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Computational Fluid dynamics
• Computational fluid dynamics (CFD) is “the analysis of systems 

involving fluid flow, heat transfer and associated phenomena such as 
chemical reactions by means of computer based simulation. The 
technique is very powerful and spans a wide range of industrial and non-
industrial application areas.”1

• CFD is commonly used in research and industry in conceptual studies of 
new designs, detailed product development, troubleshooting and 
redesign. It provides the means to study systems that would be 
prohibitively expensive or unreasonable to examine experimentally.

1. An Introduction to Computational Fluid Dynamics, The Finite Volume Method, H.K. Versteeg and W Malalasekera, Prentice Hall, 
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Applications of CFD
• Aerospace 
• Automotive
• Biomedical
• Building
• Civil Engineering
• Chemical Process
• Environmental
• Marine
• Power Generation
• Sport Equipment
• Turbomachinery
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CFD Basics – Governing Equations 

• φ=1 mass
• φ=u,v,w momentum
• φ= e energy
• A is the surface area
• V is the volume
• S is the source term
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• Analysis begins with a mathematical model of a physical problem.
• Conservation of matter, momentum, and energy must be satisfied.
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Designing a grid
Domain is discretized into a finite set of control volumes or cells. The domain of 

cells is called the “grid” or “mesh.”
Questions to raise in evaluation of your grid:
• What degree of grid resolution is required in each domain region?
• What type of grid geometry should be used, quad/hex grid, a tri/tet grid, a hybrid 

grid, or a non-conformal grid?
• How many cells are required for the problem?
• Is there sufficient computer memory?
• Star CCM has a grid generation 

tool that aids design.
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Designing a grid

triangle

quadrilateral

tetrahedron pyramid

prism or wedgehexahedron arbitrary polyhedron

Quad/hex meshes provide high-quality solutions with fewer cells than a tri/tet 
mesh. For complex geometries, save meshing effort by using a tri/tet mesh. 

Quad/hex mesh Tri/tet mesh
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CFD - how it works
• Appropriate initial and boundary conditions are selected. Fluid properties are 

drawn from experiments. Simplifying assumptions make the problem more 
tractable (e.g., steady-state, inviscid, incompressible, two-dimensional).

• General conservation (transport) equations for mass, momentum, energy, etc., 
are discretized into algebraic equations.

• The conservation equations are solved iteratively to render the flow field. 
• Convergence is reached when:

– Changes in solution variables 
from one iteration to the next 
are negligible.

– Residuals provide a mechanism 
to help monitor this trend.

– Overall property conservation 
is achieved.
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Visualization

Velocity magnitude (0-6 m/s) on a dinosaur

• Graphical tools:
– Grid, contour, and vector plots.
– Pathline and particle trajectory plots.
– XY plots.
– Animations.

• Numerical reporting tools:
– Surface and volume integrals and 

averages. 
– Flux balances.
– Forces and moments.
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Visualization

Velocity magnitude (0-6 m/s) on a dinosaur

Visualization can be used to answer such questions as:
– What is the overall flow pattern?
– Is there separation?
– Where do shocks, shear layers, etc. form?
– Are key flow features being resolved?
– Are physical models and boundary

conditions appropriate
• Graphical tools:

– Grid, contour, and vector plots.
– Pathline & particle trajectory plots.
– XY plots.
– Animations.

• Numerical tools:
– Surface and volume integrals
– Flux balances.
– Forces and moments.
Numerical reporting tools can be 
used to calculate quantitative results:
– Lift, drag, and torque.
– Heat transfer coefficients.
– Surface-averaged quantities.
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Improving the model
• Is grid adequate?

– Can grid be adapted to improve results?
– Does solution change significantly

with adaption, or is the solution grid independent?
– Does boundary resolution need to be improved?

• Is the computational domain large enough?
– Are boundary conditions appropriate?
– Are boundary values reasonable?

• Are physical models appropriate?
– Is flow turbulent?
– Is flow unsteady?
– Are there compressibility effects?
– Are there 3D effects?
– Are boundary conditions correct?
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Advantages of CFD

• Relatively low cost.
– Using physical experiments and tests to get essential engineering 

data for design can be expensive.
– CFD simulations are relatively inexpensive, and costs are likely to 

decrease as computers become more powerful.
• Speed.

– CFD simulations can be executed in a short period of time.
– Quick turnaround means engineering data can be introduced early in 

the design process.
• Ability to simulate real conditions.

– Many flow and heat transfer processes can not be (easily) tested, 
e.g. hypersonic flow.

– CFD provides the ability to theoretically simulate many conditions
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Advantages of CFD

• Ability to simulate ideal conditions.
– CFD allows great control over the physical process, and provides the 

ability to isolate specific phenomena for study.
– Example: a heat transfer process can be idealized with adiabatic, 

constant heat flux, or constant temperature boundaries.
• Comprehensive information.

– Experiments only permit data to be extracted at a limited number of 
locations in the system (e.g. pressure and temperature probes, heat 
flux gauges, LDV, etc.).

– CFD allows the analyst to examine a large number of locations in the 
region of interest, and yields a comprehensive set of flow parameters 
for examination.
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Limitations of CFD

• Physical models. 
– CFD solutions rely upon physical models of real world processes 

(e.g. turbulence, compressibility, chemistry, multiphase flow, etc.).
– The CFD solutions can only be as accurate as the physical models

on which they are based.
• Numerical errors.

– Solving equations on a computer invariably introduces numerical 
errors.

– Round-off error: due to finite word size available on the computer. 
Round-off errors will always exist (though they can be small in most 
cases).

– Truncation error: due to approximations in the numerical models.
Truncation errors will go to zero as the grid is refined. Mesh 
refinement is one way to deal with truncation error.
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poor better

Fully Developed Inlet 
Profile

Computational DomainComputational Domain

Uniform Inlet 
Profile

Limitations of CFD (2)

• Boundary conditions.
– As with physical models, the accuracy of the CFD solution is only as 

good as the initial/boundary conditions provided to the numerical 
model.

– Example: flow in a duct with sudden expansion. If flow is supplied to 
domain by a pipe, you should use a fully-developed profile for 
velocity rather than assume uniform conditions.
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Summary

• CFD is a method to numerically calculate heat transfer and fluid
flow.

• Currently, its main application is as an engineering method, to 
provide data that is complementary to theoretical and 
experimental data. This is mainly the domain of commercially 
available codes and in-house codes at large companies.

• CFD can also be used for purely scientific studies, e.g. into the 
fundamentals of turbulence. This is more common in academic 
institutions and government research laboratories. Codes are 
usually developed to study a certain problem.


