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Many real problems may include additional equations governing heat-transfer, chemical
species, turbulence models, etc.

Analytic solutions are known only for a few very simple laminar ow cases.
An alternative is to solve the governing differential equations numerically, on a computer.

Computational Fluid Dynamics (CFD) is this process of obtaining numerical approximations
to the solution of the governing uid ow equations.

Note the use of the word “approximations” above: this implies that all CFD solutions will
have some error associated with them. (ie. they may not be the exact ow one would obtain
in the physical world).

It should be noted, therefore , that CFD does not remove the need for experiments:
numerical codes and models need to be validated to ensure they produce reliable and
accurate results.

With the growth of available computing power it has become possible to apply CFD even to
very complex ow elds, giving detailed information about t he velocity eld, pressure,
temperature, etc.

The key to successful use of CFD is an understanding of where the above errors come from;
what their implications are, and how to ensure they are small enough to be acceptable in a
particular application.

Introduction: What is CFD?
CFD: Computational Fluid Dynamics
Many modern engineering systems require a detailed knowledge of uid ow behaviour.

Experiments provide useful data, but are often costly and time-consuming. It can also be
dif cult to measure the details required:

» Measurement probes may disturb the ow excessively, and/or optical access may not be
convenient.

» Obtaining the correct parameter scaling may be dif cult.

» Reproducing some ow conditions safely (eg. explosions) may be dif cult.

Empirical correlations can be useful for simple problems — or rst estimates — but are usually
not available or applicable for complex problems.

The equations governing uid ows are a set of coupled, non-l inear partial differential
equations:
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The main aims of this course are thus to:

» Give an understanding of the processes involved in approximating differential equations
by a set of algebraic (discretized) equations.

» Allow an appreciation of the accuracy and stability issues associated with different
approximations.

» Provide an understanding of how the resulting set of equations are solved, and how
coupled sets of equations are handled.

A number of commercial CFD codes are available (Fluent, Star-CD, CFX,...). These may
appear as “easy -to-use”, but to do so reliably requires a good understanding of the above
issues and of the numerical methods employed by the programs. Only with this can one
select appropriate options for particular problems.

For example, the “default’ numerical approximations in such codes are often rather diffusive
(a term that will be explained later). This makes the solution more stable, so an
inexperienced user is more likely to get a converged result, but the errors in it can be very
large so the result may not correspond closely to the true ow.

Informed use of CFD codes also requires a good understanding of basic uid mechanics —
so that one can choose appropriate physical models for a particular problem and recognise
whether “solutions” coming from simulations make sense or not.




Most CFD approaches involve the generation
of a grid, or mesh, covering the ow domain.
The aim is then to obtain values for the
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» Solving the system of algebraic equations.

This unit is mainly concerned with the second two of the above error sources, although
some comments will also be made regarding the rst.
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Flow Over 2-D Hills — 1 | Flow Over 3-D Hill - 1
LES (Teramenman & Leschziner)
e Somm 2 e Experiments by Simpson et al (2002)
Well-resolved LES by Temmerman P y '
& Leschziner (2001) Complex separation and vortex pattern
downstream of hill.
Re UpH= =10590
Re = UH= = 130000
Upstream boundary layer thickness
Separation from curved surface, followed by reattachment. approx. H=2

Periodic boundaries make the ow a sensitive test of the mode Is.
Has featured in ERCOFTAC/IAHR workshops.

Jang et al (2002) tested a large number of models, including linear and non-linear EVM's
and some stress-transport schemes.

Few models return the correct separation and reattachment points.




Flow Over 3-D Hill - 2

Flow Around The Ahmed Body — 2

Flow vectors and streamlines on the symmetry plane

zh
=
o

Slant angle= 25" |

k-o model
(wWilco, 1994)

#® A number of models tested by Wang et al (2004).
® None of the models appears to reproduce the complex separation pattern. #® Most models tested return fully separated ow over the rear s loping surface.
® There are questions over the experimental accuracy in this respect. ® Some ow visualizations suggest a highly intermittent app ing motion over the rear surface
— something very challenging for a steady-state modelling strategy to account for.

# However, an examination of downstream pro les also reveals a number of model

weaknesses.
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Flow Around The Ahmed Body — 1 Wing-Tip Vortex Development — 1
® Near- eld development of the wing-tip vortex off a NACA 0012 aerofoil at 10° incidence.
® Experiments by Chow et al (1994) show an accelerated core region.
* Ezpzumigti:g Lienhart et al (2000) on #® Linear and non-linear EVM's, and stress transport schemes have been tested (all with
Y- wall-functions over the wing surface).
#® A rear slope angle of 25°. #® Adequate resolution of the downstream vortex requires grids of 5-6M cells (even with
wall-functions on all walls).

