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Numerical investigation of low-frequency instability characteri-
stics of flow past a cylinder at sub-critical Reynolds numbers
using a wall-modeled enhanced-resolution hybrid model
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Abstract: CFD simulations of flow past a circular cylinder at subcritical Reynolds numbers pose several
challenges, including the accurate prediction of shear-layer Kelvin-Helmholtz (K-H) instabilities, low-
frequency unsteady behavior, and the formation mechanisms of V-shaped and U-shaped wake velocity
profiles. In this study, a novel wall-modeled hybrid turbulence model, termed TNT WM-XLES, is developed
by reconstructing the turbulent kinetic energy (k) equation of the Transitional &—w Turbulence (TNT) model,
thereby significantly enhancing the resolution of turbulent kinetic energy within the shear layer. Numerical
validations demonstrate that the proposed model not only accurately reproduces the first- and second-order
wake statistics, but also successfully captures three characteristic spectral features: the high-frequency peak
associated with shear-layer K—H instability, the dominant peak corresponding to vortex shedding, and the

low-frequency peak related to recirculation-zone oscillations. By introducing the instantaneous recirculation-
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zone length parameter, L(¢), a quantitative consistency is observed between its dominant spectral frequency
and the low-frequency signal. This finding establishes, for the first time, a direct link between the low-

0 5|

and practical tool for high-fidelity simulations of complex bluff-body flows in engineering applications.

i3

frequency instability of cylinder wake flows and the periodic contraction—expansion dynamics of the
recirculation zone through a dynamic characteristic parameter. The proposed model overcomes the limitations

of conventional RANS/LES approaches in capturing low-frequency flow features and provides an effective

Key words: flow past cylinder; coherent structures; K-H instability; TNT WM-XLES model
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Fig.6 Location configuration of the probes for instability structure in the wake flow for “U” shape and “V” shape
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Tab.2 Coordinate information of the probes in the effective shear layer for “V” shape

B2 ~ )2 . LURZI)= ~ R _
e At o= AR . AR H“L AR

e ()0 PR 15, AMI S 2R 5
Pyiol (0.149, 0.559) Py, (0.182,0.515) Pys; (0.183,0.603) Py,  (0.570,0.000)

Pyig (0.290, 0.588 ) Py, (0.314,0.532) Pys, (0.312,0.643)  Pyy,  (0.790,0.000 )
Pyios (0.466, 0.599) Pyn (0.465,0.528) Py (0.468,0.670)  Pyu;  (1.000,0.000)
Pyio4 (0.624,0.612) Pyas (0.624,0.523) Pyss (0.627,0.702)  Pyy  (1.210,0.000)
Pyios (0.801, 0.603 ) Pyys (0.790,0.519) Pyss (0.790,0.716 ) Pyys  (1.400,0.000 )
Pyi06 (0.977,0.566 ) Pyos (0.962,0.492) Py36 (0.966,0.729) Py  (1.610,0.000)
Pyig7 (1.120,0.518) Pyy; (1.107,0.442) Pys7 (1.112,0.720)  Pyyy  (1.720,0.000)
Pyios (1.270,0.414) Pyag (1.224,0.371) Pysg (1.227,0.706)  Pyus  (1.820,0.000)
Pyigo (1.400, 0.379) Py (1.362,0.394) Py3o (1.368,0.670) Py  (1.910,0.000)

Pyviio (1.610,0.379) Pyso  (2.000,0.000)
Py (1.720,0.379) Pys;  (2.080,0.000)
Pyvin (1.820,0.379) Pyso  (2.170,0.000)
Pyiis (1.910,0.379) Pya;  (2.260,0.000)
Pyiia (2.000,0.379) Pyss  (2.500,0.000)
Pyiis (2.080,0.379) Pyys  (2.710,0.000)
Pyi16 (2.170,0.379) Pyas  (2.900,0.000)
Pyi17 (2.260,0.379) Pys;  (3.100,0.000)

Pyix (2.500,0379)
Pyie  (2.710,0379)
Py (2.900,0379)
Py (3.100,0379)

W 4223 1) 43 A7 43 R W2 (O T A BT Y2A% 0 AR X, 10K Pyig1~Puizo X Pyioi~Pyiais
() ; FAHRLBT Y12 N, 38 Puy~Puae M Pyai~Pyags (3) 07 T4 2087 U1 2 Ah L 5, 38k
Pysi~Pusg K Py3i~Pyses ()L T ox Bl E, 73 5ITEN Puagi~Puars X Pyagi~Pyarze T EALAHT0] 7EREES . Ti
T K = AN DU A3 W T 43 2 A 13, Herh U RS At 275 AN, VTR 280 NI, 22 SRR T BT 2 SE
AR A [) S 5P o A 0 T

