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1 Introduction

This document describes the state of the art of procedures for quality assessment (QA) to be applied to data collected for analysis of multidisciplinary problems in aeronautics. The procedures will be useful for data collection and storage work. The data QA rules will be extended and implemented in more detail in WP8 of the PROMUVAL project. The work on this task is carried out mainly by the industrial partners under the coordination of EADS-DE. 

2 State of the Art of Code Validation and Quality Assessment

Numerical methods play an important role in gaining information about flow features and often come close to constituting a ''numerical wind tunnel'' or tools to simulate a vehicle in free flight conditions. In order to provide an assessment of the applied numerical methods (e.g. Computational Fluid Dynamics - CFD) together with the associated theoretical models and their ability to accurately predict aerodynamic flows, a thorough validation process is needed. Thus the primary objective of any validation initiative is to assess and provide the quality of experiments, data and numerical methods in order to increase their predictive accuracy, reliability and computational efficiency. 

In this sense this chapter will give on overview of the validation and verification process. The state of the art of validation and verification will be summarized as well as industrial needs and some outstanding unresolved problems especially related to complex aerodynamic flow field situations.
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Fig. 1 Code validation strategies

In Fig. 1 a typical code validation strategy is depicted. The basic aim is to simulate the ‘REALITY’ by numerical methods named the ‘Computer Simulation’. The ‘Validation’ is the process to check whether the computed data coincides with the ‘REALITY’. Validation is often called ‘Solving the right equations (in a correct manner)’. Verification on the other hand is the procedure that should ensure that the conceptual model with the underlying equations is solved correctly by the computer program used. This often is called ‘Solving the equations right’. Verification is an important part of quality assessment in aeronautics, but not the only one. There is also the qualification which should ensure that the conceptual model is able to reflect the real world. Of course real world in this sense does not mean to have all the physics implemented, but to model all of the physical effects that are of interest for the investigation. For the qualification procedure it is very important to be fully aware about the limitations of the conceptual models and to know very well the physics that has to be modelled. This is often a nontrivial task that needs experts knowledge for an adequate data quality assessment.

There are also industrial aspects that play an important role related to validation, verification and quality assessment. For a successful application of numerical simulations the following is needed ‘generally’ in an industrial environment:

· Increase of predictive accuracy, reliability and computational efficiency.

· Accuracy often measured between codes but accuracy needed between numerical methods and experiments - change in paradigm ?

· Understanding of 3-D unsteady, laminar/turbulent/transitional attached and separated flows and their spatial and temporal numerical simulation. 

· Multi/disciplinary integration of fluid dynamics phenomena, physical materials, structures, and controls.

This means that a collection, assessment, investigation, distribution, display of data in a generalized form and comparable data standards must be assured.

Most of the experimental datasets that are available for validation processes are based on simplified test cases. The advantage of these simplified test cases is typically that they can focus on selected problems and phenomena. But, for validation and verification of complex flow field phenomena it must be assured that the combination of the different flow field phenomena is validated, also.

3 Code validation and quality assessment: projects, tools and examples
A lot of different European projects funded by the EU have been aimed at code validation and quality assessment aspects. Some of these projects are summarized in the following table. The table includes the special focus of the related projects as well as some topics of these projects.

· Mesh generation: 
adaptation to physics, refinement, movement, CHIMERA techniques and adaptation based on the flow field solution, grid convergence: EU project ECARP
· Numerical method: 
(second order or more) accurate difference schemes (including boundary condition handling), structured/unstructured, fast, generally applicable, influence of artificial / numerical viscosity: EU project IDeMAS 
· Code validation aspects:
Comparison of a set of different numerical codes and available experimental data: 
EU project AVTAC
· Flow physics modelling:
Predictive capabilities of turbulence (and transition models), 1/2-equation models (including EARSM), full RSM, robust, reliable: EU project FLOMANIA
· Post-processing and visualisation: 
web based data base for validation purposes generated; efficient tools for comparisons (like VIGIE) must be available, and must be supported, updated and improved for data base applications: EU project FLOWNET 
· Aeroelasticity: 
multidisciplinary coupling of aerodynamics and structural dynamics: EU project TAURUS
The table is just a subset of all of the projects dealing with code validation and quality assessment aspects. But it reflects the importance of these aspects in numerical simulation. Up to now all of these projects did not go into detailed and general analysis for multidisciplinary numerical simulations. Multidisciplinary simulations have been part of investigations in special areas like the coupling of aerodynamics and structural analysis in the project TAURUS for example. But up to now these investigations have been restricted to some special topics. In the project PROMUVAL a much more general investigation of industrial and scientific needs is to be discussed and roadmaps to overcome existing bottlenecks have to be derived.

