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Abstract: A dynamic unstuctured grid basedhigh-order spectral difference (SD)
method has beetlevelopedo solve the three dimensional compressible NaStekes

(N-S) equationsThis solver is adopted to simulate titepping-wing aerodynamics at

low Reynolds numbers. Both two dimensional and three dimensionaidpoed flow
problems have been studied and the efficiency and robustness of the solver have been
demonstrated for such vortebominated flows. A two dimei@nal asymmetric wake
phenomenon behind a pitching airfoil and the three dimensional flow fields around
several flapping wings of different planforms have been presented in the paper.

Keywords: Spectral Difference, NavierStokes Equations, FlappingVing
Aerodynamics, Vortex Dominated Flow.

1 Introduction

High-order @mputational fluid dynamics (CFDWethodshave attracteda surgeof research activities in
recent years due their efficiencyand accuracyor vortex dominated flowsA review on the undructured
grid basechigh-order methods for the Euler and Navitokes equations can be found 2vThe spectral
difference (SD) methofl] is a recently developednstructured grid baseligh-order method to solve
hyperbolic conservation law$n [3], the SD method has been successfully extended for the deformable
dynamic grid and demonstrated its capability to handle complex vortex dominatediied flow.

2 Problem Statements
The governing equation for the fluid the unsteady compressiblavierStokes equations in
conservation form, which read
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Herein,@ ! 1(t 11" 1" 1" 11)" are the conservative variablédis the fluid density! !! land! are the
Cartesian velocity components, aRds the total initial energyFG, H! are the total fluxeencluding both
the inviscid and viscous flux vectors,.jie! 11 1 PUG1 1L I ¥land/" VP — HY
To achieve an efficient implementatiarth the SD methoda timedependent coordinate transformation
from the physical domaifi, x,! !'!) to the computational domd{i!!!!,!) is applied on Eq. (1), which is
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Detailed information on theonstructionwith the SD method can be found[8].

Both 2D and 3D bianspiredflows over flapping wingsare studied in the followingaper.Since the
characteristic flow speed in flapping wing aerodynamics is relatively small, a low Mach number
preconditioning hadeen applied to the compressible solver to handle low Mach number Tlosv.
performance of the developed solver for low Mach number flow is tested at first for a steady flow over a
NACAO0012 airfoil at!" = 11" 1" , 1 1.05and zero angle of attack (AoA) with & ®rder accurate
scheme and an implicit LA$GS time integration on a coarse mesf.shownin Fig. 1the solver works
efficiently at low Mach number as no oscillation of the flow field is observiedo dimensional
simulations of apitching NACA0012 airfoil with the pivot atthe quarterchord locationand the
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comparisons with the experimental results will be displayed in the final pageee wing planforms,
namelyrectangularelliptic andbio-inspired(hawk moth flappingwingsare used for th8D simulations.
Somepreliminary results around the biospiredwing are displayed in Fig. 2. More simulation resultt
be shown in the final paper.

3 Conclusionand future work

A dynamic unstructured grid based higtderspectral differenceompressible NavieBtokes solver is
used in the present study to perform hifgelity simulations orboth the 2D and 3Dbio-inspiredflows.
The solver works efficiently for the bimspiredflows and can well capture completaboratevortex
structures. More simulation results will be shown in the final paper.
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Fig. 1. (a) Convergence history of the energy error for the steady solution of the flow over a stationary NACA0012 airfoll
with implicit (LU-SGS) time integratiomt!" ! !'!I" ,Re! " : (b) pressure coefficiertontous for the converged
steady flow (c) Mach numbecontous for the convergesteady flow
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Fig. 2 . Vorticity field visualizationsof an flappingbio-inspiredwing at Reynolds numbete ! !I"" | Strouhal number
Str! 11" and reduced frequengy! !!'. The vortex structures are indicated by ther@@eria and colored by the stream

wise velocity.



