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The natural and periodically forced flow around a twodimensional bluff body with a base rear, a D-shaped body, are numerically investigated using an unsteady Reynoldsaveraged Navier-Stokes (URANS) simulations. The applied zero-net-mass-flux forcing at the end corners of the body is used for a wide range of actuation frequencies and amplitudes. The Reynolds number, based on the height of the body, is Re = 23000 and the numerical simulations are carried out with the ISIS-CFD flow solver. A significant reduction of the drag is obtained (-13.2% with respect to the natural flow) is obtained with the non-dimensional moment coefficient C µ = 0.01 and the Strouhal number of the actuation St A = 0.009.

INTRODUCTION

Flow separation behind bluff bodies show complex space-and time-dependant profiles. An increased aerodynamic drag of bluff bodies is a negative consequence of this flow separation. Energy-efficient ground vehicles require careful geometrical styling to decrease drag, primarily due to the formation of the wake region. However, for certain vehicles, such as trucks and buses, the separation is fixed at the trailing edge due to their blunt shape near the base surface and a great change of the rear part is not possible. Instead of changing their geometry, attempts can be made to influence the flow using flow control.

The suppression or a control of separation phenomena has been addressed in the fluid dynamics community for many decades. There are three main flow control methodologies [START_REF] Fiedler | On management and control of turbulent shear flows[END_REF]: passive, active open-loop and active closed-loop control. The use of passive control systems is more attractive for reasons of cost and, often, easier to implement. For example, the inclusion of wavy trailing edges or vortex disruptors is proposed for drag reduction by [START_REF] Tombazis | A study of threedimensional aspects of vortex shedding from a bluff body with a mild geometric disturbance[END_REF][START_REF] Park | Drag reduction in flow over a two-dimensional bluff body with a blunt trailing edge using a new passive device[END_REF]. All these studies have successfully shown that a modification of the base-surface shape leads to a significant drag reduction. However, in these approaches, global changes in the surface shape may be required for practical situations.

Recently, Kim et al. [START_REF] Kim | Active control of turbulent flow over a model vehicle for drag reduction[END_REF] suggest an active open-loop control method for the reduction of drag on a circular cylinder where blowing and suction vary sinusoidally in the spanwise direction but is steady in time. The distributed forcing attenuates the Karman vortex shedding and thus reduces drag significantly. Open-loop control suffers from drawbacks as a profound knowledge of the flow system considered. To overcome these problems, closed-loop control can be used. But the development of an efficient strategy for active closed-loop flow control requires a better understanding of active open-loop flow control and the flow mechanisms that are likely to produce an increase of the base pressure.

This paper numerically investigates the influence of zero-net-mass-flux actuation, also know as a synthetic jet, on the flow pattern around and in the near-wake of a Dshaped body. These jets transfer linear momentum and vorticity flux to the flow without mean mass injection, and are significantly more applicable than other excitation approaches, e.g. cylinder rotation or body motion. The objective of this paper is to gain more insight in the physical mechanism that causes drag reduction when a synthetic jet is applied to the wake of a D-shaped body. The geometry is the same used by Pastoor et al. [START_REF] Pastoor | Feedback shear layer control for bluffbody drag reduction[END_REF].

TEST CASE

The geometry is a two-dimensional bluff body with a lateral shape similar to the Ahmed body used in the experiments study by Pastoor et al. [START_REF] Pastoor | Feedback shear layer control for bluffbody drag reduction[END_REF]. The model has the side shape of the Ahmed body with no slanted surface at the rear end. It extends from the one to the other lateral wall. This geometry is called a D-shaped body and is shown in Fig. 1. It has the following dimensions: chord length L = 262 mm, height H = 72 mm and spanwise width W = 550 mm. The origin of the coordinate system is located at the vertical and horizontal center of the body's stern, see Fig. 1. Two trip tapes of a height of 0.8 mm and length of 5 mm are placed on the upper and the lower face of the body 30 mm downstream of the front, see Fig. 2(a). Two actuation slots of a width S = 1 mm and a spanwise length l = 250 mm, are placed on the upper and the lower edge of the stern, see Fig. 2(b). The model is mounted on two rods and is vertically centered in the wind tunnel. The rods have a diameter of 15 mm and are attached to the model's lower surface at (X,Z) = (-131 mm, -175 mm) and (X,Z) = (-131 mm, 175 mm), respectively. Reynolds and Strouhal numbers are given with respect to body height and upstream velocity, U ∞ :

