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» What is CFD

Computational fluid dynamics or CFD is the analysis of
systems involving fluid flow, heat transfer and associated
phenomena such as sediment flow or chemical reactions
by means of computer-base simulation. The technique is

very powerful and spans wide range of industrial and
non-industrial areas of applications.

There are different types of numerical models availble
for one two and three dimensional anaalysis with varing
degree of sophistication and reliability.

The science of numerical modeling is advancing fast.



Generally there are two type of Computation Fluid Dynamic’
(CFD) programs. One are general purpose programs and
other are exclusively made for River Engineering Among the
first type PHOENICS. STAR-CD,CFX, FLUENT and FLOW-
3D and in second type TELEMAC, MIKE3, DELFT-3D, CH3D,
TABS and SSIIM are prominent

In recent years multi-dimensional, computer programs
for computing several different processes, for example
water surface profiles etc has been developed,

These also exist width-averaged Two-dimensional
models, but these are mostly used mainly for research
purposes.
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» Areas of Applications

= Acrodynamics of aircraft and vehicles: (Lift and drag)

* Hydrodynamics of ships

= Power plant: (Combustion engines &gas turbine)

= Turbo-machinery: (Flows inside rotating passages, diffusers,
etc..).

= Electrical and electronic engineering: (Cooling of equipment)



Areas of Applications cont’d

* Chemical process engineering : (mixing and separation)

= External and internal environment of buildings: (wind load,
heating ,ventilation).

= Meteorology: ( weather prediction).

= Marine engineering: ( loads on off-shore structures))

= Hydrology and oceanography: (flows in rivers, Estuaries and
oceans)

= Biomedical Engineering: (blood flows through arteries and
velns)
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Advantages of CFD

Substantial reduction of lead times and costs of new designs.

Ability to study systems under hazardous conditions at and beyond
their normal performance limit.

Practical unlimited level of detail of result.

Ability to study systems where control experiments are difficult to
perform.
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How does a CFD works

CFD codes are structured around the numerical algorithms
that can tackle fluid flow problems.

In order to provide easy access to their solving power all
commercial CFD packages include sophisticated user
interfaces to input problem parameters and to examine
results. Hence all codes contain three main elements:

1- A pre-processor
2- A solver

3- A post processer
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/(I)Aﬁorfocessor

-

Pre-processing consists of the input of a flow problem to CFD program
by means of an operator- friendly interface and the subsequent
transformation of this input into a form suitable for use by solver.

The user activities at the pre-processing stage involve:

(1) Definition of the geometry of the region of interest: the computational
domain.

(2) Grid generation the sub-division of the domain into a number of
smaller, non-overlapping sub-domains: a grid (or mesh) of cells(or
control volumes or elements).

(3) Selection of the physical and chemical phenomena that need to be
modeled.

(4) Definition of fluid properties.

(5) Specification of appropriate boundary conditions at cells which
coincide with or touch the domain boundary.

12



The solution to a flow problem ( velocity, pressure, temperature etc
..) 1s defined at nodes inside each cell.

The accuracy of CFD solution is governed by the number of cells in
the grid. In general the large number of cells the better solution
accuracy.

Optimal meshes are often non-uniform: finer in areas where large
variations occur and coarser in regions with relatively little change.

Currently some CFD codes have developed self-adaptive meshing
capabilities. 1.e. automatically refines grid in area of rapid
variations.

13



At present it 1s still up to the skills of the CFD user to design a
grid that is a suitable compromise between desired accuracy and
solution cost.

Over 50% of the time spent in industry on a CFD project is
devoted to definition of the domain geometry and grid generation.

To maximize the productivity of CFD personnel, currently all
major CFD codes incorporates their own CAD-style interface
and/or facilitates to import data from other grid generation models

14



(2) A solver

There are three distinct streams of numerical solution techniques:
finite difference, finite elementand spectral methods.

In outline the numerical methods that form the basis of the
solver perform the following three steps:

1. Approximation of the unknown flow variables by means of
simple functions.

2. Discretisation by substitution of the approximations into
the governing flow equations and subsequent mathematical

manipulations.

3. Solution of the algebraic equations.

L5



Finite difference methods :

Describe the unknowns ¢ of the flow problem by means of point samples
at the node points of grid of co-ordinate lines.

Truncated Taylor series expansions are often used to generate finite
difference approximation of derivatives of grid of ¢ in term of point
samples of ¢ at each grid point and its immediate neighbours.

