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The present work reports of the numerical investigation on the passive technique used to enhance the supersonic cavity-induced pressure oscillations. The unsteady flows over a shallow cavity at Mach 1.73 were modified at the leading edge by changing the leading edge geometry. 3 (three) leading edge geometries namely circular-contoured, slanted and circular contour on 30 o slant edge were used to intensify the excitation of the shear layer. The density-based algorithm in ANSYS Fluent 13.0 was used to solve the time-dependent Navier-Stokes equations. The SST k-ω model was used to model the turbulence within an unstructured mesh solver. The numerical code was validated comparing the numerical results with the experimental data. The pressure fluctuations with time at different locations in and after the cavity were analyzed. The modification of cavity leading edge shown influencing on the pressure fluctuations.

INTRODUCTION

Recent interest in supersonic combustion, such as scramjets, raise recommenced research in supersonic flow mixing. The propulsion system in scramjets requires rapid mixing of airfuel to achieve the efficient combustion and at the same time to minimize the size of the combustion chamber. The difficulty of mixing enhancement originates mainly from the inherently low growth rates of supersonic free shear layers [START_REF] Chinzei | Spreading of two-stream supersonic mixing layers[END_REF][START_REF] Papamoschou | Observations of supersonic frre shear layers[END_REF][START_REF] Papamoschou | The compressible shear layer: an experimental study[END_REF]. Variety of augmentation techniques that were employed efficiently in the subsonic flow mixing failed to work in the supersonic flow regimes and some mechanisms likely increase mixing at the expense of significant total pressure losses [START_REF] Gutmark | Mixing enhancement of supersonic free shear flows[END_REF]. Therefore, the researchers experienced interest in the use of active and passive control techniques to promote mixing. The use of cavity in supersonic free shear flow is the most renowned one of mixing enhancement techniques and the well established cavity-induced oscillatory features are utilized to enhance flow mixing [START_REF] Handa | Supersonic mixing enhanced by cavity-induced threedimensional oscillatory flow[END_REF][START_REF] Handa | On the jump in the frequency of acoustic oscillations in supersonic flows over rectangular cavity[END_REF][START_REF] Yu | Cavity-actuated supersonic mixing and combustion control[END_REF][START_REF] Sato | Advanced mixing control in supersonic airstream with a wall-mounted cavity[END_REF][START_REF] Seiner | Historical survey on enhanced mixing in scramjet engine[END_REF][START_REF] Nenmeni | Cavity-induced mixing enhancement in confined supersonic flows[END_REF].

Over last few decades, many researches have been conducted to investigate the external flows over cavity [START_REF] Charwat | An investigation of separated flows -part i: The pressure field[END_REF][START_REF] Hahn | Experimental investigation of separated flow over a cavity at hypersonic speed[END_REF][START_REF] Rockwell | Review -self-sustaining oscillations of flow past cavities[END_REF][START_REF] Zhang | An investigation of supersonic oscillatory cavity flows driven by thick shear layers[END_REF]. Some researches have also been conducted for the internal flows over cavity [START_REF] Matsuo | Effect of non-equilibrium condensation of moist air on supersonic cavity flow[END_REF][START_REF] Matsuo | A new passive method of controlling cavity-induced pressure oscillations[END_REF][START_REF] Setoguchi | A numerical study on passive control of cavity induced pressure fluctuations in two-dimensional supersonic flow[END_REF] in relation to the supersonic airintake that is an essential part of the air breathing engine. The high-speed driven-cavity flowfields are often characterized by the compression waves, expansion waves, shear layer and an oscillation inside the cavity. The supersonic air-intake flow tends to be unstable due to the separation induced by the shock / boundary layer or the shock / shear layer interactions [START_REF] Seddon | Intake Aerodynamics[END_REF][START_REF] Dougherty | Time accurate navier-stokes computation of self-excited two-dimensional unsteady cavity flows[END_REF]. The supersonic flows over the cavity accompanying with the shear layer separation from the upstream lip as shown in Fig. 1 and a series of vortices travel downstream in the cavity and strikes or reattaches on the rear end with the generation of compression waves. These compression waves then propagate upstream within the cavity and excite the shear layer at the cavity upstream. As a result, the process is sustained by completing the feedback loop as first described by [START_REF] Krishnamurty | Acoustic radiation from two dimensional rectangular cutouts in aerodynamic surfaces[END_REF] and later on by [START_REF] Rossiter | Wind tunnel experiments on the flow over rectangular cavities at subsonic and trasonic speeds[END_REF]. The modification of the shear layer continues by the subsequent excitations, and consequently resonance occurs when the frequency and phase of the shear layer match with those of the compression waves. The resonance, thus produced, largely amplifies the cavity pressure fluctuations. oscillations. That is, how is it possible to make a reflection of upstream propagating compression waves so that they can excite the shear layer with higher intensity? In order to answer this question, as a passive technique, 3 (three) leading edge geometries named circular-contoured, slanted and circular contour on 30 o slant edge were used to test the shear-layer modification in the present study. The numerical analyses were performed solving this problem. The density-based algorithm in ANSYS Fluent 13.0 was used to solve the time-dependent Navier-Stokes equations. The SST k-ω model was used to model the turbulence within an unstructured mesh solver. The pressure fluctuation with time was measured at different locations in the cavity and in the main stream region.

