
Verification and Validation 
 

Patrick Roache gives the following terse definitions: 

Verification demonstrates that you are solving the equations right.   

Validation demonstrates that you are solving the right equations. 

 

If you remember nothing else from this lecture, remember these definitions, and 
the names Patrick Roache and William Oberkampf.  These two individuals have 
probably written more useful material on the subject than anyone.



Other Definitions of Verification and Validation 
AIAA 

The AIAA ”Guide for the Verification and Validation of Computational  Fluid Dynamics Simulations” 
makes the following definitions: 

Verification: 

“The process of determining that a model implementation accurately represents the developer’s 
conceptual description of the model and the solution to the model.” 

Validation: 

“The process of determining the degree to which a model is an accurate representation of the 
real world from the perspective of the intended uses of the model.” 

ERCOFTAC 

The European Research Community on Flow, Turbulence and Combustion, Special Interest Group 
on “Quality and Trust in Industrial CFD” defines: 

Verification: 

“Procedure to ensure that the program solves the equations correctly.” 

Validation: 

“Procedure to test the extent to which the model accurately represents reality.”  



 

Sources of Error 
 
 
1. Selection of mesh spacing or time steps that are too large; 
 
2. Selection of a convergence criteria for iterative equation solution; 
 
3. Programming errors in the computer code; 
 
4. Errors in the specification of input for the simulation of the experiment; 

 
5. Errors in understanding of code output. 
 
 



Calibration 

 
There is actually a significant discrepancy in definitions of this term within the CFD 
community.  I follow the AIAA (and common sense) definition: 
 

“The process of adjusting numerical or physical modeling parameters in the 
computational model for the purpose of improving agreement with experimental data.” 
 
 

ERCOFTAC uses a definition for “calibration” that captures an aspect of Validation: 
 

“Procedure to assess the ability of a CFD code to predict global quantities of interest 
for specific geometries of engineering design interest.” 

 
They specifically reject use of the AIAA definition. 



Mahaffy’s First Law of Human Nature 
 
 
Nobody’s perfect, and most people drastically underestimate their distance from that state. 



 
Mahaffy’s Fourth Law of Human Nature 

 
 

We see what we want to see 
 

 
Science as the antidote: 
 
Science is the collection of procedures and knowledge developed over millennia 
permitting us to see what is really there. 
 
 



 
Errors 

 
 
Within the context of V&V errors are considered to be sources of inaccuracy that 
can in principle be corrected or limited to any desired level 
 
Inaccuracies due to lack of knowledge of underlying processes are Uncertainties 
which need to be bounded with formal uncertainty analysis. 



 
Errors from Discretization of Space and Time 

 
Errors associated with your choice of time step and spatial mesh can be quantified with an 
approach based on Richardson extrapolation, but the process takes a extra planning and 
work.  The method is based on making a series of runs using different mesh or time step 
sizes.  Let “h” represent one of these sizes, and think about a sequence of three runs with 
values of h1, h2, and h3 (ordered from smallest to largest).  Normally this sequence is 
generated with a constant refinement ratio: 
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Note that with my convention for h subscripts, the refinement ratio is always greater than 
one. 
 
Let f1, f2, and f3  be the computed results at the same point in space and time for the three 
corresponding values of h.  Taking a clue from truncation error analysis, we look for an 
expression for f as a function of h in the form:  
 
f h f ahexact

p( ) = +  



Richardson Extrapolation (continued) 
 
For the three specific calculations: 
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Subtracting the Equations in pairs gives: 
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Taking the ratio of these two expressions gives: 
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Hence, the order of accuracy is:             p
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Richardson Extrapolation (continued) 
 
Having calculated p, or simply taken it from a truncation error analysis, we can get an 
estimate of the “exact” solution and hence the error associated with the choice of 
discretization. 
 
Since: 
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Therefore: 
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Grid Convergence Index 

 
 
Patrick Roach has suggested the following conservative error bound: 
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Where FS is a factor of safety chosen to be 3 if the mesh is not known to be converged, 
and 1.25 if a three mesh study confirms convergence of the mesh.



 
Quality Assurance 

 
 
• The first thing to do is avoid formal Quality Assurance Programs adhering 

rigorously to various international standards 
 
• Three critical components 

o Documentation 
o Testing 
o Review 



QA Documentation 
 
• Documentation of a new simulation capability usually begins with a simple statement 

of requirements for what must be modeled, what approximations are and are not 
acceptable, and the form of implementation.   

 

• A complete written description of the underlying mathematical model provides a basis 
for Verification activities.   

 

• A clear description of any experimental basis for the model aids Validation.   
 

• A clear description of any uncertainties in the model can be valuable in later studies 
of sensitivity of results to model uncertainties.  

 

• A test plan containing a careful explanation of a set of test problems.   
o For code verification these tests clearly exercise all new and revised 

programming.  The tests should cleanly isolate individual features of the new 
capability, and demonstrate that the software correctly implements the underlying 
model. 

o For solution verification test tests check mesh, time step and iteration 
convergence.  In addition for the solution of a particular problem validation tests 
would be included here.  

 

• Documentation must also exist at a more automated level via a source code 
configuration management procedure.  This starts with a systematic record of all 
changes, dates of change and individuals responsible for the changes.  



Configuration Control 
 
Use a file storage procedure or automated tool permitting you to keep track of changes 
that you make, and recover past states of your work. 
 
