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Abstract

We perform large-eddy simulation of turbulent flow separation over an airfoil and evaluate the effectiveness of

synthetic jets as a separation control technique. The flow configuration consists of flow over an NACA 0015 airfoil at

Reynolds number of 896,000 based on the airfoil chord length and freestream velocity. A small slot across the entire

span connected to a cavity inside the airfoil is employed to produce oscillatory synthetic jets. Detailed flow structures

inside the synthetic-jet actuator and the synthetic-jet/cross-flow interaction are simulated using an unstructured-grid

finite-volume large-eddy simulation solver. Simulation results are compared with the 2005 experimental data of

Gilarranz et al., and qualitative and quantitative agreements are obtained for both uncontrolled and controlled cases.

As in the experiment, the present large-eddy simulation confirms that synthetic-jet actuation effectively delays the onset

of flow separation and causes a significant increase in the lift coefficient. Modification of the blade boundary layer due

to oscillatory blowing and suction and its role in separation control is discussed.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The performance of an airplane wing has a significant impact on the runway distance, approach speed, climb rate,

payload capacity, and operation range, but also on the community noise and emission level as an efficient lift system

also reduces thrust requirements [e.g., Thibert et al. (1995)]. The performance of an airplane wing is often degraded by

flow separation. Flow separation on an airfoil surface is related to the aerodynamic design of the airfoil profile.

However, non-aerodynamic constraints such as material property, manufacturability, and stealth capability in military

applications often conflict with the aerodynamic constraints, and either passive or active flow control is required to

overcome the difficulty. Passive control devices, for example, vortex generators (Jirasek, 2004), have proven to be

effective in delaying flow separation under some conditions. However, they can introduce a drag penalty when the flow

does not separate. Over the past several decades various active flow control concepts have been proposed and evaluated

to improve the efficiency and stability of lift systems by controlling flow separation. Many of these techniques involve

continuous blowing or suction, which can produce effective control but is difficult to apply in real applications.
e front matter r 2008 Elsevier Ltd. All rights reserved.
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In recent years, control devices involving zero-net-mass-flux oscillatory jets or synthetic jets have shown good

feasibility for industrial applications and effectiveness in controlling flow separation [e.g., Glezer and Amitay (2002),

Rumsey et al. (2004), Wygnanski (2004), Findanis and Ahmed (2008)]. The application of synthetic jets to flow

separation control is based on their ability to stabilize the boundary layer by adding/removing momentum to/from the

boundary layer with the formation of vortical structures. The vortical structures in turn promote boundary layer mixing

and hence momentum exchange between the outer and inner parts of the boundary layer. The control performance of

the synthetic jets greatly relies on parameters such as the amplitude, frequency, and location of the actuation. Therefore

an extensive parametric study is necessary for optimizing the control parameters.

For numerical simulations, an accurate prediction, not to mention control, of the flow over an airfoil at practical

Reynolds numbers is a challenging task. The flow over an airfoil is inherently complex and exhibits a variety of physical

phenomena including strong pressure gradients, flow separation, and confluence of boundary layers and wakes [e.g.,

Khorrami et al. (1999, 2000), Ying et al. (1998), Mathias et al. (1999)]. The complex unsteady flow is difficult to

compute by traditional computational fluid dynamics (CFD) techniques based on Reynolds-averaged Navier–Stokes

(RANS) equations (Rumsey and Ying, 2002). For prediction of such unsteady flows, large-eddy simulation (LES) offers

the best promise in the foreseeable future because it provides detailed spatial and temporal information regarding a

wide range of turbulence scales, which is precisely what is needed to gain better insight into the flow physics of this

configuration.

Recently, Gilarranz et al. (2005) performed an experimental study of flow separation over an NACA 0015

airfoil with synthetic-jet control. They reported the flow visualization, mean pressure coefficients, and wake profiles in

both controlled and uncontrolled cases. However, the mechanism for separation control and how the boundary

layer is modified by the control have not been clearly identified. In the present study we address the issues using

LES. An understanding of the control mechanisms is valuable in reducing the effort for optimizing the control

parameters.

