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Abstract

Two methods DDES, ZDES based on k — w SST shear stress transport model with compressibility
correction are applied in numerical simulation of supersonic base flow, respectively. Third-order MUSCL-
Roe and fifth-order WENO-Roe spatial scheme are used to investigate the numerical dissipation effects.
The calculated results are compared with experimental data. It shows that fifth-order WENO-Roe
scheme is more validated than third-order MUSCL-Roe scheme. The comparison of results obtained by
DDES and ZDES are also conducted. The results show that ZDES method is better than DDES method
in regions near the wall. The complex flow mechanism of supersonic base flow is comprehensively
understood, which provides references for the application of RANS/LES hybrid method in the simulation
of unsteady supersonic flow.
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Nomenclature

a,. — free stream sound speed r — radial coordinate

¢, — local pressure coefficient t — Temperature

D — cylinder base diameter U.,— free stream velocity
At — integration time U — time averaged velocity
M., — free stream Mach number Y — distance from the wall
Do — free stream static pressure Superscripts

R — cylinder base radius + — wall unit quantity

Re — Reynolds number
1. Introduce

Slender aircraft such as projectile or missile is experience massive separation at the base leading to a
dramatic increase in drag when supersonic flight. Modern supersonic aircraft design requires high
stability and control performance. The achievement of the advance in supersonic aircraft requires
advanced design concept which is based on a comprehensive and accurate estimation of supersonic
base flowfield.

For many years, various experimental investigations of a supersonic base flow have been performed.
Herrin and Dutton[1] studied the complex flow structure near wake of the supersonic base flow at
M=2.5 through wind tunnel experiment. Bourdon[2] investigated the supersonic base flow with
scattering imaging technique, and obtained planar flow visualization image of the instantaneous flow
near the wake region. However, for the experimental approach, the support sting equipment in the
wind tunnel will affect the flowfield, it destroys the flow structure behind the test model. Although the
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experimental data can be compensate by empirical methods, there is still a lack of validation research
on the reliability of these empirical methods.

As a result, researchers began to use Computational Fluid Dynamics (CFD) method to study the
supersonic base flows[3, 4]. However, it is difficult to predict the supersonic base flow by solving the
Reynolds-average Navier-Stokes (RANS) equation due to the limited simulation capability of RANS
method. As the development of computer technology and the detached eddy simulation (DES) method,
the simulation of supersonic base flow is now feasible. The DES method combines the advantages of
RANS method and large eddy simulation (LES) method. The DES method uses a RANS turbulence model
to resolve the smallest scales in the boundary layer region, while the largest scales outside the boundary
layer are resolved by LES.

Researchers have adopted various RANS/LES methods to predict the supersonic base flows[5-9].
Forsythe et al. [6] applied the DES method based on SA and SST turbulence model, and introduced
compressible corrections, to predict the flowfild of the supersonic base. Temporal-averaged mean
flowfields are presented and a relatively good agreement with experimental data is observed when a
fine grid of approximately 2.8 x 10° points is used. Baurle et al. [7] applied a subregional RANS/LES
hybrid method, which combines SST model with one-equation SGS model, to predict supersonic base
flow. Kawai and Fuijii [8] adopted the RANS/LES method which combines BL and Smarisky model. The
method has better performance in calculation accuracy and efficiency by comparison with LES, MILES
and RANS results and the experiments in detail.

In present work, Delayed Detached Eddy Simulation (DDES) [10,11] and Zomal Detached Eddy
Simulation (ZDES)[20,21] based on the k-w shear stress transport (SST) turbulence model are applied
to predicted the supersonic base flowfiled. The compressible corrections [12] are introduced. The
influence of numerical dissipation effect on the supersonic base flow and sensitivities of mesh resolution
are investigated. The results simulated by both DDES and ZDES methods are also compared.

2. Numerical Approach

In present study, the central finite volume method is applied, a second-order fully implicit LU-SGS-tTS
algorithm is applied for time discretization, and the Roe scheme based on the third-order MUSCL
(Monotone Upstream-centred Schemes for Conservation Law) and the fifth-order WENO (Weighted
Essentially Non-oscillatory) interpolation are used for spatial discretization. The entropy corrections
proposed by Harten are also introduced in current study.

For the numerical simulation of supersonic base flow, Forsythe et al. [6] compared the results of one-
equation SA model and two-equation SST model, and the results obtained by SST model is obviously
far better than that of SA model. In this paper, SST model is used as the basic turbulence model of
RANS/LES hybrid method. More details of the RANS/LES methods applied in this paper are in Refs [13-
21].

