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Prediction of wavenumber-frequency spectrum of wall
pressure fluctuations on hydrofoils
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Abstract: Large Eddy Simulation (LES) method was employed to simulate the pressure fluctuations on the

wall of NACA 0015 hydrofoil. The spatio-temporal correlation characteristics were studied using

wavenumber-frequency spectrum (WFS), and six empirical models were used to predict the WFS on the
model.

hydrofoil. The results show that at zero angle of attack, as the position of sensors moves towards the trailing

edge, the dimensionless convection velocity gradually approaches the theoretical predicted value of 0.7. At

i1

the same incoming velocity, the spectral level of the WFS at the ridge increases with the increase of the angle
of attack. The predictions of the six empirical models show differences from the simulation results, with the

Efimtsov model having the minimum values and the Ffowcs-Williams model having the maximum values.

The simulation results fall between the predicted values of the Efimtsov model and those of the Corcos
0 3l

T 2 52 P ) ik s e 2 T B ) L
ks H 1. 2025-04-22

Key words: turbulent boundary layer; pressure fluctuation; hydrofoil; wavenumber-frequency spectrum; LES
ul:’ =

W R, AR AR B S R 14 Ak 22 TR N i A
SEGIH 2 HTOUEE G H (61402070503
YEHZ TR FP(1998-), J, it it oY (1990-), H, THEI, #iHIEH, E-mail: sy.guang@163.com.


https://doi.org/10.3969/j.issn.1007-7294.2026.02.001
https://doi.org/10.3969/j.issn.1007-7294.2026.02.001
https://doi.org/10.3969/j.issn.1007-7294.2026.02.001
mailto:sy.guang@163.com

178 fE AR 127 530 5 2 0

KB F7 153 BB, A AT LA B e R A S | S 2 M T S K IR s 7 R A g L o,
23 HP K N AT AR e AR T A TRnAL L SR PR 8l s ) 25 DR SRR Sl AR BEAE N SN RS, I 2 2
BEASERENE, B ST BRI MR I EORRSCTS , MR AE /K 30 3 W P L WAtk sl T 0 SR 4 AR U sl A 1Y
FEAR SRy 3 RARATA TA, 75 9 -0 B P 1 1 R L B S A7 ksl FE 00 7 2 (O R S e e
I, M T 45 X 1 A

TRV WL 20 52 A Tl T 7 14 B S g e s DR Dk 8l g 98 8 A IR 8l T 7 £ e i S IR 7
EVEE f M B BE T Dk 3l s H ORI B OCEE B . A T MRS i iA A B2 K T e — T oA
A BERLIRRN IR, AR R i P 52 R R R 4 R B A ML, BB R A vh T IR X, R
RS 5 3 2 o A A i 07030 2 DAY i) 6025 ) 57 B AR AR KB g o % 4 S5 S ek 1
IR MU T VR BE T DK 8h P T3 AR . i e ) S T e 0 ST Wk sl P 1R e A 3

FRIGER AR ALK AT AR SURAERA + 23 2 BN, K S AT AR A L2 | AR A A
TSI S R PT LA G RGN o SRRy (4 RE TR AL 201388 6 Pt T T BB B, i 2 Rz 4
P B I Y sl R S 3 i AL 2 SRV DK 8l s 0 R B K T MR IS R B T SR )
Rz — o S UMERR TR PR R , A b BRSO [R] s 1 88 T A BE TR AL S AL 1 B Sk sl P g 3 A T TR
WFE . B ALAR SR X A [ JRE 3 3 A 1 R T ok 8l 1 A T RCBTAEALL, IR 17 o B X B T 0 80 11 5
Wi o PRIk, 5 38 TR0 BE TR it 120 V2 K B0 s 0 A R 2 SCIBRRRPE XS T ROIL | AR R A 55 el i [ e L

1 HETERE

L1 #EHEF*

Kkt (Large Eddy Simulation, LES ) 77 5 14 3= 22 FEREL 230 o I8 87 pRBCKS i iz sl o0 i o RORUEE
WAV NRBER, I BB R REEIR G L T Frf ae i, i/ ROBEIR E 2R 2IFEREH . LES 7
TRt S K Bl ) R RUBE B o B 1AL, A8/ IN RO A9 i U 100 T 45 4 O SR FH ST A - T AR 0 A A 7 AR
TG P R RS 1 T 3 R IR p FIEAS T g, FRIE AN

¢ =P+ P (1)
FrAEE B ) N-S JrFEUE Sz, nI 152 LES Jm BB a4l iy fe . D8PS WL B Mg fE N

Opit; 0

ax

%+a};’:/uj :_?)_fi+%[ﬂ(%+%)+p(ﬁiﬁj_uiuj)] )
b, p (i — ;) AR RN ST, BROA 75, AT IE ISR AR S T iR A A1 3
TE R AU A 5 RS A% T e A B G B Z2 2 Smagorinsky 57 | WALE( Wall-Adapting Local
Eddy—viscosity B! | KET #5132 Smagorinsky 1% KD 450 R DU RS -1 R 0S4
BE T W L2 Bk sh 4T TSR, 45 R 8 WALE #RAN TR 25 Al . AR SCR A LES Fikas &
WALE VA&~ TS 8 XA 138 2 %) BE TR ik a0 & R AR B 5% . WALE ALK IR B R AR R

1= pAS 3)
Hodr, AT K EE R, Sw N IE S5
Cy V'

- Cy = 0544, k=041 4

{min(Kd, Cw V') v . @



55 2 1 FIAE K IBE [ bkl 7 R B 179

Sd: Sd3/2
Swz
Sq: SPH+8: 82
1 1
Sq= E[Vu-Vu+(Vu-Vu)T]—gtr(VM'Vu)] ®)

LES i A5 B A SR A 121 025 PR A it 3 ST R T DA% I e oK b s, PR AR SCAE X TR AR R4 7
DA Kl 53, St AN W R R AR, DR T RE T RS A AR
1.2 ERGHR B R B KREMN T AR

BultéZ:!"" 75 XU APl T NACA 0012 328 BE 6 (4 ik 11 1k 7, 56 T80 A T80 2.5°, SH I
70 m/s. 5% Gloerfelt 2" {5 BLH AR R, 57 AR SC07 B3 1 = 4, 08l 1(a) TR, K
c=495 mm, FliJ5 % = =2.66 mm, FE [ KK 0.02¢, fEFA TR x/c=0.16 15 KA B FHLEL A
R, PR KB a=5 mm, 2E48 75 B 5=0.24 mm.