In this study we employ an unstructured-grid LES solver, CDP (Ham and Iaccarino, 2004), to predict turbulent flow

separation over an airfoil and its control by synthetic jets, and to understand the control mechanism for separation

control. The unstructured-grid capability of the solver allows us to effectively handle the complex flow configuration

involving an embedded synthetic-jet actuator and wind-tunnel walls. In Section 2, the computational methodology

including a brief introduction of the numerical method, flow configuration, and other computational parameters used

for the present LES are described. The present LES results are compared to the experimental data (Gilarranz et al.,

2005) in both controlled and uncontrolled cases, and the effects of flow control on the boundary layer properties, flow

separation, and lift enhancement are discussed in Section 3, followed by concluding remarks in Section 4.
2. Computational methodology

2.1. Numerical method

The numerical algorithm and solution methods are described in detail by Ham and Iaccarino (2004); the main

features of the methodology are summarized here. The spatially filtered incompressible Navier–Stokes equations for

resolved scales in LES are

qui
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þ

q
qxj

uiuj ¼ �
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where tij is the subgrid-scale (SGS) stress tensor modeled either by the dynamic Smagorinsky closure (Germano et al.,

1991) or the dynamic global-coefficient model (You and Moin, 2007). In the present LES, the two different SGS models

are found to predict similar results. All the coordinate variables, velocity components, and pressure are non-

dimensionalized by the airfoil chord length C, the inflow freestream velocity U1, and rU2
1, respectively. The time is

normalized by C=U1. The Cartesian velocity components and pressure are stored at the center of the computational

elements. A numerical method that emphasizes discrete kinetic energy conservation was developed for the above

equations on unstructured grids with hybrid, arbitrary elements. Controlling aliasing errors using kinetic energy

conservation instead of employing numerical dissipation or filtering has been shown to provide good predictive

capability for successful LES (You et al., 2006).



ARTICLE IN PRESS
D. You, P. Moin / Journal of Fluids and Structures 24 (2008) 1349–1357 1351
The temporal integration method used to solve the governing equations is based on a fully implicit fractional-step

method that avoids the severe time-step restriction that would occur in the synthetic-jet orifice region with an explicit

scheme. All terms in Eqs. (1) and (2) are advanced using a second-order accurate fully implicit method in time, and are

discretized by the second-order central difference in space. A bi-conjugate gradient stabilized method (BCGSTAB) is

used to solve the discretized nonlinear equations. The Poisson equation is solved by an algebraic multigrid method.
2.2. Flow configuration

The flow configuration is shown in Fig. 1. This configuration was experimentally studied by Gilarranz et al. (2005). In

the experiment, an NACA 0015 airfoil with a chord length of 375mm was installed in a wind tunnel. The slot of the

actuator had a width of 2mm across the entire length of the span and was placed at 12% of the chord measured from

the leading edge on the suction side of the airfoil. This location was selected to provide sufficient volume to

accommodate the synthetic-jet actuator inside the airfoil.

Fig. 2 shows the maximum lift coefficient measured in the experiment (Gilarranz et al., 2005) as a function of angle of

attack (a) in both the uncontrolled and controlled cases. The use of the synthetic-jet actuator causes a dramatic increase

in the maximum lift coefficient when the baseline (uncontrolled) flow separates. In the experiment, it was found that the

angle of attack for which stall occurs is increased from 12� for an uncontrolled airfoil to approximately 18� for the

controlled case. For the synthetic-jet actuation, the frequency of the actuation in the range of 60–130Hz

(or fC=U1 ¼ 0:6521:40) does not seem to have a significant effect on the maximum lift coefficient. Fig. 2 indicates

that the uncontrolled airfoil first suffers from a docile stall, which is also referred to as a trailing-edge stall when the

angle of attack reaches approximately 12�. The separation point gradually moves upstream as the angle of attack

increases. The leading-edge stall at approximately 19� produces an abrupt change in the lift coefficient. With the

synthetic-jet actuation, the docile stall is effectively controlled and produces further enhanced lift coefficient up to the

attack angle of approximately 18�. For an angle of attack greater than 18�, the controlled airfoil also suffers from a
Fig. 1. Flow configuration for LES of flow over an NACA 0015 airfoil with synthetic-jet control.