NUMERICAL MODELING & COMPUTATIONAL METHODOLOGY 1.1 Governing equations

Computational Fluid Dynamics (CFD) investigations were performed to simulate the supersonic flows over cavity with various leading edge geometries. The flows under study was treated as compressible, viscous, unsteady and turbulent. The governing equations used in the present computations are the time-dependent Navier-Stokes equations given in vector form as shown below:

∂W ∂Q ∂ ∂t V QdV + [F -G]dA = V HdV (1)
where the vectors W, Q, F, and G are defined as,

W =            ρ ρu ρv ρE            , Q =            p u v T            , F =             ρv ρvu + p i ρvv + p j ρvE + pv             (2) 
and,

G =            0 τ xi τ yi τ i j v j + q            (3)
The vector H contains the source terms of the body forces and energy sources. In the above equations, ρ, v, E, and p are the density, velocity, total energy per unit mass, and the pressure of the fluid, respectively. τ is the viscous stress tensor, and q is the heat flux. The total energy E is related to the total enthalpy H by E = Hp/ρ where, H = h + |v| 2 /2.

The Jacobian matrix ∂W/∂Q in Eqn. ( 1) is replaced with the preconditioning matrix Γ for transforming the system into the conservation form, and the matrix Γ is given by,

Γ =            Θ 0 0 ρ T Θu ρ 0 ρ T u Θv 0 ρ ρ T v ΘH -δ ρu ρv ρ T H + ρC p            (4) 
where,

ρ T = ∂ ρ ∂T | p (5) 
and the parameter Θ is given by,

Θ = 1 U 2 r - ρ T ρC p ( 6 
)
C p is the specific heat at constant pressure. The reference velocity U r is chosen locally such that the eigenvalues of the system remain well conditioned with respect to the convective and diffusive time scales [START_REF] Weiss | Preconditioning applied to variable and constant density flows[END_REF].

To close the governing equations, the k-ω SST model which is a two equation eddy-viscosity (Shear Stress Transport) turbulence model [START_REF] Mentor | Zonal two equation k -ω turbulence models for aerodynamic flows[END_REF][START_REF] Mentor | Two equation eddy-viscosity turbulence models for engineering applications[END_REF][START_REF] Mentor | Ten years of industrial experience with the sst turbulence model[END_REF] was employed in the present computation. This turbulence model is an effective blend of the robust and accurate formulation of the Wilcox's k-ω model in the near-wall region with the free-stream independence of the k-ε model in the far field. The turbulence kinetic energy k and the specific dissipation rate ω are determined by the following transport equations.

∂ ∂t ( ρk) + ∂ ∂x i ( ρku i ) = ∂ ∂x j (Γ k ∂k ∂x j ) + Gk -Y k (7) ∂ ∂t ( ρω) + ∂ ∂x i ( ρωu i ) = ∂ ∂x j (Γ k ∂ω ∂x j ) + G ω -Y ω + D ω (8) 
In these equations, Gk represents the generation of the turbulence kinetic energy due to the mean velocity gradients, G ω represents the generation of ω, and D ω is the crossdiffusion term. Γ k and Γ ω represent the effective diffusivity of k and ω, respectively. Y k and Y ω represent the dissipation of k and ω due to turbulence.

The effective diffusivities for the model are given by,

Γ k = µ + µ t σ k (9) 
Γ ω = µ + µ t σ ω (10) 
where, σ k and σ ω are the turbulent Prandtl numbers for k and ω, respectively, and they are given by;

σ k = 1 F 1 /σ k,1 + (1 -F 1 )/σ k,2 (11) 
and

σ ω = 1 F 1 /σ ω,1 + (1 -F 1 )/σ ω,2 (12) 
The turbulent viscosity µ t is computed as;

µ t = ρk ω 1 max[1/α * , SF 2 /a 1 /ω] ( 13 
)
where S is the strain rate magnitude, defined as;

S ≡ √ 2S i j S i j (14) 
and

S i j = 1 2 ∂u j ∂ x i + ∂u j ∂ x i (15) 
The coefficient α * damps the turbulent viscosity causing a low-Reynolds-number correction. It is given by,

