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Traditional Experiments vs.
Validation Experiments

Goals of three types of traditional experiments:

1. Improve the fundamental understanding of the physics:

- Ex: fluid dynamic turbulence experiment; experiment for understanding
evaporation and condensation in multi-phase flows

2. Improve the mathematical models of some physical phenomena:

- Ex: experiment to determine reaction rate parameters in reacting flow;
experiment for calibrating parameters in two-equation turbulence models

3. Assess subsystem or complete system performance:

- Ex: performance of a new combustor design in a gas turbine engine;
tests of a new multi-element flap design for a wing

* Model validation experiment

— An experiment that is designed and executed to quantitatively estimate a
mathematical model’s ability to simulate a physical system or process.

* The computational model developer or code user is the customer.



Goals of Model Validation

* Tactical goals of validation:

— Quantification of the effects of mathematical modeling assumptions
and approximations by comparison of simulation results with
experimental measurements

— ldentification of the effect of physics modeling weaknesses, i.e.,
quantification of model form uncertain

— Model form uncertainty is distinct from model parameter uncertainty

e Strategic goals of validation:

— Improve the separation of model form uncertainty from all other
forms of uncertainty, particularly model parameter uncertainty

— Improve physics modeling to improve predictive capability

* What are the crucial elements of model validation?
— Experimental measurement of the important input data for the model

— Validation metrics: mathematical operators that quantify the
difference between simulation and experimental results



Trade-Off in Model Validation Experiments
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Design of Validation Experiments

* Key elements in the design of validation experiments:
— Modelers and experimentalists jointly design the experiment
— Experimentalist should measure all important model input data
— Achievement of a blind prediction is the most effective approach

— Experimentalist should estimate uncertainty on both input data
and system response quantities measured

* Five categories of input data:
— System geometry
— Initial conditions
— System physical parameters
— Boundary conditions
— System excitation

* What makes validation particularly difficult?
— Connecting modelers and experimentalist, on the same time frame
— Separation of input uncertainty and model form uncertainty



Structure of Computational Simulation
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* Examples of uncertainty in input data for validation experiments:
— Geometry; detailed measurement of the actual as-tested geometry
— Initial conditions; flow field at the beginning of engine-unstart
— Physical parameters; non-equilibrium chemistry in a high enthalpy facility

— Boundary conditions; spatial and temporal characterization of inflow
conditions in a wind tunnel

— System excitation; acoustic excitation of a turbulent boundary layer



Where Do We Stand in Model Validation?

e Common approach to validation is actually model calibration:

— Input data and parameters in the model (either scalars or
probability distributions) are calibrated to improve agreement
with experimental data

— When model validation (i.e., model accuracy assessment) is
mixed with model calibration, it underestimates model form
uncertainty by adjusting input data uncertainty

* To improve confidence in our simulations, validation should:
— Improve the separation of calibration and validation activities

— Emphasize the assessment of simulation accuracy by using
blind-predictions of experimental data

— Improve cooperation and teamwork between experimentalists
and computational analysts so as to conduct improved validation
experiments



Areas in Need of Improvement:
Experimental Activities

* Improved spatial and temporal characterization of inflow
boundary conditions for CFD simulation

* Improved spatial and temporal measurement of flow in an
empty test section of a wind tunnel, including the tunnel walls

* Improved measurement and documentation of time-dependent
quantities, especially in high-enthalpy shock tunnels

* Comparison of measurements using different experimental
techniques, e.g., PIV versus LDV

* Improved experimental uncertainty estimation by way of:
— Comparison of run-to-run and facility-to-facility variability

— Comparison of runs with the test article at different locations in
the test section

* Improved assessment of experiments regarding completeness
of information for model validation



Areas in Need of Improvement:
Computational Activities

* Use of simulation to guide the design and execution of
validation experiments, e.g., use of sensitivity analyses

* Improved code verification testing and documentation

* Improved quantification and documentation of numerical error
due to temporal and spatial discretization

* Willingness to compute the flow in the entire test section
* Construction of improved validation metrics for unsteady flows
* Improve cooperation and teaming with experimentalists

This is the responsibility of management and funding sources



Conclusions and Recommendations

* “Quality” of a validation experiment should be ranked on the
following characteristics (in priority order):

