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This study considers the development and implementation of a coupled solver for the anal-
ysis of high-speed, compressible flow. Using a density based approach, the Navier-Stokes
equations are coupled using a matrix-free implicit solver providing increased stability and
computational efficiency. Density based solvers allow for the efficient modelling of sharp
numerical discontinuities, as encountered with propagating shock waves, by employing
central schemes with artificial dissipation or flux splitting schemes to resolve the shock
waves [1].

Noting that a sparse non-symmetric system of equations is recovered from the finite vol-
ume discretisation of the Navier-Stokes equations, Luo et al. [5] proposed a matrix-free
approach to solve the coupled system of equations implicitly. This study considered the ex-
tension and implementation of the Generalised Minimum Residual (GMRES) method with
Lower-Upper Symmetric Gauss-Seidel (LU-SGS) to the cell-centred, collocated framework
employed by OpenFOAM R©. To evaluate the performance of the matrix-free coupled im-
plementation, it is compared against the segregated, explicit rhoCentralFoam solver. In
Figure 1 it is shown to provide a notable improvement.

In addition to the Greenshields et al. [2] arbitrary unstructured extension of the Central-
Upwind scheme of Kurganov and Tadmor [3], the AUSM+up [4] and the HLLC [6] schemes
were implemented and evaluated. It is found that there is reasonable agreement between
the Central-Upwind scheme and AUSM+up, but that there is some deterioration in accu-
racy when HLLC is used. On structure meshes AUSM+up is able to pick up higher-order
flow features like the Kelvin–Helmholtz instability seen in the forward facing step. Lastly,
to account for mesh movement the extension of the governing equations to an arbitrary
Lagrangian-Eulerian (ALE) frame of reference is considered. For this purpose the ALE
formulation for AUSM+up was implemented.

In conclusion, the implementation of a high-speed, compressible flow solver using a matrix-
free coupled approach is considered. The solver allows for the accurate modelling of shock
wave propagation in transonic and supersonic flows. A comparison of the numerical re-
sults with analytical and other numerical predictions are found to be in good agreement.
Furthermore, it is found that the coupled solver provides a notable improvement in com-
putational efficiency when compared to the segregated, explicit solver rhoCentralFoam.
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Figure 1: NACA 0012: Comparison of coupled implicit solver with the segregated explicit
solver to reach convergence
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