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Understanding Sources of Error 

Introduction 
A lot of people associate the word “error” with “mistake.”  While it’s true many errors are due to 
mistakes, there can be more subtle sources of error, especially in CFD.  A small selection of the user-
controllable sources of error and some examples of their impact on a simulation setup are discussed 
below. 

Equations  
At its core, a CFD program solves a set of equations subject to the specified initial and boundary 
conditions.  Every equation that is solved describes the typical behavior of a physical phenomenon 
within some range of validity.   The accuracy of an equation and the associated range of validity are 
limited by many factors, including: 

• The accuracy and precision of the experimental measurements that were used to develop the 
equation 

• The assumptions used to develop the equation 
• The understanding of the phenomena described by the equation 
• The accuracy of the empirical constants used in the equation 

For example, the traditional form of the Navier-Stokes equation is valid for a continuous, isotropic media 
when shear stresses are linearly related to gradients of the velocity field.  It typically has three empirical 
coefficients (density, viscosity, and gravity) that are assumed to be constants, further constraining its 
range of validity.   Even in this simplified case some of the constants for some fluids are only known 
within 10 percent of their actual value [1]. 

Another situation, shown below, is illustrated by a plot of what different researchers reported for the 
measured shear stress required for sediment motion as a function of the sediment size.  In this case the 
reported critical shear stress for a given sediment size varies by roughly an order of magnitude 
depending on the researcher.  Such a large spread in the experimental data suggests that an equation 
derived from it only describes the phenomena within an equivalent range, i.e., within an order of 
magnitude, and that the solution to the equation will also have this same level of accuracy. 
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Figure 1:  The critical shear stress for sediment motion according to different researchers as a function of grain diameter [2] 

In general, equations describing quantities that are resolved by the mesh (e.g., heat transfer, surface 
tension, etc.) are more accurate and have a wider range of validity than those compensating for the 
finite resolution of the solution (e.g., turbulence models, air entrainment, etc.) since the latter have to 
rely on empiricism or assumptions to compute a solution.  In either case, it is important to accept that 
the solution will only be as accurate as the equations and to account for this error when interpreting the 
results. 

Initial and boundary conditions 
The major partial differential equations that are solved by FLOW-3D describe how a quantity (e.g., 
momentum) varies in time and space. However, because the equations only describe changes in the 
quantity, we must provide some reference values from which the changes are applied in order to 
compute a unique solution. Mathematically, these reference values need to be the true solution at time 
𝑡 = 0 for the entire domain (the initial condition) and on the faces of the domain for all times (the 
boundary conditions). In practice, the true solution is not known beforehand so the solution is assumed 
at the initial time (setting the initial condition) and on the domain boundaries (setting the boundary 
conditions) and these assumed conditions are used to compute the “true” solution. This means that any 
difference between the assumed solution and the real solution will result in some error in the 
computation. 

Stokes flow (𝑅𝑒 ≪ 1) around a sphere is a convenient example with which to illustrate this point since 
the computed velocities can be compared to an analytical solution for the velocity field. An image of the 
experimental setup is shown in Figure 2. 
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Figure 2: An illustration of the experimental setup for Stokes flow around a sphere; adapted from [3]. Note that the image is 
actually for Stokes flow around a cylinder due to the difficulty of clearly imaging the flow around a sphere. 

In the simulation the velocity on the x-direction boundaries is assumed to be uniform and a uniform 
pressure is applied on the y- and z-direction boundaries. The simulation was run for three different 
setups where the y- and z-direction boundaries were located at different distances from the centerline 
(2x the sphere radius, 10x the sphere radius, and 100x the sphere radius). Figure 3 shows the predicted 
steady-state velocity at 𝑥 = 0 as a function of 𝑦 and compares it to the analytical velocity at the same 
location. 