α * = α * ∞ α * 0 + Re t /R k 1 + Re t /R k (16) 
where,

Re t = ρk µω (17) 
The blending functions F 1 and F 2 are given by,

F 1 = tanh(Φ 4 1 ) (18) 
Φ 1 = min       max √ k 0.09ωy , 500µ ρy 2 ω , 4ρk σ ω,2 D + ω y 2       (19) 
D + ω = max 2ρ 1 σ ω,2 1 ω ∂k ∂ x j ∂ω ∂ x j , 10 -10 (20) 
and,

F 2 = tanh(Φ 2 2 ) (21) 
Φ 2 = max       2 √ k 0.09ωy , 500µ ρy 2 ω       (22) 
where, y is the distance to the next surface and D + ω is the positive portion of the cross-diffusion term.

The cross-diffusion term D ω is defined as;

D ω = 2(1 -F 1 ) ρσ ω,2 1 ω ∂k ∂ x j ∂ω ∂ x j (23) 
Model constants are given as;

σ k,1 = 1.176, σ ω,1 = 2.0, σ k,2 = 1.0, σ ω,2 = 1.168 a 1 = 0.31, α ∞ = 0.52, α * = α * ∞ = 1.0, α * 0 = β i /3 β i = 0.072, R k = 6

Numerical methods

The density-based algorithm of ANSYS Fluent 13.0 [START_REF]Fluent User Guide[END_REF] was used to solve the preconditioned governing equations. A fully implicit method was implemented on the present spatial domain. The convective fluxes were formulated using the Roe's flux difference splitting scheme [START_REF] Roe | Approximate riemann solvers, parameter vectors and difference schemes[END_REF]. The 3rd order accuracy was conceived from the original MUSCL [START_REF] Van Leer | Towards the ultimate conservative difference scheme v: A second order sequel to godunov's method[END_REF] finite volume scheme that is a blend of central differencing and second-order upwind schemes, in which the physical domain is subdivided into numerical cells and the integral equations were applied to each cell. Second-order central difference scheme was used for viscous terms. For the time derivatives, an implicit multistage time stepping scheme was used.

Computational conditions

A cavity was placed in the bottom wall of a supersonic channel in order to model the supersonic flow over cavity. Schematics of the cavity in supersonic channel is shown in Fig. 1(b). The nominal channel height is of H=24 mm. The leading edge of the cavity was modified into various geometrical shapes to enhance the flowfield oscillations. The geometric detail of various leading edge shapes is shown in Figs. 2. Three geometric configurations of the leading edge, circularcontoured (Fig. 2(a)), slanted (Fig. 2(b)) and circular contour on 30 o slant edge (Fig. 2(c)), were used in the present computational work and they are referred as CLE-R12∼24, SLE0∼30 and S30-CLE-R12∼36, respectively. In case of circular-contoured and circular contour on 30 o slant leading edges, the radius of curvature R 1 and R 2 were changed between 12 mm and 24 mm with 4 mm intervals and between 12 mm and 36 mm with 6 mm intervals, respectively; while the slant angle θ was varied as 0, 15, 30 and 45 degrees with the vertical axis. The cavity depth was kept constant at D=12 mm. The measuring points of pressure fluctuations were set at locations of a, b, c, d, e, f 1 , f 2 , f 3 , and g as indicated in Fig. 1(a). The information about the length of cavity is shown on the figures. The upstream domain was extended to 5D upstream from the cavity inlet, while the domain downstream of cavity was extended to 10D. This wide computational domain is required to ensure a domain-independent solution. The computational area was meshed with the structural mesh elements using ICEM 13.0. The typical mesh used is shown in Fig. 1(b). The grids were densely clustered near the boundary or in the shear layers and in the cavity in order to provide more reasonable predictions. The fineness of the computational grids was examined through the several preliminary tests to ensure that the obtained solutions were independent of the grids employed. According to those results, the grids used in the present work are 200×80 in the channel and 60×50 in the cavity.

The supersonic incoming flow having free stream Mach number and Reynolds numbers of M=1.78 and Re=2.3×10 6 , respectively, flows over the cavity. The inlet total pressure and temperature were p 0 =101.3kPa and T 0 =293 K, respectively. The boundary conditions used were the inflow conditions and pressure outlet conditions of ANSYS Fluent 13.0 at the inlet and outlet boundaries of the computational domain, respectively. Adiabatic and no-slip wall conditions were applied to the solid wall surfaces. A solution convergence was obtained when the residuals for each of the conserved variables were reduced below the order of magnitude 6. Another convergence criterion was to check the conserved quantities directly through the computational boundaries. The net mass flux was investigated when there was an applicable imbalance through the computational boundaries.