Re H = U ∞ H ν and St = f H U ∞ (1) 
Here, ν represents the kinetic viscosity of the fluid and f is the frequency. All numerical simulations are conducted at Reynolds number Re = 23000 as in experiments.

Experimentally, a sinusoidal zero-net-mass-flux actuation is effected by soudspeakers through the spanwise slots. Harmonic actuations u a (t) = U A sin(2π f A t) with actuation amplitude U A and actuation frequency f A , is applied to each slot. The cost of actuation is characterized by the non-dimensional moment coefficient:

C µ = 2 SU 2 A HU 2 ∞ ( 2 
)
The factor 2 accounts for the number of actuators. The based pressure is monitored by 3 difference taps located at Y = {-32, 0, 32} mm in the symmetry plane.

ISIS-CFD AT GLANCE

The solver ISIS-CFD, developed by the Ecole Centrale de Nantes and CNRS and available as a part of the FINE/Marine computing suite, is an incompressible unsteady Reynolds-averaged Navier-Stokes (URANS) method mainly devoted to marine hydrodynamics. The method features several sophisticated turbulence models: apart from the classical two-equation kε and kω, the anisotropic two-equation Explicit Algebraic Reynolds Stress Models, EARSM, as well as Reynolds Stress Transport Models, are available, see [START_REF] Deng | Comparison of explicit algebraic stress models and second-order turbulence closures for steady flow around ships[END_REF]. All models are available with wall-function or low-Reynolds near wall formulation. Hybrid RANS-LES turbulence models based on Detached Eddy simulation, DES, or Improved Delayed Detached Eddy Simulation, IDDES, are also implemented and have been validated on automotive flows characterized by large separations, see [START_REF] Guilmineau | Cross wind effects on a simplified car model by a DES approach[END_REF][START_REF] Guilmineau | Assessment of hybrid RANS-LES formulations for flow simulation around the Ahmed body[END_REF]. Additionally, several cavitation models are available in he code.

The solver is based on the finite volume method to build the spatial discretization of the transport equations. The unstructured discretization is face-based. While all unknown state variables are cell-centered, the system of equations used in the implicit time stepping procedure are constructed face by face. Fluxes are computed in a loop over the faces and the contribution of each face is then added to the two cells next to the face. This technique poses no specific requirements on the topology of the cells. Therefore, the grid can be completely unstructured; cells with an arbitrary number of arbitrarilyshaped faces are accepted. Pressure-velocity coupling is enforced through a Rhie & Chow SIMPLE type method: at each time step, the velocity updates come from the momentum equations and the pressure is given by the mass conservation law, transformed into a pressure equation. In the case of turbulent flows, transport equation for the variables in the turbulence model are added to the discretization. Free-surface flow is simulated with a multiphase flow approach: the water surface is captured with a conservation equation for the volume fraction of water, discretized with specific compressive discretization schemes, see [START_REF] Queutey | An interface capturing method for free-surface hydrodynamic flows[END_REF].

The technique included for the six degrees of freedom simulation of ship motion is described by [START_REF] Leroyer | Numerical methods for RANSE simulations of a self-propelled fish-like body[END_REF]. Timeintegration of Newton's law for the body is combined with analytical weighted or elastic analogy grid deformation to adapt the fluid mesh to the moving body. To enable relative motions of appendages, propellers or multiple bodies, sliding and overlapping girds approaches have been implemented. Propellers can be modeled using actuator disc theory, by coupling with boundary element codes, RANS BEM coupling, see [START_REF] Deng | Ship propulsion prediction with a coupled RANS-BEM approach[END_REF], or with direct discretization through the rotating frame method or sliding interface approaches.