Fig. 2. Lift coefficient as a function of angle of attack (a) measured by Gilarranz et al. (2005): �, controlled case (f ¼ 1:2U1=C); �,

uncontrolled case.
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sharp drop of the lift coefficient due to the leading-edge stall, which is characterized by the formation of a separation

bubble near the leading edge. Even after the massive stall (leading-edge stall) occurs, the synthetic-jet actuation

increases the maximum lift coefficient compared to the uncontrolled case, but the amount of the lift augmentation is

relatively small.

The present study focuses on the case with the angle of attack of 16:6�, where flow separates from the mid-chord

location of the airfoil in the uncontrolled case, and the control effect is most remarkable. For this angle of attack,

experimental data such as the mean surface pressure coefficients and wake profiles are available for comparison

(Gilarranz et al., 2005). The computational domain is of size Lx � Ly � Lz ¼ 6C � 2:44C � 0:2C. In the present LES, a

smaller domain size than that in the experiment is employed in the spanwise direction to reduce the computational cost.

The Reynolds number of this flow is 8:96� 105, based on the airfoil chord and inflow freestream velocity. In this study,

it is important to precisely predict the flow through the synthetic-jet actuator because the directional variation of the jets

during the oscillatory period greatly affects the boundary layer. Therefore, in the present study, the flow inside the

actuator and resulting synthetic jets are simulated along with the external flow field using an unstructured-grid

capability of the present LES solver. Fig. 3(a) shows the synthetic-jet actuator modeled with an unstructured mesh. In

the experiment, a piston engine is utilized to generate a sinusoidal mass flux and generates synthetic jets through the

spanwise cavity slot. To mimic the oscillatory motion of a piston engine in the experiment, we apply sinusoidal velocity

boundary conditions to a cavity side wall as shown in Fig. 3(b) and as follows:

ðu; v;wÞpiston ¼ ðcosðaÞ;� sinðaÞ; 0ÞAp sinð2pftÞU1. (3)

The frequency of the sinusoidal oscillation of the cavity side wall is f ¼ 1:284U1=C, which corresponds to 120Hz in

the experiment of Gilarranz et al. (2005). Ap corresponds to the amplitude of oscillatory motion of the piston generating

the peak bulk jet velocity of Umax ¼ 2:14U1 at the cavity exit nozzle. The same momentum coefficient as in the

experiment is produced as

Cm ¼
hðrU2

maxÞ sin yj

CðrU2
1Þ

¼ 1:23� 10�2, (4)

where h and yjð¼ 30:2�Þ are the width of the cavity nozzle exit and the jet angle with respect to the airfoil surface.

Fig. 3(b) shows the spanwise vorticity contours representing flow inside the cavity and the interaction between synthetic

jets and boundary layer flow.

No-stress boundary conditions are applied along the top and bottom of the wind tunnel, and no-slip boundary

conditions are applied on the airfoil surface and cavity wall. Periodic boundary conditions are used along the spanwise

(z) direction. At the exit boundary, the convective boundary condition is applied, with the convection speed determined

by the streamwise velocity averaged across the exit plane.

Two different mesh sizes of approximately 8 and 15 million cells have been employed to examine grid resolution

effect on the LES solution. Grid lines are clustered around the nozzle of synthetic-jet actuator, blade boundary layer,

and near wake to ensure appropriate resolution in important flow regions. A total of 24 and 30 mesh points are

allocated along the cavity slot in the 8- and 15-million-cell meshes, respectively. The 15-million-cell mesh is constructed

by refining the 8-million-cell mesh especially in the boundary layer wall-normal direction and spanwise direction. The

grid resolution on the blade surface is reasonable compared to other LES studies of wall-bounded turbulent flows using
velocity BC

Fig. 3. (a) Computational mesh and (b) instantaneous spanwise vorticity contours inside and around the synthetic-jet actuator.

