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Abstract

This paper deals with a thrust generation of flapping-airfoil by dynamic stall. From many other previ-
ous research results, phase angle ¢ between pitching and plunging mode of flapping motion must be
90 deg. to satisfy maximum propulsive efficiency. In this case, leading edge vortex is relatively small.
This phenomenon is related dynamic stall. So preventing leading edge vortex induced by dynamic stall
guarantees maximum propulsive efficiency. But, in this paper we insist the leading edge vortex yields
quite a positive influence on thrust generation and propulsive efficiency. In order to certify our opinion,
pitching and plunging motions were calculated with the parameter of amplitude and frequency by us-
ing the unsteady, incompressible Navier-Stokes flow solver with a two-equation turbulence model. For
more efficient computation, it is parallelized by MPI programming method.
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1. Introduction

1.1 Flapping-Airfoil

Recently, flapping motion of airfoil (or wing) has been considered as a promising propulsive tech-
nique in many engineering applications, including the very tiny ornithopter type reconnaissance flying
object called MAV (Micro-Aerial Vehicle) and an unconventional type boat that uses a newly devel-
oping propulsive device called flappers. Flapping is considered as a natural means of motion among
some creatures such as birds, insects and aquatic animals. They use their wings or tail to produce lo-
comotive force. Especially, flying creatures flap their wing to generate a lift that can overcome over
their weight by unsteady aerodynamics. However, flapping motion of airfoil is inherently unsteady
aerodynamics which is related to complex flow physics such as dynamic stall. And there is yet insuffi-
cient knowledge on this flapping foil in term of the aerodynamic perspective. Therefore, further re-
searches on flapping airfoil or wing is necessary in order to adopt bird or fish-like propulsion system
1.2 Physical Background

From the first explanation on the concept of thrust produced by flapping airfoil in 1909 by Knoller,
several scientists have conducted in this area. In the course of these, researches, the flapping airfoil
problem was solved in 1935 by Von Kéarman and Burgers. They were successful in theoretically ex-
plaining that drag or thrust production is based on the resulting vortex street. Karman vortex street ap-
pears in the rear region of the airfoil, drag product. When the flow condition satisfies a certain condi-
tion, an inverse Karman vortex is induced, resulting in thrust being generated. Inverse Karman vortex
induces jet-like flow field in the rear region of airfoil. In this case flow gains some momentum and
then flow feeds reaction force to the airfoil. This reaction force is referred to thrust. But, in this paper
we insist the leading edge vortex yields quite a positive influence on thrust generation and propulsive
efficiency.

2. Numerical Approach

Since the flow field around flapping airfoil has characteristics of low-Reynolds number flow due to
low freestream velocity, two-dimensional unsteady incompressible Navier-Stokes equations are em-
ployed in this work. To simulate flapping-airfoil aerodynamics, we adapted Osher’s FDS (Flux Differ-
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ence Splitting) for spatial discretization. And 3rd order MUSCL (Monotone Upstream-centered
Scheme for Conservation Law) was also introduced to attain higher order spatial accuracy. For the
time integration, Yoon’s LU-SGS (Lower Upper — Symmetric Gauss Seidal) was used together with
dual time stepping method. Also the present study employs a baseline-SST (Shear-Stress Transport)
turbulence model. For more efficient computation, we used MPI-Parallel programming method.

3. Results

The mechanism of thrust generation of flapping-airfoil by dynamic stall can be explained by Fig. 1. It
is well known that dynamic stall can induce a leading edge vortex. This vortex makes large pressure
difference between lower and upper surface of airfoil. Therefore this pressure difference contributes
the thrust component.
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Fig. 1 The mechanism of thrust generation by dynamic stall.

We have simulated the flapping motion for NACAO0012. In this case, pitching and plunging
amplitude was 20 (deg.) and 0.2 respectively, Re =1 2x10*, and reduced frequency was 8. Fig.
2 is the above computational case results. And these figures show the comparison of pressure
field and aerodynamic coefficients. From this comparison, we can confirm our opinion. The
leading edge vortex induced by dynamic stall contribute thrust component. The second figure
of Fig. 2 shows that relative lower pressure cause by leading edge vortex can induce large
thrust coefficient. So, when the lift coefficient reaches maximum absolute value, thrust coef-
ficient (negative drag coefficient) reaches maximum value. In full paper, we will show the
physically detailed explanation about sequence of thrust generation. And we will describe the
difference of the thrust generation mechanism cause by dynamic stall and inverse Karman vor-
tex.
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Fig. 2 The sequence of thrust generation by dynamic stall.

Fig. 3 shows the difference of the thrust generation mechanism, left shows dynamic stall domina thrust
generation mechanism and right shows inverse Kérman vortex one. As shown in this figures, we can
see the difference aerodynamic characteristics. In the dynamic stall dominant case, the absolute maxi-
munm lift coefficient agree with maximum thrust coefficient. But inverse Karman vortex dominant case
is not. In the full paper, we will describe the difference of other aerodynamic characteristics such as
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propulsive efficiency. Also we will explain the reason of thin wing section of insect in the point of
aerodynamic characteristic.

1 1
1
Nondimensional time

1 2
Nondimensional time

Fig. 3 Aerodynamic coefficients variation with time

References
[1]. Jones, K. D., and Platzer, M. F., "An Experimental and Numerical Investigation of Flapping-Wing Propul-

sion,” AIAA Paper 99-0995, Reno, NV, Jan. 1999
[2]. Koochesfahani, M. M., "Vortical Patterns in the Wake of an Oscillating Airfoil," AIAA Journal, Vol. 27, No.

9, Sep. 1989, pp.1200~ 1205

[3]. Jones, K. D., Davids, S., and Platzer, M. F., "Oscillating-Wing Power Generation,” FEDSM 99-7050

[4]. Isogai, K., Shinmoto, Y., and Watanabe, Y., "Effect of Dynamic Stall on Propulsive Efficiency and Thrust
of Flapping Foil, " AIAA Journal, Vol. 37, No. 10, 1999, pp. 1145~1151

[5]. Tuncer, 1. H., and Platzer, M. F., "Computational Study of Flapping Airfoil Aerodynamics,” Journal of Air-
craft, Vol. 37, No. 3, 2000, pp. 514 ~520

[6]. Ramamurti, R., and Sandberg, W., "Simulation of Flow About Flapping Airfoil Using Finite Element In-
compressible Flow Solver,"” AIAA Journal, Vol. 39, No. 2, 2001, pp.253 ~260

[7]. Lee, J. S., Kim, C., and Rho, O. H., "The Modification Airfoil Shape for Optimal Aerodynamic Per-
formance of Flapping-Airfoil in Low-Reynolds flow," AIAA Paper 2003-0421, Reno, NV, Jan. 2003

293