FEMCEERT |, A TNT WM-XLES BRI T R VBRI, X BT 1545 W I sS40 (R 1] ok 2
JES Lomb S5 04T . Lomb 3§43 H1 T FH AT 5 S 45 W DU A v TR0 Je 1 5[] 5 A Xof 74 i A A ] s 32 ik
ST

7 Case U 1, [& 7 HaE—28 Wil 45 (Py01~Pu1ao) 9 Lomb 335 7R B 5 A HEBUR (£, ) M H A%




57 1 F B0 WX SR AR FE R - 1097

WERL 43 (2fi) 5 TE Pypie~Puine &b 36 8L T =A% M0 AL 43 (3 £,) 3 K-H A B E P 00 238 1 e A X 72
Puio2~Puioe A0 5 BE, 10 B A W 0 5 I A EAR I AE R SRR AE . & 8 W, Case V AY 25 — 288 W5 I A5
(Py101~Pyi2)) IR 5 Case U 25401, [RIRE AT UL it M58 S — A5 MU 58, FFAE Pyyis~Pyiar A H B = A5
B AH K-H AFRE MR fi (UTE Py1o1~Pyios A0 H IR, HIHA B BT ST [RIAERETH, [R]A 21 A4~ Wl 34
W] AR AR 5 fuo X T 58 238 (Pua~Pusg Pyai~Pyag) B2 8 = 38 W M 55 (Py3i~Pyso.
Py31~Pyg), Lomb 3534 18 715 W] Inb 110 i St A0 3 R0 — AR08 5, = A5 A R {0 DO AN A 5 R0 1l 535 3 47 7E
M K-H A2 E PR fio (AEEB 53 5L (5351 Pusp~Puae A1 Pusa~Puse B Pyai~Pyas Al Pyz~Pyss) 23,
455 9~10 ATHN, S5 PUZE W A5 (Case U: Pygg~Pugi7s Case Vi Pygor~Pyay7) TS AEAE A7 BH Sk (143 itk 4 3
FMIRAATRENE, 78 Puaos~Puar7( X Pyaog~Pyai7) A BETE I WL E2 21 5 364 AT 4 AH 5C 1 = A5 5 43, (0 K-H
AT PR AR (E R R

PL'IOI PUI(IZ PUl()}
100 7 100 7 y 10 7 7
fa X 2
S S S
T 10 I (O <10
5 5 5
10710 1010 10710
10 102 10° 10° 10 10 10° 10° 10 102 10° 10°
f s f
. Pyios e Poies
10 10°] 17 100
o8 g o8
S 2 S
10 3 107 £10°
= ] =
10710 107“)‘ 10710
10 102 100 102 107 10 100 102 10 10 100 10
f f f
as a8
2 N
o <
|0 10
10 107 10° 10°
f
o
e
100
o 107 o
loflﬂ 107\0 107\0
10 10 100 10° 10 10 100 102 10 10 10° 10°
A f f



1098 AR 27 55 30 55 710

10°
o8
S
LQE: 10
10 0
10+ 102 10° 102 10+ 102 10° 102 10+ 102 100 102
f S f
[ ]
10° f 10°
|
g | | g
B ERI
S 10 ' & 10
10*“) | 1071(1
10+ 102 10° 102 10+ 102 100 102
A A
, P N
[El 7 Y:E Case U I{EJ_F s 5@45’@%{]}]“1&'\ ( PU101~PU120 ) ALI\E/‘J Lomb }/FJFEIJE%/ FE
Fig.7 Lomb spectra of the first type of monitoring points ( Py9;~Pyia9 ) for Case U
100 PU]l)l 100 PUll)Z
fo S
2
as o
2 107 2. 1o
3 10
= =
107]0
107\0
10+ 102 10+ 102 10° 102 102
S
PUIO4 PUIOS PUI[)ﬁ
100
e
S
107
&
107\0 IO*IO
102 10 102 10 10 10° 10°
s
10°
e s
2 S
o & 10
10710 10710 10710
107 102 100 102 10 102 100 102 10 102 10° 10°
S S S
10° 100
s
2 2
107 5107
10’!0 10’10
10+ 102 10° 102 10+ 102 10° 102 10+ 102 10° 102



