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Motivation: Uncertainty Quantification for CFD
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• Inaccurate physics models

• Uncertain parameters

• Initial/Boundary conditions

• Chaotic dynamics

Uncertainty Quantification (UQ) for computational mechanics is challenging

epistemic (reducible)

aleatory (irreducible)



Motivation: Uncertainty Quantification for CFD
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• Inaccurate physics models

• Uncertain parameters

• Initial/Boundary conditions

• Chaotic dynamics

Our focus: propagate parameter uncertainty (forward UQ)

epistemic (reducible)

aleatory (irreducible)



Approach: Solve Evolution Equation for Joint-PDF 
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The underlying PDE, with uncertain parameters, implies an exact equation for joint PDF 1,2,3
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Solving PDF Equation: Challenges & Proposed Solution 
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Solution Methodology & Closure
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solved for each Lagrangian sample



Solution Methodology & Closure

8

solved for each Lagrangian sample



Target Problem: Apollo Re-entry at Mach 30
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Target Problem: Apollo Re-entry at Mach 30
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Results: Accuracy of Streamlines Enthalpy
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Results: Accuracy of Streamlines Kinetic Energy
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Case-1 Case-2



Results: Accuracy of Streamlines Species Mass Fractions
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Case-1 Case-2
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Conclusions & Future Work

• We propose a PDF equation approach for propagating parameter uncertainty.

• Equation is exact, but challenging to solve due to high-dimensionality.

• We adopt a hybrid Eulerian-Lagrangian approach, motivated by turbulence modelling.

• We apply the method to a hypersonic re-entry problem:  Apollo capsule at Mach 30.

• We propagate uncertainty of chemistry parameters.

• Closure approach for approximate streamline integration gives good accuracy for both primitive 
(species mass fractions), and derived variables (enthalpy, kinetic energy).

• An ensemble of approximate streamlines, sampling the range of parameter uncertainty, provide 
the PDFs anywhere in the computational domain.

• Future work will extend to multiple parameters (collocation in higher dimensions), ensuring 
stability for approximate solutions, unsteady problems.
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