Some of the results and ‘lessons learned’ from projects dealing with code validation and quality assessment will be given in the following. Parts of the information are collected from the deliverables and homepages of the different projects. References are given in the description, also. 

3.1 The ERCOFTAC Best Practice Guidelines

In the following a short description of the Best Practice Guidelines [ 1 ] will be given. The description is published on the ERCOFTAC homepage www.ercoftac.org where additional information can be found, also.

The Best Practice Guidelines (BPG) were commissioned by ERCOFTAC following an extensive consultation with European industry which revealed an urgent demand for such a document. The first edition was completed in January 2000 and constitutes generic advice on how to carry out quality CFD calculations. The BPG therefore address mesh design; construction of numerical boundary conditions where problem data is uncertain; mesh and model sensitivity checks; distinction between numerical and turbulence model inadequacy; preliminary information regarding the limitations of turbulence models etc. The aim is to encourage a common best practice by virtue of which separate analyses of the same problem, using the same model physics, should produce consistent results. Input and advice was sought from a wide cross-section of CFD specialists, eminent academics, end-users and, (particularly important) the leading commercial code vendors established in Europe. Thus, the final document can be considered to represent the consensus view of the European CFD community.

Inevitably, the Guidelines cannot cover every aspect of CFD in detail. They are intended to offer roughly those 20% of the most important general rules of advice that cover roughly 80% of the problems likely to be encountered. As such, they constitute essential information for the novice user and provide a basis for quality management and regulation of safety submissions which rely on CFD. Experience has also shown that they can often provide useful advice for the more experienced user. The technical content is limited to single-phase, compressible and incompressible, steady and unsteady, turbulent and laminar flow with and without heat transfer. Versions which are customised to other aspects of CFD (the remaining 20% of problems) are planned for the future.

The seven principle chapters of the document address numerical, convergence and round-off errors; turbulence modelling; application uncertainties; user errors; code errors; validation and sensitivity tests for CFD models and finally examples of the BPG applied in practice. In the first six of these each of the different sources of error and uncertainty are examined and discussed, including references to important books, articles and reviews. Following the discussion sections, short simple bullet-point statements of advice are listed which provide clear guidance and are easily understandable without elaborate mathematics. As an illustrative example, an extract dealing with the use of turbulent wall functions is given below:

· Check the lower limit of y+. In the commonly used applications of wall functions, the meshing should be arranged so that the values of y+ at all the wall-adjacent integration points is only slightly above the recommended lower limit given by the code developers, typically between 20 and 30 (the form usually assumed for the wall functions is not valid much below these values). This procedure offers the best chances to resolve the turbulent portion of the boundary layer. It should be noted that this criterion is impossible to satisfy close to separation or reattachment zones unless y+ is based upon y*. 

· Check the upper limit on y+. In the case of moderate Reynolds number, where the boundary layer only extends to y+ of 300 to 500, there is no chance of accurately resolving the boundary layer if the first integration point is placed at a location with the value of y+ of 100. 

· Check the resolution of the boundary layer. If boundary layer effects are important, it is recommended that the resolution of the boundary layer is checked after the computation. This can be achieved by a plot of the ratio between the turbulent to the molecular viscosity, which is high inside the boundary layer. Adequate boundary layer resolution requires at least 8-10 points in the layer. 

· Exercise care when calculating the flow using different schemes or different codes with wall functions on the same mesh. Cell centred schemes have their integration points at different locations in a mesh cell than cell vertex schemes. Thus the y+ value associated with a wall-adjacent cell differs according to which scheme is being used on the mesh. 

· Check that the correct form of the wall function is being used to take into account the wall roughness. An equivalent roughness height and a modified multiplier in the law of the wall must be used. 
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All such statements of advice are gathered together at the end of the document to provide a ‘Best Practice Checklist’. The examples chapter provides detailed expositions of eight test cases each one calculated by a code vendor (viz FLUENT, AEA Technology, Computational Dynamics, NUMECA) or code developer (viz Electricité de France, CEA, British Energy) and each of which highlights one or more specific points of advice arising in the BPG. These test cases range from natural convection in a cavity through to flow in a low speed centrifugal compressor and in an internal combustion engine valve.