Twenty contour levels in the range of �50 to 60 are shown.
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the same solver (You and Moin, 2007). The grid spacings are distributed such that the resolution before the separation

is less than 60, 0.5, and 50 wall-units in the streamwise, wall-normal, and spanwise directions, respectively. The

simulation is advanced in time with the time step DtU1=C ¼ 1:7� 10�4 which corresponds to the Courant–

Friedrichs–Lewy (CFL) number smaller than 1 in the most of the computational domain except for the region of

synthetic-jet nozzle where the CFL number becomes up to 20. When the 15-million-cell mesh is employed, each time

step requires a wallclock time of approximately 4.8 s when 200 CPUs of IBM Power5 are used. The present results are

obtained by integrating the governing equations over an interval of approximately 20C=U1.
3. Results and discussion

Gross features of the flow over uncontrolled and controlled airfoils are revealed in Fig. 4, showing iso-surfaces of the

instantaneous vorticity magnitude overlapped with pressure contours predicted by the present LES. The vortical

structures present over the suction surface qualitatively indicate the degree of flow separation. In the uncontrolled case

(Fig. 4(a)), flow massively separates from the half aft portion of the suction surface while the flow separation is

dramatically prevented with the synthetic-jet actuation in the controlled case (Fig. 4(b)). Qualitatively, these features are

consistent with the change in the experimentally measured maximum lift coefficient (Gilarranz et al., 2005) with flow

control (see Fig. 2).

The pressure distributions over the airfoil surfaces in both uncontrolled and controlled cases are compared with the

experimental data in Fig. 5. In general, the present LES shows favorable agreement with experimental measurements in

both cases. The pressure distribution directly indicates the effect of synthetic jets on flow separation. As seen in Fig. 5,

most of the lift enhancement is achieved in the upstream portion of the airfoil suction surface, while the control effect of

synthetic jets on the pressure distribution in the pressure surface is negligible.

The lift and drag coefficients predicted by the present LES in the uncontrolled and controlled cases are in excellent

agreement with the experimental data (Gilarranz et al., 2005) as shown in Table 1. The present synthetic-jet actuation

with the momentum coefficient of 1.23% produces more than a 70% increase in the lift coefficient. The drag coefficient

is found to decrease approximately 15–18% with the synthetic-jet actuation.

The drag reduction due to the synthetic-jet actuation is also indicated by the wake profiles. Fig. 6 shows the mean

streamwise velocity profiles in the uncontrolled (– – – –) and controlled (——) cases in a downstream location at

x=C ¼ 1:2. The width of the wake and the peak magnitude of velocity deficit decrease with synthetic-jet control. The

present wake profiles are in favorable agreement with experimental data (Gilarranz et al., 2005) in both uncontrolled

and controlled cases.
Fig. 4. Iso-surfaces of the instantaneous vorticity magnitude (jOjC=U1) of 40 overlapped with the pressure contours: (a) uncontrolled

case; (b) controlled case.
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Fig. 5. Mean pressure distribution over the airfoil surface. Solid line, controlled case; dashed line, uncontrolled case; symbols,

experimental data (Gilarranz et al., 2005). LES results on the 15-million-cell mesh are shown.

Table 1

Summary of lift and drag coefficients

Case Uncontrolled Controlled

CL CD CL CD

Present LES [15-million-cell mesh] 0.81 0.28 1.40 0.22

Experiment (Gilarranz et al., 2005) 0.82 0.26 1.41 0.22
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Fig. 6. Mean streamwise velocity profiles at x=C ¼ 1:2. Solid line, controlled case; dashed line, uncontrolled case; symbols,

experimental data (Gilarranz et al., 2005). LES results on the 15-million-cell mesh are shown.
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Both the suction and blowing phases significantly modify the boundary layer on the suction surface of the airfoil. The

synthetic-jet actuation not only stabilizes the boundary layer either by adding/removing the momentum to/from the

boundary layer, but also enhances mixing between inner and outer parts of the boundary layer. The change of the blade

boundary layer during a period of synthetic-jet actuation is shown in Fig. 7 in terms of the phase-averaged streamlines.