#® Strong vortices roll up off the corners of

the upper roof.
#® At this angle the ow remains attached

over the rear slope.
#® Has also been studied in ERCOFTAC/IAHR workshops and a variety of projects.
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Wing-Tip Vortex Development — 2

Streamwise Velocity Contours
Pressure Contours

The RSM gives the larger accelerated core region.

Transonic Afterbody Flows

Measurements reported by Berrier (1988).

Freestream M = 0:944 with nozzle Srface Pressure coef cients

! q=0" q=45' q=180
pressure ratio 1.98. 06 \] " "
Computed with 1.4M nodes. 04 oo
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TCL scheme shows good agreement with
the limited available data.
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Wing-Tip Vortex Development — 3 Flow in Ribbed U-Bend
Streamwise Velocity at x=c = 0 :678 Computed with k-" and basic RSM.
EXpll Meas. Linear k-g
o1 o0 o1 o0 o0 o Mean Velocity on Centre-Plane
o125 ows o1z Vortex Centre Development
oo yicome] EXPT
* TCL
e St o DSM k-€
A A S A =
) ) ) General ow characteristics captured by both models.
Fine downstream grid required to resolve vortex development. o ) ) .
RSM shows better prediction of separation zone immediately after bend, and subsequent
Advanced stress transport scheme (TCL) does capture the ow development. recovery
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3-D Duct with Staggered Ribs — 1
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i
T L,J !
P/e =10, ¢/D=0.1 | !
Re =100,000 ! |
_>} 1 Ly
_ i | Mean velocities and Reynolds stresses
w | ! measured on centreline across 4 traverse
I ! M lines.
| 3
Traverse Lines

4
n

Local heat transfer measurements taken
on ribbed wall.

Measurements show full ow periodicity
after a few ribs.

Computed as a fully periodic ow with k-"
and basic RSM.

Non-orthogonal grid of 76 64 30 cells.

Impingement Cooling on a Concave Surface

The case is relevant to turbine
blade leading edge cooling.

Heat Transfer on Curved Surface

Stationary case Rotating case
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3-D Duct with Staggered Ribs — 2 Unsteady Flows
) X . Separated Flow with Periodic Forcing
Shear Stress Pro les Local and Side-Averaged Nusselt Numbers Flow Through a Tight Pipe Bend

. 7 _ 5 Flow over a backward-facing step, with

aw, Re=17 10 periodic injection/suction at the step

w,2 Shear Stress ) ) corner
0.0 High Re number and rough pipe wall ’

: !ead to large-scale unsteady structures The forcing acts to reduce the average
Symmetry-Line Side-Averaged in the ow. reattachment Iength.
Traverse 2
I
7
Y/D
0.0%
TraVeI'SC 2 1 Symmetry-Line Side-Averaged
-0.2
Mean velocities are reasonably well predicted by both models.
Turbulence is better captured by the RSM. In practical situations these cause
e - . problems through ow-structure
Heat transfer characteristics are similar to those in 2-D cases. interactions
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The CFD Process

Grid Generation

Different grid arrangements might be used: structured, unstructured,...

Depending on the numerical scheme, values of variables may be stored at cell centres,
cell vertices, or a combination.

Solution of Discretized Equations

The discretized equations can be written in the form

1>

x=Db

The values in A and b depend on the discretization method adopted.

x is the vector of unknowns (the nodal variable values).

Different methods can be employed to solve this set of equations (usually in an iterative
fashion). The choice of method depends on the particular type of problem, form of the
matrix A, etc.

Post-processing

Examining the computed solution through vector plots, contour plots, etc.
Extracting and plotting pro les of variables.

Computing forces, moments, and other data from the ow solut ion.

p. 23
Discretization Important Concepts in CFD
Approximating the differential equations by a set of algebraic ones linking the variable Accuracy
nodal values.
) This can be thought of as three issues:
For example, a central difference scheme
might use: Modelling accuracy. How well do the differential equations being solved represent the
S oUs oY physical system.
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This process involves approximating derivatives, and often entails interpolating variable
values. The methods employed for these approximations can affect both the accuracy
and stability of the numerical scheme.

The result is a (large) set of algebraic equations. For the U-velocity values this might look

something like:
o . i vo. Y0 1 0 1
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oo Un bn
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For single phase laminar ow this is not usually an issue, but often is once models are
introduced for turbulence, or other complex physics.