The cover page of the ‘Best Practice Guidelines’ is shown in 
Fig. 2
. More information and ordering details can be found at www.ercoftac.org and at Appendix 1
Fig. 2 Cover page of the ‘Best Practice guidelines’ by ERCOFTAC


3.2 Quality control procedures defined by QNET-CFD

QNET-CFD was a Thematic Network on Quality and Trust for the industrial applications of Computational Fluid Dynamics (CFD). It was aimed at providing European industries with a knowledge base of high quality application challenges and best practice guidelines. The Network also edited a bulletin and organized workshops on Quality & Trust in CFD. Some more information and the bulletin can be found on the homepage www.qnet-cfd.net of the QNET-CFD project.
QNET-CFD was part of the European Union R&D program GROWTH, under contract number G1RT-CT-2000-05003, financed by the European Commission. Competitive and Sustainable Growth which was one of the four thematic programs of the Fifth RTD Framework Program (1998-2002). 

Within the QNET-CFD project a knowledge data base has been created. All entries into this database have undergone rigorous quality checks against standards that have been developed and refined during the course of the project by the Quality and Scientific Coordinators. To streamline the process of incorporating the information contributed by each member into the Knowledge Base, templates were created jointly by the Knowledge Base managers, and the Quality and Scientific Coordinators. The templates provided guidance on what should be included and the minimum level of detail. The objective was to ensure a common format for the presentation of the data and a common level of information. 

This procedure was applied to a set of Application Challenges which represent a set of ‘test cases’ building the basis for the Knowledge Base. All the Application Challenges, Underlying Flow Regimes and associated Best Practice Advice contributed by members were mutually peer reviewed before being accepted for inclusion into the Knowledge Base. To standardise the process of carrying out quality checks for each of the Knowledge Base deliverables, ‘Quality Checklists’ were created which were used to record the outcome of the review of each of the Knowledge Base Deliverables. The quality control process established within QNET-CFD is given in. Fig. 3.
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Fig. 3 Process adopted to structure and review the Knowledge Base content [ 2 ]
The underlying templates, checklists and guidelines for each of the Application Challenges in the Knowledge Base of the QNET-CFD project are

· an Application Challenge template, 

· a Quality Review of the Application Challenge checklist,

· the Underlying Flow Regime documentation template,

· a Quality Review of Underlying Flow Regime documentation checklist,

· a Best Practice Advice for the Application Challenges templates and

· a Quality Review of the Best Practice Advice for the Application Challenges.

Based on these templates, checklists and guidelines the Application Challenges of the QNET-CFD project have been built up under data quality assessment rules and the Knowledge Base has been filled with the reviewed data. 

The QNET-CFD Knowledge Base exploitation will be organized by ERCOFTAC www.ercoftac.org .

3.3 General Checklists
As described above checklists are one of the tools for data quality assessment. An example of a more general checklist is given in Appendix 2. It summarizes general aspects that should be taken into account during code validation processes and data quality assessment. Such checklists should be used as a basis during definition of checklists that have to be applied to dedicated test cases. 

3.4 FLOWnet: Code validation and Quality assessment
The FLOWnet initiative was intended to provide the scientific and industrial communities with a code validation tool for flow modelling and computational/experimental methods. Such scientific development constitutes a crucial and mandatory steep in the industrial validation. By means of network databases, multi-disciplinary knowledge is cross fertilized and archived. It provides share of technical complements (test case definitions, experiments, models, grids, codes, etc.) to scientists and engineers. It enhances quality trust in the pre-industrial process. 

The ultimate goal of the network was to bring together academic and industrial node partners in a dynamic open way to evaluate continuously in terms of accuracy and efficiency the quality and performance of CFD software for improving complex design in industry. 

One of the tasks in this projects was to report on the state of the art in code validation and quality assessment. In the following a summary of the major outcome of this report will be given. The report was split up into 3 parts dealing with ‘Verification and Validation’ (by F. Grasso, Univ. of Rome), Experimental Aspects’ (by D. Schwamborn, DLR, Göttingen) and ‘ Validation by Data Bases’ (by R. Höld, EADS, Munich).

Verification and Validation
In order to develop a successful Verification and Validation strategy one must have clearly in mind the distinction between the two (at least from the semantic point of view as well described in the book by [ 3 ]).The former usually stands for the process of establishing that the model equations are correctly solved, while validation  refers to the process of assessing that one solves the correct equations. Hence one Verification and Validation involve both numerical and physical aspects. The credibility of a simulation is assessed through validation so as to estimate the degree of accuracy to which the model represents the real world, it involves extensive comparisons with experiments and it is an ongoing process. Hence, as also stated in  [ 3 ]). validation should be carried out only after verification is established. It is also important to point out that verification of an individual computation to establish the numerical error (i.e. the order of accuracy) via a systematic grid convergence study.

