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Fig. 1. Mesh for the NACA0012 airfoil.
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Fig. 4. Pitching moment coefficient convergence history for the HBM with respect to the number of harmonics: (a) Ny = 1;
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Fig. 7. Time history of lift coefficient Cj, and drag Cp.
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Table 2. Time-averaged coefficient and Strouhal num-

ber compared with experiment data.

Experiment Cho St
Henderson!*] 1.336
Wieselsbergel*!] 1.3
Roshko!*?! 0.185
Williamson(*? 0.1919
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Fig. 9. Time history of lift coefficient C, with Ny = 3.

0.8
0.6
0.4

0.2

—-0.2
—-0.4

—-0.6

—-0.8

Over one period

P10 Tk 2 BBt ] A2

Fig. 10. Variation of Cj, over one period.

1.40

1.35

Cp

1.30

1.25F

Over one period

B B AR KB I 18] A S fE

Fig. 11. Variation of Cp over one period.

I3 il I A B AT 60 < Re < 180 HY[RIA: 4%
TLHEAT R AL, JFH T 545 30 A e 55 i R B
St # Cpy 5 Williamson**44 F1 Henderson!*! 5L
55 5 ds & McMullen 45 B9 F1 Spiker 45 B2 (1) £ {H

124701-7


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. 68, No. 12 (2019) 124701

PRSI L. [/ 14 A RAEAE 2 % 12 3 JE )4 3 AFEBECT H A

B SO, 16 10 D VR AR Dk, S ke o i
Cioo BT RIS fb. A SCHT 45 3 HBM 7E 3 B N st Oy
B IR R SRR EMA G BRI, R2ETE ) 01745 Los17

4% AN YT St, BUETHR S RARL T2 e, A 2 0.188 1.3440
SO ZE R 5 H AR TR 45 R — 20 X P 3 0.1856 1.3479

1 2%, ATAR B HBM 9153845 31 b McMullen 4 0.1857 1.3506

6 1300 SR FH n AR JET A AR G e AR TS A A SR TDM 0.185 1.3457
FET TS0 (A Roshkol*2! 0.185

Kl 12 Re =180, Ny = 3 KM FARB ZIWLE  (a) t = T/3; (b) t =2T/3; (c) t=T
Fig. 12. Streamlines at various time instances over one period (Re = 180, Ny = 3): (a) t = T/3; (b) t = 2T/3; (c) ¢

T.

(b)

13 RESS(ELRIE (Cy /NI A) () TDM HHEE4E 8 (b) HBM 3 FRIZE S (N = 3)
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Fig. 29. Computational grid for rectangular in cross flow.
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F4 mHEITELE
Table 4. Time-averaged coefficient and Strouhal num-
ber computed by time-domain solver using different phys-

ical time steps.

At St Cy, avg

0.1 0.134 1.443

0.01 0.1415 1.487

Sohankar!4¢! 0.142 1.466
#5  Re= 100 BARERERECT B985 50 1

Table 5.

coefficient with speedup estimates.

Convergency of frequency and time-averaged

Ny St G4, avg Speedup
2 0.1419 1.4846 23.27
3 0.1414 1.4863 17.88
4 0.1414 1.4865 1.944
TDM 0.1415 1.487 1
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o 0.2 0.4 0.6 0.8 1.0
One time period

K30 Ty AR AR ) AR R
Fig. 30. Comparison of lift coefficients of HBM and TDM at
Re = 100.

(b) <

Bl 31 WEMLRE (CL /N Z])  (a) TDM 5455
(b) HBM 54558 (Vg = 3)

Fig. 31. Comparison of the instantaneous entropy contours:
(a) TDM results; (b) HBM results (Vg = 3).
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ASCLL RANS J7 8 45 )5 72, >k H] HBM
XA TR 1 B AN ] TR SR IR AT AN A i ] 3
FEE AT T RBUEA. XX IR sl A A AR N
YR sl P, >Rk 2T 5% 25 407 GBVTP
K AR T . A5 2R LUT FEEE5 8.

1) o] A% JE HH HBM A LA E R A 400 3 v 3R
FEH IR MIE TR L, A5 )/ Strouhal ZUAISF-1y
RH 1 R %05 SC 50 (8 S A T AR A R AT,
5&4: 1 TDM AH LGz 07 ik A B S i ERCE.

2) IR R K N MRS R m N, 4k
FEH I T SR AR SR R — 18 SHWIME T, Bk
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Abstract

The harmonic balance method (HBM) is an efficient frequency-domain approach to computing periodically
unsteady flows. The basic principle of this method is to decompose the flow variables into a Fourier series, and
transform the unsteady flow into several steady problems coupled by a spectral time-derivative operator, from
which the whole time history of a complete unsteady periodic flow can be reconstructed. In the present work,
we investigate the ability of the HBM to be used for modeling the periodic unsteady vortex shedding behind a
bluff body at low Reynolds numbers via solving the unsteady incompressible Navier-Stokes equations. For the
periodic problem where the time period T of the unsteadiness is unknown, a variable-time-period method based
on residual gradients is used to compute the exact time period iteratively starting from an initial guess 7. By
simulating the two-dimensional laminar flows over a circular cylinder and a square cylinder, the accuracy and
efficiency of the HBM are investigated and the effects of different parameters on the final results are analyzed.
Comparisons with the results of fixed-time-period HBM using a constant time period are also implemented.
Three practical methods of optimization are used to iterate the time period, and the values of accuracy and
efficiency of different methods are compared with each other. The results show that the HBM can accurately
capture the complex nonlinear flow field physics with only three harmonics. The Strouhal frequency and mean
drag coefficient each as a function of the Reynolds number agree well with existing experimental and
computational data. For both test cases, the computational efficiency of HBM is higher than that from the
traditional time-domain method. For the square cylinder test case, the HBM offers speedup rate up to nearly 18
times. The real time period of vortex shedding can be predicted by the gradient based variable-time-period
method, and the final result is insensitive to search step A. The calculation result is sensitive to the initial 7,
and when such a variable is greater than a certain value, the result will converge to an approximate integer
multiple of the real one. Therefore, it deserves further exploration on how to specify this initial condition. The
shedding time periods computed by different optimization methods are converged to the same value. The
computational efficiency from the FR conjugate gradient method and that from Newton method are both
equivalent to that from the steepest descent method with the maximum search step A = 100. Avoiding
prescribing parameters such as the search step A, the Newton method possesses higher application value in

engineering calculation than the other two schemes.

Keywords: periodic unsteady flows, numerical simulation, harmonic balance method, variable-time-period
method
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