The numerical simulation is based on Herrin and Dutton's experiments[1]. The Mach number of free
flow at the inlet is M, = 2.46, the inlet pressure is p, = 31415P,, the temperature is T = 145k, the
diameter of the experimental cylinder is D = 63.5mm, and the Reynolds nhumber based on the diameter
of the cylinder is Re = 2.858 x 10°.

The velocity distribution at the inlet is matched with the experimental data. The cylinder surface is
treated as no slip, the outlet is treated as an interpolation boundary, and the far field is a non-reflective
boundary. Based on the cylinder diameter D and sound speed a,,, the dimensionless time step is At =
0.001. Twenty sub-iterations are taken in each time step. Time-averaged results are obtained by
averaging flowfileds about 30000 steps of unsteady flow simulations.

3. Results and discussion

A multi-block structured grid is used. The whole computational domain size is 5D x 9D(cylinder base
diameter x height), it extends 4D upstream 5D downstream from the base plane. The mesh near the
bottom of the cylinder and in the downstream region is refined. The average first spacing y™is less than
1. The computational grids are shown in Figures 1 and 2.
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Fig 1. Computational grid in 3D view  Fig. 2 Computational grid in detail view
3.1. Effect of grid density

In order to evaluate the simulation sensitivity to the spatial resolution to clarify an adequate mesh
solution for the hybrid method, three sets of computational grids are generated, all of which adopt the
same topological type and the same first-layer mesh size. The grid densities of the coarse, fine and
extremely fine grids are 8 x 10° (Mesh-C), 2 x 107 (Mesh-F) and 3 x 107 (Mesh-EF), respectively. The
DDES method is adopted to solve the three sets of grids respectively with the third-order MUSCL-Roe
scheme.

The time-averaged centerline velocity distributions predicted by different density grids are compared
(as shown in Fig. 3.). The peak reverse velocity predicted by the three sets of grid calculation is higher
than the experimental data. The peak reverse velocity predicted by coarse gird is obviously over-
predicted, and the reattachment point is under predicted by 16.10%, located at nearly X/R=2.24
compared to the experiment value of 2.67. The peak reverse velocitys predicted by fine gird and
extremely fine gird are better, and the reattachment point is under predicted by 9.73%, located at
nearly X/R=2.41 compared to the experiment value of 2.67.

From the results of the grid sensitivity study, spatial resolution of the fine grid is considered to have an
adequate mesh resolution to simulate essential features of the base flow that we focus on with the
RANS/LES hybrid methodology. Therefore, the fine grid is used in the present study.

3.2. Effect of numerical scheme

Accurate schemes are preferred to lower the numerical dissipation when RANS/LES hybrid methods are
used. Two DDES methods based on the SST turbulence model simulations are performed to evidence
its influence on the prediction. One is performed using the third-order MUSCL-Roe scheme while the
other is using fifth-order WENO-Roe scheme.

Time-averaged results of third-order MUSCL scheme and fifth-order WENO scheme computations are
discussed. The boundary layer profiles are plotted in Fig. 4. Both the predicted profiles match the
experimental data well. The present DDES method predicts the boundary layer profile reasonably well
under the current mesh resolution.

Time-averaged base pressure distributions along the base surface are compared with the experiment
in Fig.5. Both the base pressure coefficients obtained by third-order MUSCL scheme and fifth-order
WENO scheme are clearly overpredicted. When the prediction accuracy of the base pressure
distributions are compared between the results with the third-order MUSCL scheme and the results with
the fifth-order WENO scheme, better prediction is obtained by using the fifth-order WENO scheme
computation. The mean averaged base pressure coefficient is approximately -0.091 compare to the
experimental value of -0.102. As the decrease of the numerical dissipation, the prediction accuracy of
the base pressure is improved remarkably.

The centerline velocity plotted in Fig.6. exhibits a similar behavior as the numerical dissipation
decreased. The third-order MUSCL scheme is again underresolved, giving a high peak reverse velocity
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too close to the base. The fifth-order WENO scheme gives a much better result for centerline velocity.
The peak reverse velocity and reattachment point are predicted well compared to the experiment.

