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Abstract. In the present contribution we evaluate the heat flux prediction capabilities
of second-order accurate Residual Distribution (RD ) methods in the context of atmo-
spheric (re-)entry problems around blunt bodies. Our departing point is the computa-
tion of subsonic air flows (with air modeled either as an inert ideal gas or as chemically
reacting and possibly out of thermal equilibrium gas mixture) around probe-like ge-
ometries, as those typically employed into high enthalpy wind tunnels. We confirm
the agreement between the solutions obtained with the RD method and the solutions
computed with other Finite Volume (FV') based codes.

However, a straightforward application of the same numerical technique to hyper-
sonic cases involving strong shocks exhibits severe deficiencies even on a geometry as
simple as a 2D cylinder. In an attempt to mitigate this problem, we derive new vari-
ants of RD schemes. A comparison of these alternative strategies against established
ones allows us to derive a diagnose for the shortcomings observed in the traditional
RD schemes.
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1 Introduction

The numerical simulation of hypersonic flows can still be challenging, especially on
purely unstructured meshes, including only triangles in 2D or tetrahedra in 3D [1,2]. For
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those kind of problems, the complexity characterizing compressible flow aerodynamics
has to be addressed together with additional high-temperature effects due to chemical
(CNEQ) or thermal-chemical nonequilibrium (TCNEQ ) phenomena (see [3]).

Among the emerging techniques for tackling those kind of simulations, RD * methods
evince several advantageous features for the computation of compressible flows, includ-
ing the following:

e a maximum principle (Local Extrema Diminishing) borrowed from FV schemes,
which allows for capturing discontinuities monotonically;

e compact stencils on arbitrary unstructured meshes, due to the underlying finite
element (FE) formulation, allowing for obtaining second-order accurate solutions
and guaranteeing an excellent performance for parallel calculations;

e less grid sensitivity which has been proven on simplicial meshes in comparison
with standard FV, thanks to a built-in multidimensional dissipation property.

The reasons above motivate our interest in the applicability of RD schemes to the
simulation of atmospheric entry flow problems. Despite a few promising examples of
numerical prediction of surface heat fluxes with RD in hypersonic flows (e.g. in the case
of a sharp nosed double cone configuration, as reported in [4-6]), the prediction of the
convective heating induced by the hot gas generated in the shock layer downstream a
strong bow shock is not yet fully mastered. This does not only apply to the method in
question but also to standard FV schemes. Indeed, it turns out that standard RD methods
are affected by the same numerical shock instabilities (e.g. the carbuncle [5,7,8]) observed
in FV flow computations. As examples, the reader is referred to [9] or [2] for structured
and unstructured grids, respectively.

This paper is organized as follows. After having recalled the governing equations and
some basic concepts for RD methods, we investigate their capability to accurately predict
wall heat flux distributions for smooth flow fields, i.e. in absence of shock discontinu-
ities. Nonequilibrium effects are included in this first analysis only. As a second step,
we investigate how these methods perform on a simple cylinder configuration with con-
ditions taken from available literature, involving strong shocks in a non-reactive gas. In
this case, since severe deficiencies are exhibited by existing RD schemes, new variants of
those are introduced and their potential to correctly predict wall heat fluxes is analyzed.

2 Governing equations

The system of equations describing the flows of our interest accounts for the conservation
of mass, momentum and energy. In compact, vector form it reads:
ol
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*RD methods are also known under the name of Fluctuation Splitting (FS) schemes.