 

Figure 3: The predicted velocity at 𝒙 = 𝟎 plotted as a function of 𝒚, i.e., 𝒖(𝒙 = 𝟎,𝒚), for different boundary locations in the 
y- and z-directions. 
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The difference between the predicted velocity and the analytical velocity in Figure 3 shows that the 
pressure profile assumed at the y- and z-direction boundaries is not a good approximation of the true 
solution when the boundary is less than 100 radii from the centerline. 

This example only shows the influence of the boundary conditions but a similar effect is frequently seen 
with initial conditions where the flow takes some amount of time to develop from the specified initial 
conditions into a physical solution. The error associated with initial conditions can usually be addressed 
by starting the simulation at a time where the true solution is known and easily approximated with the 
available options. Similarly, the error associated with boundary conditions can be reduced by adjusting 
the domain to place the boundary conditions in locations where the true solution well-approximated 
with an available boundary type or to where one of the more accurate, automatic boundary conditions 
(e.g., the no-slip condition) is applied instead. 

Computer representation of numbers 
Digital computers represent numbers with a finite set of binary values (zeros or ones) and how many 
binary values are used to represent a number determines the precision of the representation. A single-
precision representation of a number uses 32 binary values to represent a number and is accurate to 
approximately seven significant figures, while a double-precision representation uses 64 binary values 
and is accurate to approximately 15 significant figures. To illustrate this, consider the representation of 
𝜋 with the digits in error highlighted in red:  

True value: 3.141592653589793238462643383279502884197169399375 … 
Single precision: 3.1415927410125732421875 

Double precision: 3.141592653589793115997963468544185161590576171875 

The double precision representation is clearly more accurate than the single precision representation, 
but it is still not an exact representation of 𝜋. Furthermore, the error introduced by the limited precision 
of the computer will affect the result of successive operations (addition, multiplication, etc.) making the 
order of calculations important, i.e., the commutative property of addition and multiplication is no 
longer valid. This is particularly important when performing calculations in parallel since the order of 
operations changes depending on the number of computational threads in order to distribute the 
computational effort across all threads. 

It may seem a little odd to describe this as a user-controllable source of error, but the importance of 
round-off error on the solution is strongly influenced by the simulation setup. For example, the error can 
have a noticeable impact when operating on very similar numbers with many significant digits as would 
happen when specifying the mesh in UTM coordinates (a coordinate system that identifies locations on 
the surface of the earth) and using a single-precision solver. In this case 6-7 significant digits are used 
just to identify the location of each grid line within one meter, so computing the difference between grid 
lines is subject to a large amount of round-off error. 
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Overall, there are two main options to minimize round-off errors: (1) use coordinate systems and unit 
systems that require as few significant figures as possible to represent input parameters and (2) use the 
double-precision solver whenever possible. 

Output errors 
Temporal aliasing - where a high-frequency signal is erroneously perceived as a low frequency signal - is 
one of the most common output errors in transient simulations of oscillatory phenomena (e.g., surface 
wave propagation, water hammer, etc.). It occurs when the data output rate is too low to resolve the 
highest-frequency oscillations predicted by the simulation. For example, the plot below shows the 
pressure computed at a point (blue), the output data (black), and the perceived pressure based on the 
output data (red) for three different output rates. 

 

The perceived pressure in the upper plot is severely aliased, showing errors in both the frequency and 
the amplitude of the oscillation. As expected, the perceived pressure as the output rate is increased 
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above twice the true frequency (middle plot) until the data is oversampled and gives a good 
representation of the wave in both frequency and amplitude (bottom plot). 

The same behavior is present when looking at the data in 2D and 3D plots, though it can be less clear 
because the wave motion can be aliased in some directions and not others. Fortunately, it is possible to 
estimate the expected maximum frequency in many cases where wave-like behavior is expected and use 
this to determine an appropriate output data rate.  

Conclusion 
There are many other sources of error in CFD analyses but a comprehensive description of the topic 
would be monumental, covering a myriad of topics in dozens of fields. Instead, take this article as an 
introduction – the tip of the iceberg, so to speak. You’re welcome to dive deeper and explore it in more 
detail, or you can stay on the surface and let it be – just don’t forget that it’s there... 
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