/1.1516779
https://doi.org/10.1063/1.1516779
https://doi.org/10.1017/jfm.2016.12
https://doi.org/10.1017/jfm.2016.12
https://doi.org/10.1017/jfm.2016.12
https://doi.org/10.1017/jfm.2016.12
https://doi.org/10.1017/jfm.2016.12
https://doi.org/10.1017/jfm.2016.12
https://doi.org/10.1017/jfm.2016.12
https://doi.org/10.1017/jfm.2019.499
https://doi.org/10.1017/jfm.2019.499
https://doi.org/10.1017/jfm.2019.499
https://doi.org/10.1017/jfm.2019.499
https://doi.org/10.1017/jfm.2019.499
https://doi.org/10.1017/jfm.2019.499
https://doi.org/10.1186/s42774-020-00055-6
https://doi.org/10.1186/s42774-020-00055-6
https://doi.org/10.1186/s42774-020-00055-6
https://doi.org/10.1186/s42774-020-00055-6
https://doi.org/10.1186/s42774-020-00055-6
https://doi.org/10.1186/s42774-020-00055-6
https://doi.org/10.1063/5.0055732
https://doi.org/10.1063/5.0055732
https://doi.org/10.1063/5.0055732
https://doi.org/10.1063/5.0055732
https://doi.org/10.1063/5.0055732
https://doi.org/10.1063/5.0055732
https://doi.org/10.1063/5.0055732
https://doi.org/10.1063/5.0088405
https://doi.org/10.1063/5.0088405
https://doi.org/10.1063/5.0088405
https://doi.org/10.1063/5.0088405
https://doi.org/10.1063/5.0088405
https://doi.org/10.1063/5.0088405
https://doi.org/10.1063/5.0093852
https://doi.org/10.1063/5.0093852
https://doi.org/10.1063/5.0093852
https://doi.org/10.1063/5.0093852
https://doi.org/10.1063/5.0093852
https://doi.org/10.1063/5.0093852
https://doi.org/10.1017/S0022112095004599
https://doi.org/10.1017/S0022112095004599
https://doi.org/10.1017/S0022112095004599
https://doi.org/10.1017/S0022112095004599
https://doi.org/10.1017/S0022112095004599
https://doi.org/10.1017/S0022112095004599
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 20 (2025) 204702

Wall attached structures of velocity and temperature
fluctuations in high-speed turbulent channel flows"
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Abstract

In this study, a clustering method is used to extract the coherent structures associated with intense
streamwise velocity fluctuations and temperature fluctuations in high-speed turbulent channel flow. Based on
their spatial locations, these structures are categorized into wall-attached type and wall-detached type. A subset
of the wall-attached structures exhibits self-similarity in scale, consistent with Townsend (1976)’s attached eddy
hypothesis, and these structures are further classified as squat structure, self-similar structure, and tall
structure. Conditional averaging results indicate that the streamwise Reynolds normal stress and the intensity
of temperature fluctuations follow a logarithmic law in the logarithmic layer, a phenomenon that aligns with the
attached eddy hypothesis; meanwhile, the strong Reynolds analogy relationship between velocity and
temperature fluctuations remains valid within these attached structures. Analysis based on the RD (Renard-
Deck) identity decomposition reveals that tall structures related to low streamwise momentum mainly control
the generation of wall friction and heat flux, while tall structures related to high-temperature events play a

main role in the of wall-normal heat flux transfer.

Keywords: high-speed turbulent channel flows, clustering method, coherent structures, self-similarity, wall

shear stress and wall heat flux.
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