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Computational studies of transient three-dimensional flapping wing are carried out using 
the large eddy simulation (LES) approach. The studies concern the understanding of the 
effect of flapping motion on the aerodynamic performance and aeroacoustics noise of a finite 
NACA0012 wing. The flapping motion of the wing generates trailing-edge vortices whose 
magnitude and scale vary in time. The near-field flow is associated with periodic flow 
separation and reattachments, which cause a time-dependent aerodynamic coefficients.  

 
 

I. Introduction 
 
 
Despite the simple geometry, the flow past a wing exhibits complex flow phenomena that may involve transition to 
turbulence (inside the boundary layer), boundary layer separation, recirculation bubbles, and geometry-dependent 
vortex flows in the wake region, resulting in a multifaceted and challenging flow field. These flow phenomena are 
very common in many aerodynamic applications, such as an aircraft at high angle of attack, scramjet inlet flow, etc.  
Flutter is a common phenomenon that the wing or tail of an aircraft may encounter in turbulent flows. Therefore, the 
flutter phenomenon may augment the flow separation, tip-vortex formation and wake. 
The motivation for the present investigation is driven by the desire for a better understanding of the flow separation 
and dynamic stall associated with the aircraft wing undergoing the flutter phenomenon.  
Recent studies concerning flow transition employed a turbulence/transition region model that uses a turbulence 
kinetic energy equation in conjunction with algebraic length scale relationships. The model can predict the location 
of transition as well as simulate the transition region. The model can also account for re-laminarization in strong 
favorable pressure gradients. Comparisons with many experiments are presented with good results.  
The process of transition from laminar to turbulent flow is very complicated. It was observed that transition starts as 
turbulent spots which form in the laminar region and propagate downstream, eventually coalescing to form the 
turbulent region. Researchers developed formulas using this spot theory to compute the intermittency of the 
transition region, where the intermittency is defined to be the percentage of time that a flow is turbulent at a given 
location.  

The use of RANS methods, significantly rely on turbulence models to capture all the relevant turbulence scales. 
RANS methods predict the noise using the mean flow properties. Due to the fact that the flow transition is a multi-
scale problem, involving a wide range of length and time scales, the use of RANS-based prediction methods remains 
limited. Although RANS methods are useful for predicting the aerodynamic coefficients, holding accurately up to 
some extent, they are usually not suitable or reliable for an accurate prediction of flow separation. 

The recent improvements in the processing speed of computers make the applicability of Direct Numerical 
Simulation (DNS) and Large Eddy Simulation (LES) to turbulent flows more feasible. However, due to a wide range 
of length and time scales present in turbulent flows, the use of DNS is still limited to low-Reynolds-number flows 
and relatively simple geometries. It is known that the number of grid points required for DNS is proportional to 
Re9/4.  Direct Numerical Simulation of high-Reynolds number flows of practical interest would necessitate high 
resolution grid requirements that are far beyond the capability of the most powerful computers available now days. 
In order to overcome the grid requirements issues, turbulence has to be modelled in order to perform simulations for 
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problems of practical interest. Large Eddy Simulation, with a lower computational cost, is a promising alternative 
method to DNS, for simulations of high Reynolds-number flows. LES methods are capable of simulating flows at 
high Reynolds number, LES method being independent of Reynolds number. In Large Eddy Simulation, the large 
scales are directly solved, while the small scales are modelled. Since flow transition is an unsteady process, LES is 
probably the most affordable computational tool to be used, since it is the only way, other than DNS, to obtain a 
time-accurate unsteady solution.  
 The paper is organized in the following manner. Section 2 provides an overview of the governing equations and 
numerical methods used in solving the simulation. Subsequently, section 3 describes the computational model and 
mesh generation. The main section, section 4, presents the results and discusses the implication of the simulation 
analysis. Section 5 concludes the research findings and makes suggestions for future work.  
 
 
 
 

II. Governing equations and numerical method  
 

A. Large Eddy Simulation 
 
Large Eddy Simulation is a result of space-filtering operation applied to the Navier – Stokes equations. The 

filtered equations are: 
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where ij  is the subgrid scale stress (SGS) given by: 

                                                                                     jijiij uuuu                                                      (3) 

and is modeled, where iu is the velocity component of the resolved scales, p is the corresponding pressure and Re is 
the Reynolds number.  The filtering procedure provides the governing equations for the resolvable scales of the flow 
field.  Although the continuity equation (1) of the resolved quantities is equal to the original unfiltered one, the 
filtered momentum equation (2) includes an additional term for the non-resolvable subgrid scale stresses ij , which 

results from filtering the non-linear convective fluxes.  The role of ij  is to describe the influence of the small–scale 
structures on the larger eddies. 
The Large Eddy Simulation concept leads to a closure problem similar to the one obtained by the Reynolds-
averaged approach.  Hence it is possible to classify the turbulence models starting with zero-equation models and 
ending up with Reynolds stress models.  The non-resolvable small-scale turbulence in LES is much less problem-
dependent than the large–scale turbulence, such that the subgrid scale turbulence can be represented by relatively 
simple models such as zero-equation eddy-viscosity models.  The Smagorinsky model is an eddy viscosity model 
based on the Boussinesq approach, assuming that in analogy to the viscous stresses in laminar flows, the turbulent 
stresses are proportional to the mean velocity gradients or in a general sense to the large scale strain rate tensor ijS : 