Hence those derivatives appearing in the governing equations are
replaced by finite differences yielding an algebraic equation for the
values of ¢ at each grid point.

16



Finite element method:

Uses simple piecewise functions (e.g. linear or quadratic) valid on
clements to describe the local variations of unknown flow variables .
The governing equation 1s precisely satisfied by the exact solution .

If the piecewise approximating functions for ¢ 1s substituted into the
equations 1t will not hold exactly an a residual 1s defined to measure
the errors.

Next the errors are minimised in some sense by multiplying them by a
set of weighted functions and integrating.

As a result we obtain a set of algebraic equations for the un-known
coefficients of the approximating functions. The theory of finite
clements has been developed 1nitially for structural stress analysis.

17



0 Spectral methods:

Spectral methods approximate the unknowns by means of
truncated Fourier series or series of Chebyshev polynomials.
Again the unknowns in the governing equation are replaced by
the truncated series.

The constraint that leads to the algebraic equations for the
coefficients of the Fourier or Chebyshev series is provided by a
weight residuals concept similar to the finite element method or
by making the approximate function coincide with the exact
solution at a number of grid points.

18



3) Post processor
As in pre-processing a huge amount of development work has recently
taken place in the post-processing field . owing to the increased popularity
of engineering workstations , many of which have outstanding graphics
capabilities, the leading CFD package are now equipped with visualization
tools include :

» Domain geometry and grid display » >D and 3D surface plots

» Vector plots » Line and shaded contour
. plots
» Colour postscript output » Particle tracking

» View manipulation (translation, rotation, scaling etc.)

More recently these facilities may also include animation for dynamic result
display and in addition to graphics all codes produce trusty alphanumeric
output and have data export facilities for further manipulation external to
the code . As in many other branches of CAE the graphics capabilities of
codes have revolutionized the communication of ideas to the non-

specialist.
19
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» Problem Solving With CFD

In solving fluid flow problems we need to be aware that the
underlying physics is complex and the results generated by a CFD
code are at best as good as the physics(and chemistry)embedded in
it and at worst as good as its operator.

Prior to setting up and running a CFD simulation there is:

(1) a stage of identification and formulation of the flow problem in terms
of physical phenomena that need to be considered. Such as:

* Whether to model a problem in 2D or 3D.
« To exclude effect of pressure or temperature variation on
density of air flow

 To neglect effect of small air bubbles in dissolved in tap water.

 To choose to solve the turbulent flow equations.

(2) A good understanding of the numerical solution algorithm

21



There are three mathematical concepts that are useful in
determining the success or other wise of the solution
Algorithm

Convergence Consistency Stability

CODVEI‘geDCEZ is the property of a numerical method to produce

a solution which approaches the exact solution as the grid spacing,
control volume size or element size reduced to zero.

Consistency: is the capability of the numerical scheme to

produce systems of algebraic equations which can be demonstrated
to be equivalent to the original governing equations as the grid
spacing tend to zero.

Stability: is associated with damping of errors as the numerical
method proceeds. If a technique is not stable even round-off errors in
the initial data can cause wild oscillations and divergence.

22
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The Convection - Diffusion Equation

The movement and dispersion of suspended sediments
temperature, a pollutant etc. in a water body 1s described by its
convection-diffusion equation is in general the same for almost
water quality parameters,

The convection-diffusion equation for steady sediment

transport is:
e, dc _ A (p dc
Df&xj-l_waz B ij(rTaxj)

Where I' 1s the turbulent mixing coefficient - (9
defined as the sediment flux per unit area divided (dc)
by the concentration gradient and given by: [ )
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P

For three-dimensional flow this means that the
equation can be written:

Hc Bc BE dc
U PV " e T V%;

d dc d dey d dc
i (rfax) ay[rTay) EE (rfa?)
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1. Transport Processes

There are two main transport processes: Convection and diffusion

Convection: The convection i1s a movement by the average

water velocity. The fransport because of the fall velocity of
the sediment particles 15 also a type of convective trans-

port. When calculating the flux, F, through a given surface
with area A, the following formula 1s used:

F=c*U*A

26



Diffusion

The other process Is the turbulent diffusion of sediments.
This Is due to turbulent mixing and concentration gradients.
The turbulent mixing process Is usually modelled with a tur-
bulence mixing coefficient, I

()

e

dx
Normally, the convective transport will be dominating. But
In some cases, the diffusive transport 1s Important. An ex-

ample i1s the reduced settling in a sand trap because of tur-
bulence.