Finally, an anisotropic automatic grid refinement procedure has been developed which is controlled by various flow-related criteria, see [START_REF] Wackers | Combined refinement criteria for anisotropic grid refinement in freesurface flow simulation[END_REF]. Parallelization is based on domain decomposition. The grid is divided into different partitions, which contain the cells. The interface faces on the boundaries between the partitions are shared between the partitions; information on these faces is exchanged with the MPI, Message Passing Interface, protocol. This method works with the sliding grid approach and the different subdomains can be distributed arbitrarily over the processors without any loss of generality. Moreover, the automatic grid refinement procedure is fully parallelized with a dynamic load balancing working transparently with or without sliding or overlapping grids.

NUMERICAL SIMULATION SET-UP

The position of the body in the computational domain is presented in Fig. 3. The model is centered in the computational domain and its dimensions are 7.64H for the height and 34.72H for the length with outlet located at 20.76H from the base of the model. In a first time, a two-dimensional configuration is investigated. Four meshes were used to a mesh convergence. All meshes are adjusted to use the low-Reynolds near wall formulation of the turbulence model that is kω SST of Menter [START_REF] Menter | Two-equation eddy viscosity turbulence models for engineering applications[END_REF]. Tab. 1 gives the features of each mesh. The time step used is ∆t = 0.00028 s and thus the non-dimensional time step is ∆t * = ∆tU ∞ /H = 0.01863. Tab. 2 presents the drag coefficient, Cd, versus the mesh size. The fine and the very fine meshes give the same force. Due to the CPU time for the other simulations, the fine grid is chosen. Fig. 4 presents a view of the mesh and the jet slot is described by 40 faces. 

RESULTS

Natural flow

The flow around the D-shaped body is governed by a wake instability which generates a von Kármán vortex street with an alternating sequence of vorticies at characteristic frequencies. Instantaneous vorticity field is shown in Fig. 5 during 4 instants of the period, T , of the vortex shedding as well as the pressure on the base of model. The period starts when the pressure located at the highest tap is maximum. These figures indicate bent shear layers at the upper and lower edges of the body. Two large vortical structures appear alternately at the bottom and 

Actuated flow

A harmonic zero-net-mass-flow actuation is applied to the flow at the corners at the base of the body, see Fig. 2(b). The sensitivity of the flow for open-loop actuation is investigated for a wide rage of actuation frequencies and amplitudes. Upper and lower actuator operate in-phase mode. The time step used corresponds to 1 degree of the actuation period.

In Fig. 7, pressure and drag coefficients are plotted versus the actuation amplitude for the Strouhal number St A = 0.15. Both coefficients are normalized by the pressure and drag coefficient of the natural flow, respectively. A minimum pressure is obtained for C µ = 0.0030, see Fig. 7(a). When the actuation amplitude is higher than C µ = 0.0070, the base pressure coefficient is lower than the base pressure obtained for the natural flow. For the drag coefficient, see Fig. 7(b), until C µ = 0.0035, the drag remains more or less constant as well as after C µ = 0.0090. the actuation on the base pressure and the drag for the most efficient amplitude C µ = 0.01. For an actuation amplification until St A = 0.20, the base pressure coefficient is around the base pressure of the natural flow while after this value, the pressure falls until a saturation level from St A = 0.30. For the drag coefficient, a reduction is observed for values of the Strouhal number of the actuation lower than St A = 0.20. After this value, the drag increases until to reach a saturation from St A = 0.30. The best drag reduction is obtained for the Strouhal number of the actuation St A = 0.09, which yields a reduction of 13.2%. Fig. 9 presents the rms-value of pressure fluctuations at 

St

A = 0.09 -C µ = 0.01
In this section, the results for the best parameters of the synthetic jets which give a better drag reduction are presented. As indicated previously, St A = 0.09 and C µ = 0.010 give the greatest reduction of the drag.