Time-averaged axial and radial velocity distributions at the location of x/R=0.6299, x/R=1.2598 and
x/R=1.8898 planes behind the base separation are compared with experiment in detail in Figs 7 and 8.
In the third-order MUSCL scheme computation, due to the high numerical dissipation, width of the free
shear layer is predicted thinner than the fifth-order WENO scheme and experiment. The predicted
position of the shear layer exists rather inside compared to the fifth-order WENO scheme and
experiment. Better results are obtained by using the fifth-order WENO scheme computation. These
results indicate that accurate prediction of the supersonic base flows requires adequate spatial
discretization scheme to accurately resolve the approaching boundary layer developing on the cylinder
lateral surface even if the separation is fixed at the base edge.
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Fig. 3 Time-averaged centerline velocity
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Fig. 4 Boundary layer profile 1mm prior the base
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Fig. 5 Time-averaged base pressure coefficient  Fig. 6 Time-averaged centerline velocity
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Fig. 7 Time-averaged axial velocity profile
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Fig. 8 Time-averaged radial velocity profile

Fig. 9 shows the instantaneous plot of vorticity contours in a cross-plane behind the base for the two
spatial schemes. In both of the computations, the turbulent structures are well resolved. Compared
with third-order MUSCL scheme, more small-scale turbulence structures can be captured by using the
fifth-order WENO scheme.
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Fig. 9 Instantaneous vortices
3.3. DDES and ZDES results

To investigate the capabilities of advanced unsteady methods to predict the supersonic base flows. Two
RANS/LES methods based on the SST turbulence model simulations are performed One is performed
using DDES method while the other is using ZDES method.

A comparison of measured and computed boundary layer velocity profiles on the cylinder lateral surface
1 mm prior the base is shown in Fig. 10. The results obtained by DDES and ZDES methods look quite
similar. The boundary layer velocity profiles as well as the thickness of the boundary layer predicted by
DDES and ZDES methods are in good agreement with the experimental data.
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Fig. 10 Boundary layer profile 1mm prior the base
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Time-averaged base pressure distributions along the base surface are compared with the experiment
in Fig.11. DDES and ZDES display a flat pressure profile which agrees well with the experimental data.
The DDES method under predicts the base pressure by 10.78% compare to the experimental value of
-0.102. The ZDES results show excellent agreement with the experimental data. It can be concluded
that prediction accuracy of the base pressure using the ZDES method is reasonably well and improved
remarkably compared with the results of the DDES.
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Fig. 14 Time-averaged Radial velocity profile

Fig.12. shows a comparison of time-averaged centerline velocity. The peak reverse velocity and
reattachment point obtained by DDES and ZDES methods are in good agreement with the experimental
data. However, after the attachment point, the axial velocity distributions obtained by DDES and ZDES
methods are far from the experimental data. The fact that both results start to deviate from the
experimental data around x/R=4.0 may be due to the gradual increase of the grid size in the
downstream wake region as the distance from the base increases.

Axial and radial time-averaged velocity distributions at the location of x/R=0.6299, x/R=1.2598 and
x/R=1.8898 planes behind the base separation are compared with experiment in detail in Figs 13 and
14. At the location of x/R=0.6299 and x/R=1.2598, the shear layers predicted by the two methods are
all in the region of r/R=0.8~1.0, which are in good agreement with the experimental results. In the
recirculation region (r/R < 0.8), the results of DDES and ZDES are also close to the experimental values.
Further downstream, at the location of x/R=1.8898, near the reattachment region, the shear layer
heights obtained by DDES and ZDES methods are near r/R=0.5, which is in good agreement with the
experimental data.
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Fig. 15 compares the instantaneous plot of vorticity contours in a cross-plane behind the base predicted
by DDES and ZDES methods. Unsteady shear-layer roll-up, large eddy motions to the downstream and
small eddy motions inside the recirculation region behind the base separation are observed, and the
ZDES can capture more details of the flow field compare with the DDES results.
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Fig. 15 Instantaneous vortices

4. Conclusions

The DDES and ZDES methods based on the k-w SST turbulence model combined with compressibility
correction are used to simulate the supersonic base flow. To accurately simulate the supersonic base
flow, three sets of grids are used to explore the effect of grid density by using DDES method combined
with third-order MUSCL-Roe scheme.

The third-order MUSCL-Roe and fifth-order WENO-Roe spatial discrete schemes are used to study the
effect of numerical dissipation on flow field calculation. Both the third-order MUSCL-Roe and fifth-order
WENO-Roe scheme can predict the boundary layer before separation. As the decrease of the numerical
dissipation, the prediction accuracy of the base pressure is improved remarkably by using the fifth-
order WENO-Roe scheme. The results such as peak reverse velocity, reattachment point, and the width
and position of the free shear layer obtained by fifth-order WENO-Roe scheme are better third-order
MUSCL-Roe scheme. The results simulated by both DDES and ZDES methods are also compared.

The boundary layer velocity profiles, axial and radial time-averaged velocity predicted by DDES and
ZDES methods are in good agreement with the experimental data. Prediction accuracy of the base
pressure using the ZDES method is reasonably well and improved remarkably compared with the results
of the DDES. The ZDES can capture more details of the flow field compare with the DDES results.
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