


Top View Side View

Figure 24. Near-body views of the final mesh for the launch vehicle configuration with roughly 20 million
cells, M∞ = 4.5, α = 0◦

shown in Figs. 25 and 26 for Cases A and B, respectively. Case A converges well over the first five adapta-
tion cycles - the adjoint error correction is accurate in predicting the functional on the next mesh. The dip
in the convergence on the sixth adaptation cycle corresponds to achieving a sufficient refinement in the gap
between the two stages. At this point, the cells have become small enough in this region to define all the
geometric features of the gap accurately. Over the final two adaptation cycles, the functional appears to be
approaching an asymptotic value. The error estimate is consistently reduced at each adaptation iteration
and reaches the desired tolerance on the eighth adaptation cycle on a mesh with roughly five million cells.
Convergence of the functional is not as convincing for Case B, as shown in Fig. 26. Although the adjoint
correction term predicts the functional value on the next mesh reasonably well, the convergence of the error
estimate stalls after the first four adaptation cycles. The stall is most likely due to flow fluctuations in the
inter-stage region, as shown in Fig. 27 for both cases. Case A requires minimal refinement inside the inter-
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Figure 25. Convergence of functional and error estimate for Case A
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Figure 26. Convergence of functional and error estimate for Case B

stage, although the gap between the stages is highly refined. For Case B, the refinement of the inter-stage
is much more detailed due to a complicated flow pattern. Convergence of the flow solution became noisy on
the final mesh preventing further adjoint analysis.

Overall, the proposed approach provided reliable estimates of forces and moments for both stages of the
vehicle without user intervention throughout the study. Moreover, it improved our understanding of the
important features of the flow and allowed the user to focus on validation and analysis of the results instead
of mesh generation.

V. Conclusions

This work evaluated the ability of an adjoint-based mesh adaptation method to guide refinement and
control discretization errors in inviscid simulations around complex geometries. The adjoint error estimates
were used to drive h-refinement of cells in an embedded-boundary Cartesian mesh approach for selected
output functionals. Robustness and speed of the Cartesian approach were key ingredients as these simulations
involved several hundred meshing/simulation cycles on complex three-dimensional geometries. Detailed
investigations studied cell-wise discretization error estimates and traced the evolution of this error through
the use of log2 error histograms. These investigations led to the proposal of an adaptation strategy that
reduces the run-time of the flow simulation by using a large refinement threshold on coarse meshes and

(a) Case A (b) Case B

Figure 27. Cutaway view of the inter-stage region. Mesh is colored by contours of pressure with red > 1.5 and
blue < 0.4, M∞ = 4.5, α = 0◦
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systematically decreasing the threshold value as the adaptation progresses. This Decreasing Threshold
adaptation strategy substantially outperformed our baseline strategy in all cases considered.

The robustness and effectiveness of the adjoint-driven adaptation was examined using several test cases
in two and three dimensions using output functionals defined both on the body surface and using off-body
sensors. A sonic-boom model problem was used to demonstrate the exceptional economy of the approach.
This case showed that results on adaptively refined meshes were nearly indistinguishable from reference
solutions computed on fine meshes with O(103) more cells.

Parametric studies of launch-vehicle configurations were used to evaluate the method’s reliability when
applied to complex flows with many length scales. These examinations focused on the automatic generation
of aerodynamic databases with a prescribed error tolerance for two realistically complex three-dimensional
geometries over a wide range of flight conditions. These examples evaluated the ability of the approach to
drive appropriate mesh adaptation and offer meaningful error estimates when confronted with non-smooth
problems that include multi-scale and potentially unsteady flow physics. By focusing on these difficult
applications, we hope to advance the use of adjoint-guided meshing and simulation toward practical use in
engineering settings.
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