— 002
"*)K
10¢ |
10c 1
P L1C ]
o 106
70.16¢

(a) WAHZLAKNACA 00123 KU R (b) NACA 00123 Bl 8 s 2 &

1 NACA 0012 32 RURAD K 1433
Fig.1 NACA 0012 airfoil model and computational domain

TR BT R FH AR SAA (ideal gas) B8, TN 1(b) fis, Wi MU JE 8 i 3, 11
SR A R 5, 3R R AR T i A . FESANR TR 5 2% 5 mm AbATE 18 N
SIS L T, IS A 4.5 mm, P EEIECH 697 rad/m.

P B E SR SST k — wli BB A7 W HA., AE U A 4 A R 3 i)

B, R LES J7i:456 WALE A% a8 R A7 E 8 1158, 45 2 RE i i 34 42 Dk 2h D145

Fo AEEEITEPRERL K Ar = 107 s, REEAR £,=100 kHz, #1E513% A 50 kHz,

TR 515 5 By RE T ) B0 5 Bulte5! Y 78 KU o 1938 30 B8 Fl Gloerfelt 21 (14
D5 FA A ZE /X e & 2(a) fitzs . AT LU 3, A8 SO0 A5 3] i 38 A BE T 1 ) 2 8000 A 51050 250 A
Gloerfelt S RN L5 R —3 . Ty AN [R) A7 B A 0 3 B 50 T 5 i g 25 SR )t an &l 2(b) iz, ml LA
B R ) 0 B A R SR a5 R — 3

20
Lo} + Bulté XUl {55 — x/c=0.6
1 + Gloerfelt {Jj H. — x/c=0.8
osk AN 2D AL 161 ——x/c=0.95
Sl AT E-3DA 2k —x/c=0.99
v A0 AL ~  EXAVAC X%
« 4 1l o EXAVAC {46
_00Fy & TS L g & EXAVAC 1%
U T 7, B ‘-"_‘,.“-' g N
) — =g -
-0.5 . e — 3
2 I
k‘_,.,-"‘i" A 4 )2
—1.0 %
Bt
00 0.1 02 03 04 05 0.6 0.7 0.8 09 1.0 0 0.2 0.4 0.6 0.8 1.0 1.2
x/c ul/U,
(a) SRIBER ) RE 0 (b)) HJTHIAN R 5% ) o7 250 3 )i

2 NACA 0012 BEfii [ g 2 Ko A5 58 B ) i
Fig.2 Wall pressure coefficient distribution and velocity profiles of NACA 0012 airfoil



180 AT WA 5530 555 2 1

WS40 T Bksh R i A8 S (0 B R 3 (WFS) 516 45 S tb an & 3 s, o LLB S5 B3 T
BAS BRI RSB P (E M40 dB, Bultéi 015 2] AT B B P (E N 37 dB, A U B TR 45 Rk 2
fE-5dB LA,

10log, (D (k,, ))//1 Pa?/(rad/s)(rad/m)

600

400

(=}

200 p

K/(1/m)

—200

—400

—600

0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000

t/(1/s) fHz
(a) Bultéigedmoa (b) HHFZER
3 NACA 0012 3 T2 T 09 BRI 5 i g 5o it e

Fig.3 Comparison of WFS at Sensor Array T on NACA 0012 airfoil with experimental results
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Fig.13 Comparison of WFS on the suction side at different angles of attack with U=6 m/s



552 1 TR JKIERE T Ik sl He 7 R B AR i 185

TR o Wkah Fe 77 B3 B 1 i 0 557 1) J B8 sl T MG R, (TR 7 T ] — 5% K o7 i B 45—
BFRIE AT R BTy T A B, ELURE 3T 55— 2t R HO I T e e BRI e oA (14 3 T B K

B 14 25 T RFHE U=6 m/s, ARIZMA T NACA 0015 7K 38 T 7 1 A ] 5% 1K Ao B4k e B %4
FIXT G o T LA B, A E T T ) — {7 A I R A, e g T AR A AR B i

10log,((®(k,, ®))//1 Pa*/(rad/s)(rad/m) 10log,o(D(k,, w))//1 Pa*/(rad/s)(rad/m)

| L

600
400 £

_ 200}

‘_E IE

g g’

< <

—200

—400

—600

0 100 200 300 400 500 600

fHz
(a) a=3°, 540 3ps (b) a=3°, M 5.4 4ps
10log,(®(k,, ))//1 Pa*/(rad/s)(rad/m 10log,((®(k,, ®))//1 Pa*(rad/s)(rad/m)
600
400
~ 200
\'E |E
3 A
= =
= = 200
—400
—600
300 400 500 0 100 200 300 400 500 600
fHz fIHz
(¢) a=6°, M54 3ps (d) o=6°, M 5 2H 4ps
& 14 SRFHEEE U=6 m/s B}, N[EBUHA T H 7 I 2 2 B35 0 L

Fig.14 Comparison of WFS on the pressure side at different angles of attack with U=6 m/s
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