Automated Configuration Control systems have been available since at least the 1960’s.  
Current configuration control software includes: 
 
• CVS ( http://www.gnu.org/software/cvs/ ) 
• Subversion (http://subversion.tigris.org/) 

 
Both packages are Open Source and free.  Both provide mechanized ways to track who 
changed what when, to recover past versions, and to remove bad updates without 
removing subsequent changes.  They also support parallel development of different 
versions of a program (or input model, or documentation), and later merger of these 
versions. 
 
Review of updates before creation of an official new code version is another step in 
verification and also potentially validation.  As a minimum, software changes should be 
accompanied by test problems that illustrate new features introduced into the program, 
and key changes in results.  These test problems should be imbedded in a regression 
test suite that is executed with every new code version to prevent degradation or loss of 
capabilities. 



Basic Programming Practices 
 

  
• First understand the information that you need to input, what you need to output, 

and any temporary storage that you need to accomplish your calculations.   
 
• Design a set of data structures that will contain all of this information in your 

program.  If speed is important for your application, you should design and test two 
or three variants of the more complicated data structures  

 
• Follow some basic guidelines for readable programs, so that it is easier to spot 

errors.  
 

• To the maximum extent possible, divide the elements of your calculation into 
subprograms (functions or subroutines) that can be individually tested. (Modular 
Programming)  

 
• Your main program and frequently the next layer of subprograms should be nothing 

more than outlines calling other subprograms to do the actual calculations. 



Evolutionary Programming 
 

Whenever possible start with existing software that solves a simplified version 
of your problem and expand the capabilities (there is an analogy here for input 
models). 
 
Add new features in a way that separates three classes of changes: 
 

1. Code modifications that preserve results to the last bit (e.g. data structure 
changes, restructuring that does not alter the order of computational 
operations); 

 
2. Code modifications that only produce changes due to different machine 

round-off (e.g. substitution of one direct matrix solution package with 
another, other code restructuring that change the order of arithmetic 
operations); and 

 
3. Code modifications that produce significant changes in results (e.g. new 

turbulence model, switch to higher order difference equations). 



Validation 
 

Validation of a simulation must be performed at several levels of detail. 
 
• Separate effects experiments must be modeled to capture the quality of 

local modeling capabilities (e.g. nucleate boiling, choked flow). 
• Tests on individual components of a system should also be used in the 

validation process (e.g. pump, rod bundle).   
• Full system capabilities should be checked against scaled test facilities 

(e.g. LOFT, APEX, PANDA, ROSA), and whenever possible data from the 
full scale system.   

 
As you start to build a list of all processes, components, and states of the full 
system that may need testing, you will realize that neither the budget nor the 
time exists to fully validate every modeling capability that might influence the 
results of your simulation.  This is the point at which you gather a group of 
experts and construct a Phenomena Identification and Ranking Table (PIRT).  
In this process you take the long list and rank phenomena by importance (high, 
medium, or low) to the particular scenario being simulated and validated. 



 
PIRT Panel of Experts 

 
 
At least one panel member should have expertise in each of the following: 
 
• Experimental programs and facilities; 
 
• Simulation code development (numerical implementation of physical 

models); 
 
• Application of relevant simulation codes to this and similar scenarios; 
 
• Configuration and operation of the system under study. 



PIRT Report 
 
• A detailed description of the system, scenario, and objectives; 

 
• Discussion of the parameters of interest and range of their values that meet 

the objectives; 
 
• A clear definition of the phenomena and processes considered by the panel; 

 
• State of the existing knowledge base that could impact final results, including 

adequacy of the 
o Experimental data base, 
o Simulation code’s physical models, and  
o Code verification and validation; 

 
• Discussion of the ranking scale used and formal methodology selected for 

assigning ranks; 
 
• Technical justification for each rank assigned in the table. 

 
 



 
Validation Experiments 

 
Oberkampf et. al. make the following suggestions: 
 

1. A validation experiment should be jointly designed by experimentalists, model 
developers, code developers, and code users working closely together throughout the 
program, from inception to documentation, with complete candor about the strengths 
and weaknesses of each approach. 

2. A validation experiment should be designed to capture the essential physics of 
interest, including all relevant physical modeling data and initial and boundary 
conditions required by the code. 

3. A validation experiment should strive to emphasize the inherent synergism     
between computational and experimental approaches. 

4. Although the experimental design should be developed cooperatively,     
independence must be maintained in obtaining both the computational and 
experimental results. 

5. A hierarchy of experimental measurements of increasing computational difficulty and 
specificity should be made, for example, from globally integrated quantities to local 
measurements. 

6. The experimental design should be constructed to analyze and estimate the     
components of random (precision) and bias (systematic) experimental errors. 



Validation Experiments (continued) 
 
 
Experimentalists generally have bad records of predicting experimental error on isolated 
experiments.  One source of difficulty is unknown or unquantifiable error.  Errors 
associated with the sensor calibration procedure are often very difficult to quantify. 
 
Experience has shown that the best way to quantify experimental error is to run 
redundant experiments and to apply statistical techniques to estimate error (both 
random and bias).  This procedure has been relatively rare in the past, but is becoming 
more common. 
 
An analogous procedure exists in the world of numerical experiments involving multiple 
calculations containing random variations of uncertain parameters.  This is often 
referred to as uncertainty analysis. 



Experimental Error 
 

 
If the error bands above represent random error associated with experimental 
measurements, my match may be pretty good. 
 
If the error bands represent a systematic offset, such as uncertainty in initial 
calibration of a thermocouple, my calculation has missed a trend in the data.



Validation Metrics 

 