r =




2. Discretization:

The point of discretization is to transform the partial
differential equation into a new equation where the variable
in one cell 1s a function of the variable in the neighbour
cells

The new function can be thought of as a weighted average of
the concentration in the neighbouring cells. For a two-
dimensional situation , the following notation 1s used,
according to directions north, south, east and west:

28



Cn 8z - welghting factor for cell e

ay,,- weighting factor for cell w
ap - weighting factor for cell n
as - weighting factor for cell s
dp = dg*aytantag

- 351 Discreti The formula becomes:

igure 3.2.1 Discretiza-

tion molecule. Computa- - Gl y e T Tnn T sts Eq. 1.
tion of concentration, c, p
in the center cell p, as a o P _ _

function of the concentra- The welghting factors for the neighbouring cells a,, ay, aj
tion in the neighbouring  and ag are often denoted apy

cellsn, s, eandw.

What we want to obtain are formulas for a_,

29



There are a number of different discretization methods
available for the control-volume approach. The difference
Is In how the concentration on a cell surface Is calculated.
some methods are descrnibed in the following.

In a three-dimensional computation, the same principles
are involved. But two more neighbouring cells are added: t
(top) and b (bottom), resulting in six neighbour cells. The
simple extension from 2D to 3D 1s one of the main advan-
tages of the finite volume method.

30



3. Discretization Using the First-Order Upstream Scheme:

Development of CFD
algornithms was ini-
frally done in aeronau-
tics. The fluid was air,
and the methods
were then called
upwind instead of
upstream. Both
expressions are used,
meaning the same.

For a non-staggered grid, the values of the variables are
given in the center of the cells. Using the finite volume
method, it Is necessary to estimate varnable values on the
cell surfaces. The main idea of the upstream methods is to
estimate the surface value from the upstream cell. The first
order method uses information in only one cell upstream of
the cell surface. In other words: the concentration at a cell
surface for the first-order upstream method Is the same as
the concentration in the cell on the upstream side of the cell
side.

31



The control volume method is based on continuity of sedi-
ments. The basis of the calculation is the fluxes on a cell

surface. The surface area 1s denoted A; the velocity at the
surface, normal to it, is denoted U, ¢ is the concentration at
the surface, and I' is the turbulent diffusion at the surface.

The convective flux 1s calculated as: U " A "¢
The diffusive flux 1s calculated as: I * A " dec / dx

The term dc/dx is calculated as the concentration differ-
ence between the cells on each side of the surface, divided
by the distance between the centres of the cells.

32



Fluxes through the walls of the center cell in computational
molecule. The cells have a width dx and a height dy.

Cn
A O
r, |o,
A
Uy Ue
Cw Iy ¢y I Ce
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T,y
Y O
- Ix -

33



/ e

The flux, Fy, through the west side -Df cell Pthen becomes:
A (e —c)
- Uw‘dwﬂw-l_rw = ;I £

where A, 15 the area of the cell wall on the west =ide, equal
to Ay times the height of the wall. '

Similarly the fluxes through the other sides can be obtained

A (c,—c
F, = U,,+T, Ex o)

Alc. —rc
F, = U, +T, 2 £ )

A"{EH—EP]

Fil']' — UHAHEH + rﬂ d.}}
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Sediment continuity means the sum of the fluxes is zero, in
other words:

F,—F,+F,—F. =0

This gives the following equation:

4, A, 4
[UWAH,+ UAd, + re.:i:: +U A + rj@ + F"ﬂ,}r)

A A
— (UWAH’-I_FWE C +(F€d1_)i.' +

- A r’r A,
(e T ()
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Rearranging and compare with Eq. 1 we can get formulas for
a., as follows

AH’ AE A.E AH
a, = r“’ﬁ +U A4, + rﬂd_x + U A+ r"‘d_y + r"ﬁ'
4
HH’ = UWAH’-l_rWd__:
AE
a, = r&'d_x
I 2
a, = sﬂr_
d A

EII‘T = U?T(dﬂ T rﬂd_;
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Further the water continuity for the cell can be written as:

UEAE_ UWAH’+ UH'AH_UIAE =0

or-

U, + Upd, = Uy A, + U,

If the above equation 1s iInserted into the expression for ap,
the equation

EIP = ﬂ€+ﬂw+ﬂ'5+ﬂ"

I1s vernfied to be correct.