In the suction phase (Fig. 7(a)) the low momentum flow in the upstream boundary layer is removed by the suction and

prevents downstream flow separation. On the other hand, synthetic-jet blowing (Fig. 7(c)) energizes the downstream

boundary layer and prevents downstream flow separation. The modification of the boundary layer in the upstream

ðx=C ¼ 0:11Þ and downstream ðx=C ¼ 0:16Þ proximity to the exit slot of the synthetic-jet actuator ðx=C ¼ 0:12Þ is
shown in Fig. 8. Compared to the velocity profile in the uncontrolled case ð�Þ, in the suction phase (Fig. 8(a)),

the thickness of the downstream boundary layer is significantly thinned. On the other hand, in the blowing phase
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Fig. 7. Mean streamlines overlapped by the mean pressure contours. (a) ð14ÞT (suction phase); (b) ð24ÞT ; (c) ð34ÞT (blowing phase), where

T denotes the period of synthetic-jet actuation.

D. You, P. Moin / Journal of Fluids and Structures 24 (2008) 1349–1357 1355
(Fig. 8(b)), the downstream velocity profile becomes fuller due to additional momentum while the modification of the

upstream velocity profile is not noticeable. Therefore, the downstream flow separation is effectively prevented by the

favorable modification of the blade boundary layer in both the blowing and suction phases.

The shape factors of the boundary layer which is defined as a ratio of the displacement thickness to the momentum

thickness in different control phases are compared to the shape factor of the uncontrolled boundary layer at x=C ¼ 0:16
in Fig. 9. In general, a larger shape factor implies that the boundary layer is more prone to separation. As seen in Fig. 9,

smaller shape factors compared to that in the uncontrolled cases are observed in most of the control phases. The

reduction of the shape factor is especially significant in the suction phases. However, in the blowing phase at y ¼ 337:5�,
the shape factor becomes slightly larger than that of uncontrolled case, and this imply the presence of intermittent

separation even in the controlled case.
4. Conclusions

We performed large-eddy simulations (LESs) of turbulent flow separation over an airfoil at a high Reynolds number

and investigated the effectiveness of synthetic jets as a separation control technique. Detailed flow structures inside the

synthetic-jet actuator and the synthetic-jet/cross-flow interaction were predicted by using an unstructured-grid LES

solver. Qualitative and quantitative agreements with experimental data are obtained for both uncontrolled and

controlled cases. The present LES confirms the experimental observation (Gilarranz et al., 2005) that synthetic jets

which are produced through a slot across the entire span connected to a cavity inside the airfoil, effectively delays the

onset of flow separation and causes about 70% increase in the lift coefficient. Both the suction and blowing phases are

found to significantly modify the boundary layer on the suction surface of the airfoil. The synthetic-jet actuation not

only stabilizes the boundary layer either by adding/removing the momentum to/from the boundary layer, but also

enhances mixing between inner and outer parts of the boundary layer. In the suction phase the low momentum flow in

the boundary layer is removed by the suction and prevents downstream flow separation. On the other hand, synthetic-

jet blowing energizes the downstream boundary layer and prevents downstream flow separation.
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Fig. 9. Shape factor (ratio of the displacement thickness to the momentum thickness) of the boundary layer at x=C ¼ 0:16 in different

control phases shown in Fig. 8: ——, shape factor in the uncontrolled case (2.58), �, shape factor in the controlled case.
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Fig. 8. Profiles of the phase-averaged streamwise velocity. (a) Suction phase: ——, y ¼ 22:5�; – – – –, 67:5�; � � � � � �, 112:5�; —�—,

157:5�; (b) blowing phase: ——, y ¼ 202:5�; – – – –, 247:5�; � � � � � �, 292:5�; —�—, 337:5�. �, Uncontrolled case. The cavity slot is located

at x=C ¼ 0:12.
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