Fig. 12 presents a comparison of the pressure obtained on the highest pressure tap with the pressure obtained for the natural flow for the same pressure tap. We observe that the pressure is not monotonic as in the case of the natural flow. However, when the frequency spectrum based on the velocity fluctuations is plotted, see Fig. 13 this second period is observed but its intensity is low. As in the evolution of the pressure, see Fig. 12, the evolution of the vorticity is presented over two periods of vortex shedding. As for the natural flow, the period starts when the pressure located at the highest tap is maximum, point (a) in Fig. 12. The evolution of the vorticity on the first period of the vortex shedding is very similar to the behavior of the flow on the second period. The greatest differences are observed on the base pressure. With the actuation, the extreme values are amplified. [START_REF] Pastoor | Feedback shear layer control for bluffbody drag reduction[END_REF] show that the evolution of the drag coefficient or the base pressure versus the momentum coefficients or the Strouhal number of the actuation are not similar. The influence of the turbulence model can explain these differences. Therefore, the use of a more sophisticated turbulence model, such as Detached Eddy Simulation approaches, can be considered. Indeed, these approaches have shown that they can correctly predict the flow around the Ahmed body [START_REF] Guilmineau | Assessment of hybrid RANS-LES formulations for flow simulation around the Ahmed body[END_REF].
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 1 Figure 1: Geometry of the D-shaped body.

  (a) The trip tape. (b) The actuation slot.
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 2 Figure 2: Zoom of the geometry.
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 3 Figure 3: Sketch of the computational domain.

  (a) General view. (b) Near the slot.
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 4 Figure 4: View of the fine grid.
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 8 Fig. 8 illustrates the effect of the Strouhal number of
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 45 Figure 5: Natural flow: Instantaneous view of vorticity and base pressure. The vorticity is displayed by isolines {±12,±10,±7,±5}.
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 6 Figure 6: Natural flow: Frequency spectrum of the natural flow.
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 7 Figure 7: Actuated flow: Pressure and drag coefficients versus the actuation amplitude (St A = 0.15).

  (a) Base pressure coefficient. (b) Drag coefficient.
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 8 Figure 8: Actuated flow: Pressure and drag coefficients versus the Strouhal number of the actuation (C µ = 0.01).
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 9 Figure 9: Actuated flow: Rms-values of lower pressure tap versus the Strouhal number of the actuation (C µ = 0.01).

Figure 10 :

 10 Figure 10: Actuated flow: Strouhal number versus the Strouhal number of the actuation (C µ = 0.01).
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 11 Figure 11: Actuated flow: Wake formation versus the Strouhal number of the actuation (C µ = 0.01).
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 12 Figure 12: Comparison of the pressure for the highest pressure tap.
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 13 Figure 13: St A = 0.09 -C µ = 0.01: Frequency spectrum of the natural flow.

4 Figure 14 :

 414 Figure 14: St A = 0.09 -C µ = 0.01: Instantaneous view of vorticity and base pressure. The vorticity is displayed by isolines {±12,±10,±7,±5}.

  The numerical simulation of the flow around a D-shaped body using synthetic jets, e.g. an open-loop control strategy, is performed solving unsteady Reynolds-averaged Navier-Stokes equations at Reynolds number Re = 23000. To investigate the influence of the synthetic jet, several amplitudes and frequencies of the jet were considered. The best drag reduction compared to the natural flow is 13.2%. This value is obtained for the Strouhal number of the actuation St A = 0.09 and the moment coefficient C µ = 0.010. A comparison of the numerical results with the exper-imental results obtained by Pastoor et al.

Table 1 :

 1 Features of each two-dimensional mesh.

		Coarse Medium	Fine	Very fine
	Nb of cells	97496	137888 180798	230816
	Nb of faces on the body	1046	1298	1512	1760

Table 2 :

 2 Drag coefficient versus the mesh.

		Coarse Medium Fine Very fine
	Cd	1.29	1.07	1.04	1.04