MNote that the equations above are only valid if the velocity
flows in the same direction as given on the arrows in the fig-

ure above.
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4. Discretization Using the Second-Order Upstream Scheme:

The Second-Order Upstream (SOU) method 1s based on a
second-order accurate method to calculate the concentra-
tion on the cell surfaces. The method only involves the con-
vective fluxes. and the diffusive terms are calculated as

before
A Concentration W
v
P -~ West wall W
Cw -
e ¥ )
~
Cell ww - Cell w Cellp
o - O O dy
E’nj_ - 7 -
Y
- & - & - X
-
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Definition sketch for concentration estlmatl(;nat the wall
for the SOU scheme.

A Concentration W
o West wall W
# est
Cy P /
e 4 A
-
Cell ww L~ Cell w Cellp
0 - 0 0 dy
Rl e ik
y
-« & OV S X
.
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55

SOU Nine point calculation molecules
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Following similar steps as before the weighting factors

becomes:
3 .ri
1
A
EI-E!' = FE{E
EJ--ﬂ'-E' — ﬂ
3 A, 1
= — 4 +T 2 +=-0U A4
II'-Iil'fl' 2 - M Hd_}-‘ 2 - o5
1
EIHH = _L_}U"d"
""IE
W = Leay
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WW Ww Hn nn

P ﬂp

The formula 1s used for a two-dimensional situation. In 3D,
the terms for top and bottom Is also added, giving four extra
coefficients: a;, ay. ap, app

42
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/T/

he Navier-Stokes Equations

The Navier-Stokes equations are set of coupled differential equations and
could, in theory, be solve for a given flow problem by using methods from
calculus. But, in practice, these equations are too difficult to solve analytically.
In the past, engineers made further approximation and simplification to the
equation set until they had a group of equations that they could solve.
Presently, fast computers are being used to solve approximations to the
equations using a variety of techniques like finite difference, finite volume,
finite element, and spectral methods, This area of study is called
Computational Fluid Dynamics or CFD.

The Navier-Stokes Equations describe how the velocity, pressure, and
density of a moving fluid are related. The equations were derived
independently By G.G Stokes, in England, and M. Navier, in France, in
the early 18o0¢s. The equation are extensions of the Euler Equation and
include the effects of viscosity on the flow.
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The velocity 15 divided into an average value U, and a fluctuating value u. The two

variables are mserted mto the Navier-Stokes equation for lammar flow, and after some
mantpulations and simplification the Navier-Stokes equation for turbulent flow

eMerges:

45
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The Navier-Stokes Equation for Turbulent flow

JdU; oU; 14
E_I_Ujax pE] —Po,. —puu}

P is the pressure and & is the Kronecker delta, which 1s 11f 1=j and 0 1f 2 j. The last
term 15 the Reynolds stress term, often modelled with the Boussinesq” approximation:

dU; EilU 2
—P“i _F"'*’T(ax Eh;) ~Ppkd;

Where K is the turbulent Kinetic energy.
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1.Transient term

] 2. Convective term

JdU. dU. JdU. du.
l+ U 1 _ li[—(p+ %k)ﬁij_l_vT 1+1"'"'I' J]

dt jOx

3. Pressure /Kinetic . .
energy term 4. Diffusion

term

5. Stress term
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The Convective and the diffusive terms

The convective and diffusive term are solved with the same methods as the solution of

the convection-diffusion equation for sediment transport. The difference is that the
sediment concentration is replaced by the velocity.

Also the other difference between the equation above and the
convection-diffusion equation for sediment is the diffusion
coeftficient. Here an eddy-viscosity v, is included instead of the
diffusion coefficient 1. The relation between the two variables is:

VT =SCF

where Sc 15 the Schoudt number. This 15 usually set to unity, meaning the eddy-viscos-
ity is the same as the turbulent sediment diffusivity.
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The stress Term

has very little effect and usually neglected in many cases. The
reason is that in most hydraulic engineering flow fields there is
usually one dominant flow direction

49



Pressure /Kinetic energy term

This term is solved as a pressure term. The kinetic energy is usually
very small, and often negligible compared with the pressure.

Several methods exist to solve the pressure term. With the control
volume approach, the most commonly used method is the SIMPLE

methaod.

SIMPLE 1s an abbreviation for Semi-Implicit Method for Pressure-Linked Equations.
The purpose of the method 1s to find the unknown pressure field. The main 1dea 1s to

guess a value for the pressure and use the contimuty defect to obtamn an equation for a
pressure-correction. When the pressure-correction 15 added to the pressure, water con-

tinuity 15 satisfied.
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The End
Thank you