RESULTS AND DISCUSSION

To validate the computational code developed for the present numerical simulations, the supersonic flow (inlet Mach number M inlet =1.83) over the 2D open cavities of length to depth ratios L/D of 1.0 and 2.0 was investigated and the predicted results were compared with the experimental and theoretical results [START_REF] Heller | The physical mechanism of flow-induced pressure fluctuations in cavities and concepts for their suppression[END_REF][START_REF] Zhang | An investigation of supersonic oscillatory cavity flows driven by thick shear layers[END_REF][START_REF] Nishioka | Some thoughts on the mechanism of supersonic cavity flow oscillation, part 2: A new formula for the oscillation frequency[END_REF][START_REF] Takakura | Numerical study on supersonic internal cavity flows: What causes the pressure fluctuations[END_REF]. Figure 4 shows the comparison of Strouhal numbers St. The abscissa and ordinate in the figure denote the cavity length to depth ratio, L/D and Strouhal number, St (normalized frequency: f L/U ∞ ), respectively. The solid and broken lines are obtained from the formulae of predicting oscillation frequencies proposed by Nishioka et al. [START_REF] Nishioka | Some thoughts on the mechanism of supersonic cavity flow oscillation, part 2: A new formula for the oscillation frequency[END_REF] and by Heller and Bliss [START_REF] Heller | The physical mechanism of flow-induced pressure fluctuations in cavities and concepts for their suppression[END_REF], respectively. The open circle represents the experimental results reported by Zhang and Edward [START_REF] Zhang | An investigation of supersonic oscillatory cavity flows driven by thick shear layers[END_REF] and by Takakura et al. [START_REF] Takakura | Numerical study on supersonic internal cavity flows: What causes the pressure fluctuations[END_REF]. The closed diamond represents the predicted results from the present simulation. The comparison shows that the predicted results have a good agreement with the experimental data [START_REF] Zhang | An investigation of supersonic oscillatory cavity flows driven by thick shear layers[END_REF][START_REF] Takakura | Numerical study on supersonic internal cavity flows: What causes the pressure fluctuations[END_REF] and with the theoretical results [START_REF] Heller | The physical mechanism of flow-induced pressure fluctuations in cavities and concepts for their suppression[END_REF][START_REF] Nishioka | Some thoughts on the mechanism of supersonic cavity flow oscillation, part 2: A new formula for the oscillation frequency[END_REF].

As discussed in earlier section, 3 (three) geometric configurations of the leading edge were tested in the present study. At the first stage, circular-contoured (Fig. 2(a)), slanted (Fig. 2(b)) leading edges were tested. Analyzing the results, the circular contour edge on 30 o slant was used to test in order to clarify the best suited leading edge shape which can excite the shear-layer with higher intensity.

The pressures were measured at 9 (nine) different locations of a, b, c, d, e, f 1 , f 2 , f 3 , and g as indicated in Fig. 1(a) to Analyzing Figs. 8, 9 and 10, it can be seen that the peaks of power spectra of pressures at point d and f 1 are highest for the cavity having the CLE-R24, SLE30 and S30-CLE-R24 leading edge configurations. Here, the high peak indicates the high energy of turbulent fluctuations in the flowfield. In addition, the higher the amplitude of pressure fluctuation and peak of power spectra the higher flow mixing.

CONCLUSION

The present numerical works was performed investigating the passive technique to intensify the shear-layer excitation in the supersonic flows over cavity. The intense shear-layer excitation results in the increase of cavity-induced pressure oscillations. The leading edge of the cavity was modified and 
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 5 Figure 5. Time histories of pressure for the cavity with circular-contoured leading edge (CLE-R12∼24)
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 6 Figure 6. Time histories of pressure for the cavity with slanted leading edge (SLE0∼45)
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 7 Figure 7. Time histories of pressure for the cavity with circular contour to 30 o slant edge (S30-CLE-R12∼36)

  3 (three) geometric configurations namely circular-contoured, slanted and circular contour on 30 o slant edge were tested in the present study. The time dependent Navier-Stokes equations with the SST k-ω turbulence model were solve numerically to analyze the problem. The pressure fluctuations with time were measured at different locations in the cavity and in the main stream region. The pressure fluctuations were found high for the leading edges of circular-contoured with the curvature radius of 24 mm (CLE-R24), 30 o slanted (SLE30) and circular
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 89 Figure 8. Power spectra of pressure for the cavity with circular-contoured leading edge (CLE-R12∼24)
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 10 Figure 10. Power spectra of pressure for the cavity with circular contour to 30 o slant edge (S30-CLE-R12∼36)