Discretization accuracy: How well would the exact solution of the discretized equations
represent the true solution of the original differential equations.

Solver Accuracy: How close does the matrix solver get to the true solution of the
discretized system.

The second point above is the accuracy question that will be addressed in most detail in this
course. We will see that different approximation schemes and grid arrangements can have a
signi cant effect on the accuracy of the solution.

We will also look brie y at some aspects of the other accuracy issues noted above.

-p. 24




Stability

Many CFD schemes employ an iterative solution procedure to solve the resulting system
of discretized algebraic equations. Stability in this context refers to the convergence (or
otherwise) of this process.

In time-dependent problems stability refers to whether the method produces a bounded
solution (assuming the exact solution should remain bounded).

A stable scheme thus ensures that small errors (which inevitably appear in a numerical
solution) do not get magni ed.

The stability of a scheme can be analysed analytically for very simple equations, but
there are few such results for complex non-linear coupled systems.

In practice, stability often places a restriction on the time step that can be used, or the
level of under-relaxation applied.

Boundedness
Ensures that the numerical solution lies within physical bounds.

For example, in a heat conduction problem the minimum and maximum temperatures
should occur on the domain boundaries. A bounded scheme would not produce spurious
maxima/minima within the domain.

Higher order discretization schemes (which one might want to use for accuracy) can
often produce unbounded solutions in the form of undershoots and overshoots, which
can sometimes lead to stability and convergence problems.

Stability vs. Accuracy

In general, there is often a trade-off between accuracy and stability.

A numerical scheme that is very diffusive, for example, can be very stable simply
because it is effectively adding too much “viscosity” to the problem. However, by doing so
it may be smoothing out gradients that should appear in the solution, and will not,
therefore, be very accurate.

Understanding these effects, and how to get the right balance between the two, is a
crucial aspect of CFD.

Consistency

If the discretization scheme is consistent, then it should formally become exact as the
grid spacing/time step tends to zero. Truncation errors (associated with the discretization
approximation — see later lectures) are generally proportional to ( x)" or ( t)" for some
n (which depends on the discretization scheme); a consistent scheme will have n > 0.

Conservation

The equations being solved arise from physical conservation laws, and a conservative
numerical scheme will retain this property on both a local (cell) and global (domain) level.

For example, in a steady state problem there should be a balance between mass in ow
and out ow over each cell, and over the entire domain.

-p.26

Sources of Errors in CFD

As indicated earlier, errors in CFD solutions arise principally from three sources:

Modelling Errors
These arise from assumptions made in deriving the differential transport equations.

For single-phase laminar ows these are usually negligible , but turbulent, two-phase,
reacting ows, etc. often require modelling approximation s to be made.

These errors can be assessed by validating numerically accurate solutions with reliable
data (experimental measurements or DNS)
Discretization Errors

These are errors associated with approximating the differential equations by a set of
algebraic ones relating variable values at the grid nodes.

With a consistent scheme these errors decrease as the grid is re ned - and the order of
the approximation scheme tells one how rapid the decrease is.

A grid re nement study, or tests with different discretizat ion schemes, can generally be
used to assess the importance of these errors.

-p.28




Iteration Errors

It is not usually feasible to solve the set of discretized equations directly, so an iterative
procedure is normally employed. Iteration errors refer to how far the current estimate is
from the exact solution of the set of discretized, algebraic, equations.

Provided the solution process is converging, iteration errors can be reduced by

performing more iterations of the solver. However, these result in a greater computational

cost.

Monitoring of residuals and variable values can usually allow one to judge when these
errors become negligible.

It is important to be able to distinguish these different types of errors, and to know how to
control them, in order to understand the accuracy of a CFD solution.

For example, as one re nes the grid, the numerical accuracy s hould be expected to improve.

But it is possible that if an inaccurate turbulence model is used the solution may get worse
compared to experimental data as the grid is re ned — simply b ecause of errors cancelling
out when using the coarser grid.

Course Structure

Content:
Basic numerical analysis concepts
Finite difference methods
Finite volume methods
Solving sets of linear equations
Handling time-dependent ows
Considerations in turbulent ows

Body- tted grids for complex geometries

A laboratory exercise:
Grid-dependence/convection scheme accuracy using Fluent.

Suggested Textbooks:
Computational Methods for Fluid Dynamics, by J.H. Ferziger & M. Peric

An Introduction to Computational Fluid Dynamics: The Finite Volume Method, by
H.K. Versteeg & W. Malalasekara

Numerical Heat Transfer and Fluid Flow, by S.V. Patankar




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