4] AN Wi A RAE SRR AT e 1 e T

1099

10*!0 10*10 IO*IO
10+ 102 10° 10° 10+ 102 10° 10° 10+ 102 10° 102
S S S
Fi—] 8 E Case V I/H‘T 5 fﬁgé’éﬁ{m,ﬁ ( Pv101~Pv120 ) ’SL'\E/‘J Lomb ff'ﬁ%ﬁﬁ
Fig.8 Lomb spectra of the first type of monitoring points ( Pyg;~Py9) for Case V
P Puan
10° o 1 100 5
& -
X107
=
10710
10 102 100 102 10°
A
. . ”{)}-JHM”"_‘ . I ,F,‘i‘w(‘,,,,_ .
10° ™ S
& 107
1071(7
10°* 10 100 102
S

PU407




1100 FiEAR 32 55 30 B4 7 10

PU4|0 I)IMII PU412
Jan
10° 10°
s
2 2
107 107
10710 " .
104 104 102 100 10° 104 102 10° 10
S/ f
10° 10°
s
2 2
o 107 o 10
10*10 -10
10+ 102 10° 10* 10+ 102 10° 10*
f f
PU417
FR
100 10° ﬁn f‘>
qu” Lq;H 10
10
107!0
10 102 » 10° 10? 10 102 10° 10*
f f

Fé—l 9 E Case U TYJ&iF s %M%’@%‘imﬂﬁ ( Pu401~Pu417 ) ALI\E/‘] Lomb }fﬁﬁ% %?E
Fig.9 Lomb spectra of the fourth type of monitoring points ( Pys~Py4;7) for Case U

Puaor Puan

10° s 10° S
s y; S
105 i 105 fu
& 10 G 10

lO*IU lO*IU
10 102 100 10° 10 102 10° 10° 10°
f f

10°
lOU»
2 2
105+ 3
o 107 i
10’]0 10’\“'
10+ 10 100 102 10+ 10° 100 10°




1101

TS

o 10° 10° 102 o 10° 100 10°
S S
10 76 Case V T, HIPUSEWENA (Pyagi~Pyars ) ALY Lomb HHERHE
Fig.10 Lomb spectra of the fourth type of monitoring points ( Py,g~Py47) for Case V

T ST SR A5G T AR A0 s ) AR PR T A0S M T AR R R A R
) RARKF R ZE TR (W3R 3), PTAIZL 100 I AT AR BT S (L B AR IR ZE AL T T4 2 —
R, RUIF IR — Rk REET, AR AL E 5 i ShBEAF AT BEE A4 &, TNT WM-XLES BEBI7EA K
RUBE s THAFAIE b HAT A e — 2ot (Rl 28 3 rhas i HIE IR IR XA (L/D) | 738 s (¢, ) | Bl
TIEE(Cy) BIEMELR R BZB(~C, ) HYTHE45 5 Parnaudeau 25| Lourenco 261 1S3 5i w4,
RZEHAET 5 BV RN

& 3 Re=3900 TEHZERBEXSGITEITEER
Tab.3 Calculation results of flow statistics for flow past cylinder at Re=3900

fu L/D
Case = N - o,/(°) C -C
T RRHIRRE (%) P MR (%) ‘ »
U 0.223 0.06 1.42 -5.96 86.8 1.08 0.98
\Y% 0.222 091 1.11 -5.93 87.8 1.11 1.06

Xt F K-H R E MR ABOE I F oy, HATAZE R (32 4) BR, IR E] 7~8 48 Wl 43
A L VA SRR AT, A7 AE —E B BLME . Case U A9 V-2 5 Prasad 25 E’iniﬁﬁ(?w)nem (= 1.29)1¢
FHZE~1.16%, Ifil Case V WIFHZEIE 11.24%, e KAHXTRZE 53000 8.95% F1-4.87%, ML AR T F K-
H B 12 ARl B3

& 4 Re=3900 TEIHLTE K-H A RREMSARITELER
Tab.4 Numerical results of K-H instability frequency for flow past cylinder at Re=3900

fin FHfE FXTER2E (%) KA R (%) fletia)
Case U 1.275 -1.16 8.95 1.259~1.389

Case V 1.435 11.24 —4.87 1.365~1.496
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R 5 Re=3900 TERIHELZEREMBOMBIHTELER

Tab.S Numerical results of low frequency for flow past cylinder at Re=3900

fo FEE FAXTR2E (%) KA B2 (%) 113 [l
Case U 0.0073 14.06 ~32.88 0.0049~0.0088
Case V 0.0065 1.56 -32.31 0.0044~0.0078
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8 A B B e e 30l s VAN (1 o B e 41 e e 20, 1) V2 (= R T I <L P = R/
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Fig.11 Lift coefficient and its spectral characteristics
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