In brief, verification (of codes) and validation (of simulations) amount to establish both numerical and modeling errors to build confidence that: 

1) the equations are solved to an estimated accuracy; and 

2) the results are obtained by solving the right model equations with some accuracy.

Validation  implies the three following steps:

· define the appropriate physics model for complex flows;

· evaluate the level of reliability of both experimental and numerical methods

· quantify the sources of uncertainties and increase the physical understanding through analysis of data results.

Validation involves comparisons with experiments, and it also requires a systematic accuracy assessment of experimental data in order to establish a validated range of applicability of a model. The experimental errors amount to

· Calibration

· Data acquisition

· Data reduction

· Test technique

· Geometry definition, etc.

To assess the modeling errors, one must usually identify

· The controlling physical phenomena

· The uncertainties in the initial and boundary conditions both from the physical and numerical point of view


· The critical conditions in the solution behavior (e.g. the transition from laminar-to-turbulence, flow separation and/or reattachment, unsteady phenomena, turbulence, real gas effects, thermal and chemical relaxation phenomena, gas/surface interaction, phase changes, etc.)

A possible road to build a validation strategy may rely on the following phases [ 3 ]

· Phase 1

· simple flow features

· availability of analytic solutions (or DNS simulations)

· assess accuracy, convergence and capability

· Phase 2

· simple / moderate flow physics

· assess physical model through comparison with benchmark experiments

· establish grid requirements

· Phase 3

· moderate / complex flow physics

· assess accuracy by comparison with high quality experiments

· establish model limitations and grid requirements

· Phase 4

· complete flow physics

· comparison with test data

It is important to stress that validation without the preliminary verification may lead to false conclusions; a typical example is to select a grid (in some cases even a coarse one) and compare the results (obtained on this grid) with experiments without a systematic grid convergence analysis.  Another point that is also worth mentioning [ 3 ] is that validation must be viewed as an activity that should be beneficial to both computational and experimental methods thus implying synergism (between computations and experiments).

Experimental Aspects
The main purpose of the FLOWNET database is to serve for the validation of computational codes for flow simulation. To receive experiments appropriate for this task is not so much a question of the State of the Art in experiments, but much more a question of the completeness, reliability and quality of the experimental data. 

It is well know, that there are quite a few excellent new experimental techniques besides the more common ones. The latter such as force balances, pressure probes or conventional LDA systems, have already been used a long time and have reached a high level of accuracy and reliability. Most of those newer methods are non-intrusive and have emerged during the last decade, as laser-based ones like e.g. Particle Image Velocimetry (PIV) or Doppler-Global. An even more very recent technique is the pressure sensitive paint (PSP). These new techniques have reached already a high level of accuracy and have been successfully validated in a variety of experiments.

Especially, Particle Image Velocimetry was and is heavily employed and/or evaluated in a number of projects, like

· EUROPIV (high lift, experimental and numerical)

· APIAN (propeller, experimental and numerical)

· EUROWAKE (wake vortex)

· WAVENC (wake vortex)

· HELIFLOW (rotor)

· EUROPIV2 (high lift configurations)

· C-Wake (wake vortex)

But although it is important to have excellent methods available employing such methods is not enough, since it does not necessarily result in excellent experimental results for CFD validation. Obtaining such results depends on many other factors which have been often described in overview articles on experiments for validation of numerical methods. Thus not only the quality and reliability of the results is indispensable and has to be checked e.g. by different approaches to the same type of data and/or by repeated measurements is, but also the set-up of the experiment and the decision which quantities are measured is important.

By the latter the provision of additional data is mend, which are perhaps not really necessary for the experiment, which are, however, needed to allow for a correct numerical simulation of the experiment, as e.g. initial or boundary conditions. If wind tunnel walls are to be considered, these must be closed in order to be to amenable to computations by providing no-slip boundary conditions. Then, of course, also quantities in the section of a computational box have to be provided by the experiment. Similarly, if the flow is subsonic, one condition, usually the pressure, has to be prescribed at the outflow boundary. With respect to the inflow conditions in a closed computational box it has to be mentioned, that this usually requires availability of velocity profiles in the tunnel wall boundary layer.

Validation by Data Bases

For validation and data quality assessment aspects checklists as given in Appendix 2 should be used. They must be adjusted to the test cases investigated and must fulfill the following requirements:

· perform code validation strategy: 
model qualification, model verification, analysis, programming, computer simulation...

· fulfill requirements for validation work: 

· mesh generation: adaptation to physics, refinement and adaptation based on the flow field solution, grid convergence....