                                                                         ijTkkijij S 2
3
1

                                                                    (4) 

In the present work the SGS proposed by Smagorinsky and Lilly is used. In this analysis the value of 
Smagorinsky constant was set to 0.1. The SGS stresses are related to the strain rate tensor by SGS viscosity, T: 

                                                                              ijTkkijij S 2
3
1

                                                         (5) 
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The SGS viscosity T is given by:  

                                                                                SDC wallsT
2)(                                                             (6) 

where Cs is the Smagorinsky constant, Dwall represents the van Driest wall damping factor,  is the filter width and 

S  represents the magnitude of the large-scale strain-rate tensor.    
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The subgrid length l is assumed to be proportional to the filter width  : 

                                                                              3
1

zyxss CCl                                                            (9) 

The filter width   is correlated with a typical grid spacing given by the cube root of the cell volume.  Taking into 
account the reduction of the subgrid length l near solid walls, the length scale is usually multiplied by a Van driest 
damping function, as 
                                                                           5.03])25exp(1[  yCl s                                                 (10) 
Although theoretical values of Cs  ≈ 0.16 for homogenous, isotropic turbulence can be found in literature, smaller 
values are usually applied in LES computations of non-homogenous and non-isotropic flows.  All computations in 
the present work were carried out with a Smagorinsky constant of Cs  = 0.1, which is a typical value for practical 
applications of Smagorinsky model. 

More complex SGS models have appeared in the literature (for example, the dynamic SGS eddy viscosity 
models), but they are beyond the scope of the present work. 

 
 

III. Computational model  
 
In the present research the subsonic flow past flapping finite wing NACA0012 is investigated using LES.  The 3-

D simulations were performed for Mach number for different flapping frequencies. The computational domain 
consists of 3.2 million grid points with a cluster of grid points around the wing and a grid expansion factor of 0.1 
For all of the computations in this paper, a dimensionless time step ctUt / = 7.5x10-6 is chosen, where U∞ 
is the free- stream velocity.  The time-step is determined with respect to the explicit time-marching scheme and 
temporal resolution requirement of LES (CFL   1).  In the present investigations a value of Courant–Friedrichs–
Lewy (CFL) number of 0.9 was chosen.  The flow field is solved using the filtered Navier-Stokes equations along 
with a standard subgrid scale model and van Driest wall damping, 5.03])25exp(1[  yCl s .  
   
 
 

IV.   Results and Discussion 
 
 
 
Figure 1 presents the velocity and pressure fields of the NACA0012 flapping wing. It is worth mentioning here 

that the wing undergoes a pitching and plunging motion following a sinusoidal path. The analysis of the flow field 
reveals that the flapping wing generates a highly turbulent wake and this best illustrated by the vector field. As the 
wing in accelerating in a plunging motion, high velocity magnitude is observed, above or underneath the wing 
depending on the direction of motion. The time-dependent velocity field influences the pressure field as well and 
this is shown in Figure 2. 
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t=9.0[s] 

  
 a. Velocity magnitude b. Vector field 
 
Figure 1. Flow field variables 

 
 
Figure 2 presents the velocity magnitude and pressure field. From the velocity and pressure fields it is observed 

that the flapping motion, of the wing, has a significant effect on the flow field and it is expected to affect the 
aerodynamic coefficients, lift and drag, accordingly. 
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 a. Velocity field b. Pressure field 
 

Figure 2. Flow field variables 
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 a. x/c=1.5 b. x/c=2 c. x/c=3 

Figure 3. flow dynamics of the wake 
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Figure 3 presents the flow field in the wake of the wing, at different distances downstream. The analysis reveals the 
presence of a highly dynamic wake defined by large vertical structures whose intensity decreases with the stream 
wise distance, from the airfoil. However, the length scale of these vertical structures increase downstream the wing. 

 
 

 
 

V. Conclusions 
 
Subsonic flow past a flapping NACA0012 wing is investigated using LES approach. The analysis reveals that the 
presence of highly dynamic wake dominated by large scale and magnitude vertical structures. The flapping motion 
of the wing generates trailing-edge vortices whose magnitude and scale vary in time. The near-field flow is 
associated with periodic flow separation and reattachments, which cause a time-dependent aerodynamic coefficients.  
Although relatively expensive (from a computational point of view), LES can simulate fluid structures that cannot 
be captured by the unsteady Reynolds-Averaged Navier-Stokes, due to excessive numerical dissipation.  
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