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Abstract Asymmetric water wave is a common phenomenon in coastas andach has a great influence on sediment
transport and coast protection. However, previous studiggly focused on symmetric wave motion. Therefore, it is
of practical importance to manifest flow characteristicesgmmetric wave field. To begin with, we have formulated
an LES model, by which we carry out numerical simulation afilgar flow induced by asymmetric waves showing
reasonable agreement with analytical solution. Then, yéyape model to the cases of asymmetric waves in turbulent
flow region. Numerical results of velocity profile and shetaess are obtained and compared with experimental data.
We find that, in the case of asymmetric wave, the effect of Rieigmnumber and the degree of asymmetry are two
crucial factors for governing the flows.
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INTRODUCTION

Asymmetric water wave motion is a common phenomenon in abastas, which plays a significant role in sediment
transport and coast protection. Previous studies havelynmioused on symmetric wave motion [1-3]. However,
nonlinearity of waves becomes more predominant in shall@a,avhich results in asymmetric characteristic of wave-
induced velocity field. Because of this reason, some expariah and theoretical studies have been carried out on
turbulence structure in an asymmetric wave boundary la&é&][ At the same time, some numerical models have been
built to simulate asymmetric wave motion, suchkas model [6], o-coordinate 3D model [7] and BSk-w model.
Most of these researches are restricted to low Reynolds eunhi the present paper, our purpose is to explore flow
characteristics of asymmetric waves at high Reynolds nunithee large-eddy simulation approach with Smagorinsky
subgrid model is adopted to a number of cases. The effectyofdds number and the degree of asymmetry on velocity
profile and wall shear stress are discussed.

PHYSICAL MODEL

For asymmetric waves, we define the degree of asymmetry ofdkie as follows
© Uc+Uy

whereU; andU; are the velocity magnitudes at wave crest and trough, régelsc Hence, we havé\s = 0.5 for
symmetric waves.

As 1)

Reynolds numbeRs defined by Tanaka and Sumer et al. [8] is used to discuss thedlgime as given below,
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Hered = /2v/w, v is the kinematic viscosity of fluid, an@ is the angular frequency of wave.

The computational model is sketched in Figure 1. The flow igedrby a periodic bottom plate oscillation, which
results in a cnoidal variation of the free stream velocityabl€ 1 lists the parameters of cnoidal waves used in the
current study.

Table 1. Parameters of cnoidal waves. p Y :
Case Res As %E/
CN1 392 0.69
CN2 936 0.62
CN3 700 0.69
CN4 1000 0.69
CN5 1500 0.69
CNG6 2000 0.69
CN7 2500 0.69 vt

CN8 3000 0.69

Figure 1: Sketch of the physical model

RESULTS AND DISCUSSION

1. Laminar flow Tanaka & Sumer et al. [8] derived the velocity and wall shéaass of laminar boundary layer under
cnoidal wave as follows

UC N —Bnz
u= By n;an [coqnwt) —e P*cognwt — an)] (3)
1 N m
T= pUC\/va—N nZl v/nan cos(nwt + Z> (4)

wheref, = v/nw/(2v), By anda, are coefficients that can be obtained from the series expgessoidal function.

By introducing dimensionless parametefs=U /U, t* = wt andz* = z/J, the dimensionless velocity and wall shear
stress can be obtained. Hereaftds the dimensionless wall shear stress.

Figure 2 shows that the numerical and analytical velocibfife results agree with each other very well. The overshoot-
ing velocity is also well predicted. As shown in Figure 3, teemparison between the numerical and analytical wall
shear stress shows almost no any error in the whole cyclen Figures 2 and 3, it may be observed that the velocity
profile and the wall shear stress distribution are asymmetitile those of the symmetric wave are antisymmetric.

2. Turbulent flow Figure 4 shows the phase-variation of velocity profile irimittent turbulent flow. The numerical
results agree with experimental data satisfactorily. 2jgancies exist near the wall, which may be partly owing ¢o th
measuring difficulties in the near wall region. Additionake studies demonstrate that the degree of asymmetry has a
great impact on velocity profile. The larger the degree ofrasgtry is, the more the velocity profile deviates from the
symmetric one.

Figure 5 compares time-variation of wall shear stress batweaimerical and experiment data computed by log-fit
method. The present model predicts the overall processmahby.

The current LES has been applied to higher Reynolds numbexshieve a fully turbulent boundary layer. Figure 6
shows the wall shear stress s = 0.69 with Reynolds number from 392 to 3 000. It is obvious that riiaximum
amplitude of wall shear stress increases with Reynolds eumBut this dependency seems weak when Reynolds
number exceeds 2 000. ARes = 1 000, a sudden decrease in the wall shear stress appeamsinaod trough,
showing the beginning of transitional behavior of the baamdayer. In addition, the amplitude of wall shear stress of
asymmetric wave is larger than that of symmetric wave at @imeesReynolds number.
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Figure 2: Phase-variation of mean velocity profile Figure 3: Time-variation of wall shear stress
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Figure 4: Phase-variation of mean velocity profile . ) i
Figure 5: Time-variation of wall shear stress
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Figure 6: Phase-variation of wall shear stre&s=£ 0.69)

CONCLUSIONS

In the present study, the large-eddy simulation method bas bpplied to simulate the laminar and turbulent boundary
layer behavior under asymmetric wave. The following cosidos can be drawn: (1) The numerical results of LES
approach agree well with the analytical solution for velpgrofile and wall shear stress of laminar flow and experi-
mental data of intermittent turbulent flow. In intermittéatbulent flow, there is slight discrepancy between nunaéric
results and experiment data in velocity profile near the.widlis may arise partly from the experiment measure data.
(2) The LES model can efficiently predict the mean velocityfie and wall shear stress at higher Reynolds numbers,
which can not be achieved by experiment. (3) The effect ofielels number and the degree of asymmetry are two
crucial factors governing the behavior of asymmetric wagandary layer. The velocity profile and the wall shear
stress distribution of asymmetric wave are asymmetricleniiose of the symmetric wave are antisymmetric. The
maximum amplitude of wall shear stress increases with Rdgnoumber. But this dependency seems weak when
Reynolds number exceeds 2 000.
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