· numerical method: second order (or more) accurate difference  schemes; must be true for the boundary condition handling, also

· flow physics modelling: investigation of predictive capabilities of turbulence and/or transition models; influence of artificial viscosity….

· postprocessing and visualization: efficient tools for comparisons (like VIGIE) must be available, and must be supported, updated and improved for data base applications.

Summary

This report is a collection of ‘state of the art’ procedures and tools for both the data quality assessment as well as the code validation and verification. The collection of information can be used as a basis for multidisciplinary modelling and simulation in aeronautics. Although most of the presented ideas are aimed at single discipline CFD simulations, the collection of the ideas is an important input which can be extended to a multidisciplinary approach. As stated in the report above there are many projects that worked out tools and processes for data quality assessment, validation and verification in the last few years. The major task for a multidisciplinary approach is now to extend all the available processes to the simulation tasks and test cases of interest in the multidisciplinary world. In this sense it is very important to bring all the experts of all of the related scientific and industrial domains together for sampling all the aspects that are important for the overall multidisciplinary simulations. This is not a trivial task and should carefully be organized. 
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Appendix 2: A Checklist example

Validation of CFD Codes – A Checklist

EADS Military Aircraft

Werner Haase and Roland Hoeld

Introduction

For interdisciplinary work, e.g. optimization of (shape) design or fluid–structure interaction it is required to

· collect

· assess

· harmonize

· investigate

· distribute

· display

data in a general form, i.e. in a comparable data standard.

Data base needed which allows for online read–write access and which provides support tools for

· displaying

· comparing

· assessing

data.

CFD validity and benefits depend on pedantic attention paid to

· _ consistency of model implementation

· _ boundary conditions

· _ geometric representation of the flow domain

· _ influence of the numerical grid

· _ error control

· _ inclusion of all flow phenomena ( link to experiment

But: Accuracy and limitations of experimental data have to be known as well.

Requirements for Mesh Generation

Type of mesh

· structured

· unstructured

No. of mesh points / volumes / surface elements / ...

Adaptation applied?

· In which way?

· How often?

Grid refinement applied?

Mesh(es) adapted to the geometry of the flow domain?

Mesh(es) adapted to the physics?

How large is the step–size ratio, i.e. the stretching factor?

· near to solid surface

· far field

Maximum value for aspect ratio near surface(s)?

First step size adjacent to wall?

· Constant

· variable according to suggested boundary layer

First step size for turbulent boundary layers: y+=?

· constant

· variable according to suggested boundary layer

Grid dependence:

Estimates for grid convergence require a minimum of three grids to obtain visible difference

An estimate for grid convergence uncertainties is based on the grid convergence metric
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( represents integral or point variable, subscripts 1 and 2 denote finer and coarser grid
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With  grid convergence can be derived as

coupling grid and method accuracies. r being the grid refinement ratio and p the order of accuracy

of the numerical method. Grid doubling and a second–order method yield

GCI=
Decreasing (increasing) GCI values indicate grid convergence (divergence).

Requirements for Computational Approach:

Numerical Method

Which method used?

· central

· upwind

· cell–centred

· cell–vertex methods

Concise description of method available?

CFL number applied?

· steady solution

· unsteady solution

· no. of steps for dual time stepping

Time–step refinement applied?

(Common understanding of convergence: Smaller and smaller changes in the dependent variables should be observed during successive grid and time–step refinement)

Computational procedure with second–order accurate difference scheme?

Neumann–type boundary conditions discretized in the same order of accuracy as all the interior points?

(This strict mathematical requirement holds for most of the available numerical codes – if constant spatial step sizes are assumed)

Second–order accuracy: Discretization error decreases by a factor of four when grid size is halved – checked?

Flow Physics Modelling

Correctly specified flow parameters?

Which turbulence model in use?

· algebraic

· 1/2 equation

· 1 equation

· 2 equations

· linear

· nonlinear

· RSM models

· algebraic (2 equation)

· differential

· other

Model is low-Re model?

Model dependent on wall distance?

Model applied in its original form?

· or modified – in which way?

Special implementation “tricks” applied?

· at boundaries

· min/max values of which properties

Special parametrization used?

Which transition model in use?

· in original form

· 15

· Transition free?

· Transition fixed?

· at what (geometrical) position

(Whether any particular model is likely to perform well in complex situations can only be answered through a broad–ranging validation program)

Requirements for Postprocessing

Data are displayed in cell–vertex form?

· according to cell–vertex method

· have been interpolated to cell–vertices according to cell–volume approach

Data are displayed in cell–volume form? ….
� EMBED Equation.3  ���





� EMBED Equation.3  ���
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