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Fig. 1. Schematic of the computational state for thermochemical nonequilibrium turbulent flow case
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Fig. 2. Streamwise distributions of (a) skin friction coefficient C 1 5 (b) translational heat flux coefficient

C, z and vibrational heat flux coefficient 10C, .
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Fig. 3. van Driest transformation of the mean velocity in semi-local scaling
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13 WRARYBEIRY, B E RA B Mg R E .
14 R M ARTP RSN 5 kg 2 E
15 Table 1. Flow and grid parameters for thermochemical nonequilibrium turbulent flow case
Re,  Re, Ax’ Az Ay, Ay
3067 832 7.89 4.84 0.54 10.7
(a) 3 Present result (b) 3
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Fig. 4. Distributions of (a) mean translational T/T .5 (b) vibrational temperatures T v /T ., in semi-local

scaling
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Fig. 5. Root-mean-square distributions 7. /T of temperature fluctuations in semi-local scaling
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Fig. 7. Number and volume of structures extracted using different thresholds « : (a, d) velocity fluctuation
structures, translational temperature fluctuation structures and vibrational temperature fluctuation structures; (b,
e) Reynolds shear stress structures; (c, f) turbulent heat flux structures;
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Fig. 9. Instantaneous structures: (a) velocity wall-attached structures; (b) velocity wall-detached structures; (c)
translational temperature wall-attached structures; (d) translational temperature wall-detached structures; (e)
vibrational temperature wall-attached structures; (f) vibrational temperature wall-detached structures
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Fig. 10. Instantaneous structures: (a) Q2 and Q4 Reynolds shear stress structures; (b) Q2 and Q4 turbulent
heat flux structures
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Table 2. The contribution of each decomposition term to wall skin friction and heat flux in velocity fluctuation
structures

HIEINE mEsE RENE RESE SY=]=

C,,/Cp (%) 4.02 0.16 1.43 0.11 45.21
C,./C,(%) 0.20 -0.20 -0.11 -0.18 -14.33
Coas ! €, (%) 8.20 0.51 3.15 0.40 61.45
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Table 3. The contribution of each decomposition term to wall skin friction and heat flux in Reynolds shear
stress structures

Q2 Q4 SbE (%)
C,.1C. (%) 5.32 9.95 45.21
C,,/C,(%) -1.68 -6.51 -14.33
C, s/ Cy(%) 12.84 27.31 61.45
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VIR 5 R GETHRRE, TG R A B ) By Ja B BE I R, (RIS 32 3 45 4 4
(] o 458 LA LR ey 5 5 T 1 9 0 E R 5 1 T S R o TRIIbG, R PR o 85 A B )
N2 FJQLEAFAEXT B X (26 A P e it B 13, JFANEE [F) 2 b PR 3 3 B 1 B FH s A it
DU QI I BN MARIE AR BT, SR A X B aiE s 1 Q4FF XS B I
W, R ANE RS B s BT EEX, W oRIT BE BERR EEAT O SRR, X
— 53 5 Duran &SR — B, B GETE VDI ) 45 4 2 i 3 B s i B B Ak, BEIE
Q2. QAZMNVE NI R VIN I 5Tk, L, 7ERDM i, myid 56 45 1/Q4 A
S%of JEE BELAN AR AH DCRR 23 TR I HH B K DR . 145 R R B, W HX S E g i £ 2451 5
B T BEL/ AR L 1) 2 R G AR A — B 2

R 4 VB L RKS) S5 R b 520 i DT B T BE BE AR IR ) Tk
Table 4. The contribution of each decomposition term to wall skin friction and heat flux in translational temper-
ature fluctuation structures

=t
CRTTES VL U U e
C,,/C,(%) 0.23 -0.27 -1.46 -0.83 -14.33
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Table 4. The contribution of each decomposition term to wall skin friction and heat flux in vibrational tempera-
ture fluctuation structures

M
R wEAE RwE mEsm SN
C.,/C,(%) 0.22 -0.18 -1.83 -0.51 -14.33

2R 6 i LA B 2 ) T % A TR B T FAGAT ) T iR
Table 5. The contribution of each decomposition term to wall skin friction and heat flux in turbulent heat flux
structures

Q2 Q4 B (%)

C.; ! C,(%) -0.17 0.90 -14.33
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Coherent Structures in Thermochemical Non—equilibrium

Turbulent Boundary Layers Using Clustering Method’

QIN Jiahui®, LI Junyangl), YU Mingl), LIU Pengxinl) '

1) (State Key Laboratory of Aerodynamics, Mianyang 621000, China)

Abstract

High-enthalpy turbulent boundary layers are influenced by the coupling be-
tween strong compressibility and thermochemical non-equilibrium, which
complicates momentum and heat transport. Coherent structures provide a
useful description of the organised motions responsible for these transport
processes. To characterise coherent structures in a thermochemical non-
equilibrium turbulent boundary layer and assess their contributions to wall
transport, a clustering method is used to identify and extract spatially con-
nected regions of intense fluctuations. Five classes of structures are consid-
ered: structures of intense streamwise velocity fluctuations, translational—
rotational temperature fluctuations and vibrational temperature fluctuations,
together with Reynolds shear stress and turbulent heat flux structures. Their
geometrical scales, spatial organisation, conditional averages and wall-
attached behaviour are then examined. In addition, quantitative decomposi-
tions of wall skin friction and heat flux are used to assess the relative con-
tributions of different structures to near-wall momentum and energy
transport.

All five classes exhibit multiscale spatial organisation, with their stream-
wise and spanwise dimensions increasing approximately linearly with struc-
ture height. After normalisation by their respective characteristic dimen-
sions, the conditionally averaged shapes at different heights show a reason-
able collapse, indicating a degree of geometric self-similarity across the ve-
locity fluctuation, temperature fluctuation, Reynolds shear stress and turbu-
lent heat flux structures. These scaling behaviours are consistent with the
basic assumptions of Townsend’s attached-eddy model, suggesting that the
model retains some applicability to the thermochemical non-equilibrium
turbulent boundary layer considered here, despite the influence of high-
temperature non-equilibrium effects on the temperature field and on the
coupling between internal energy modes. The wall-transport decomposi-
tions further show that the contributions to skin friction and heat flux differ
substantially among the identified structures. Wall-attached streamwise-
velocity structures and Reynolds shear stress structures are most closely as-
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sociated with regions of strong near-wall momentum and energy transport
and make the largest contributions to both quantities. Notably, the events
that dominate turbulence intensities in the logarithmic region are not identi-
cal to those that dominate wall skin-friction and heat-flux transport. The
former are governed primarily by Q2 ejection events, whereas the latter re-
ceive their dominant contribution from Q4 sweep events. This distinction
indicates that local turbulence intensity alone is not a direct measure of a
coherent structure’s contribution to wall transport, and that the dynamical
coupling between the structures and the near-wall region plays an important
role in the production of wall skin friction and heat flux. The present analy-
sis characterises the geometry, ejection—sweep behaviour and wall-transport
contributions of several classes of coherent structures in a thermochemical
non-equilibrium turbulent boundary layer, and provides further insight into
the organisation of high-enthalpy wall turbulence and the processes govern-
ing wall skin friction and heat transfer.

Keywords: thermochemical non-equilibrium turbulent boundary layer; clustering method; coherent
structure; wall shear stress and heat flux
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