— Measurement and documentation of important input data needed for
the simulation

— Estimation of experimental uncertainty on both input and output data
— Assessment of model accuracy by way of a blind prediction
— Separation of model calibration and model validation

* Validation is focused on simulation of the flow field inside the
wind tunnel or in flight

* The burden of improving the quality of validation experiments
falls primarily on experimentalists

* Sponsors should recognize the need to fund new validation
experiments

This is the path to critically assessing our simulations



References

Aeschliman, D. P. and W. L. Oberkampf (1998). "Experimental Methodology for
Computational Fluid Dynamics Code Validation." AIAA Journal. 36(5), 733-741.

ASME (2006), “Guide for Verification and Validation in Computational Solid Mechanics,”
American Society of Mechanical Engineers, ASME V&V 10-2006.

ASME (2012), “An lllustration of the Concepts of Verification and Validation
Computational Solid Mechanics,” American Society of Mechanical Engineers, ASME
V&V 10.1-2012.

DeBonis, J. R., W. L. Oberkampf, R. T. Wolf, P. D. Orkwis, M. G. Turner, H. Babinsky and
J. A. Benek (2012). "Assessment of CFD and Experimental Data for Shock Boundary-
Layer Interactions." AIAA Journal. 50(4), p. 891-903.

Benek, J. A., E. M. Kraft and R. F. Lauer (1998). "Validation Issues for Engine - Airframe
Integration." AIAA Journal. 36(5), 759-764.

Ferson, S., W. L. Oberkampf, and L. Ginzburg (2008), “Model Validation and Predictive
Capability for the Thermal Challenge Problem,” Computer Methods in Applied
Mechanics and Engineering, Vol. 197, pp. 2408-2430.

Laflin, K. R., S. M. Klausmeyer, T. Zickuhr, J. C. Vassberg, R. A. Wahls, J. H. Morrison,
O. P. Brodersen, M. E. Rakowitz, E. N. Tinoco and J.-L. Godard (2005). "Data Summary
from the Second AIAA Computational Fluid Dynamics Drag Prediction Workshop."
Journal of Aircraft. 42(5), 1165-1178.

Morrison, J. H., B. Kleb and J. C. Vassberg (2014). "Observations on CFD Verification
and Validation from the AIAA Drag Prediction Workshops." AIAA SciTech, AIAA Paper
No. 2014-0202, American Institute of Aeronautics and Astronautics, National Harbor,
MD.



References (continued)

Oberkampf, W. L., T. G. Trucano, and C. Hirsch (2004), “Verification, Validation, and
Predictive Capability,” Applied Mechanics Reviews, Vol. 57, No. 5, pp. 345-384.

Oberkampf, W. L. and M. F. Barone (2006), "Measures of Agreement Between
Computation and Experiment: Validation Metrics," Journal of Computational Physics,
Vol. 217, No. 1, pp. 5-36.

Oberkampf, W. L. and T. G. Trucano (2008), “Verification and Validation Benchmarks,”
Nuclear Engineering and Design, Vol. 238, No. 3, 716-743.

Oberkampf, W.L. and C. J. Roy (2010), Verification and Validation in Scientific
Computing, Cambridge University Press, Cambridge, UK.

Oberkampf, W. L. and B. L. Smith (2014). "Assessment Criteria for Computational Fluid
Dynamics Validation Benchmark Experiments.” AIAA Science and Technology Forum
and Exposition, AIAA Paper 2014-0205, National Harbor, MD.

Rhode, M. N. and W. L. Oberkampf (2012). "Estimation of Uncertainties for a Supersonic
Retro-Propulsion Model Validation Experiment in a Wind Tunnel." 42nd AIAA Fluid
Dynamics Conference and Exhibit, AIAA-2012-2707, New Orleans, LA.

Roache, P. J. (2009), Fundamentals of Verification and Validation, Hermosa Publishers,
Socorro, NM.

Roy, C. J. and W. L. Oberkampf (2011). "A Comprehensive Framework for Verification,
Validation, and Uncertainty Quantification in Scientific Computing.”" Computer Methods
in Applied Mechanics and Engineering. 200(25-28), 2131-2144.





