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Hello everyone. So, today we will study the application of CFD. So, it is a introductory

lecture. CFD is the short form of Computational Fluid Dynamics.
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What is CFD?
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Fluid dynamics is the science of fluid motion‘.,

Fluid flow is commonly studied in one of three ways:
» Experimental fluid dynamics _, 4
» Theoretical fluid dynamics _,
» Numerically: computational fluid dynamics (CFB)

Computational Fluid Dynamics is the science of predicting fluid flow,
heat transfer, mass transfer, chemical reactions, and related
phenom_e-n—a by solving the mathematical equations which govern
these processes usinEa numerical aggroacb./ -

CFD is the calculation of properties of a flowing ﬂuid.

So, fluid dynamics you know that when we study the fluid in motion then that is known as
fluid mechanics. So, fluid dynamics is the science of fluid motion. And CFD is the, this fluid
dynamics when we study numerically then that is your CFD, Computational Fluid Dynamics,
Computational Fluid Dynamics. Fluid flow is commonly studied in one of the three ways,
Experimental fluid dynamics, theoretical fluid dynamics and computational Fluid Dynamics.

So, first one is experimental fluid dynamics, so you can study the fluid dynamics doing some
experiments, so you can measure the temperature with thermocouple or the velocity with
pitot tube and you can study what is the velocity profile or the temperature profile using

experimental techniques.

Other way is that theoretical fluid mechanics or fluid dynamics, you have the governing
partial differential equations, which represent the fluid flow, heat transfer or other multi

physics problems. So, when you write the partial differential equations, we with some



assumptions you can write it to ordinary differential equations and with the boundary

conditions if you can solve those equations, then you can have the exact solution.

So, theoretical also you can study the fluid dynamics, but you can study theoretical under
certain assumptions, because you have to bring down this partial differential equation to
ordinary differential equation. Like if you are studying the fully developed fluid flow
problem, then fluid fully developed means there is no variation of velocity in axial direction.

So, it essentially boils down to one dimensional problem. And with boundary conditions you
can solve and get the velocity profile theoretically. The other way is to study this fluid
dynamics numerically. So, you have the partial differential equations using these
computational fluid dynamics techniques, you can solve the partial differential equation and

get the solution using computational fluid dynamics.

So, computational fluid dynamics is the science of predicting fluid flow, heat transfer, mass
transfer, chemical reactions and related transport phenomena by solving the mathematical
equations which govern these processes using numerical approach. So, you can see that CFD

is the calculation of properties of a flowing fluid.

So, it is not only limited to fluid dynamics but you can extend it to heat transfer, you can
mass transfer, then some other multi physics problems, electro hydro dynamics flow or

magneto hydro dynamics flows or with chemical reaction and many more.
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What is CFD?

CFD provides a qualitative fand sometimes even quantitative)
prediction of fluid flows by means of three ways:

» Mathematical modelling (partial differential equations)
» Numerical methods (discretizations and solution techniqugs)
» Software tool;/(solvers, pre- and post-processing utilities)

CFD provides a qualitative and sometimes even quantitative predication of fluid flow by

means of three ways, first one is mathematical modelling, then numerical methods, then



software tools. So, if you want to solve some problem, then first you find or you write the
partial differential equations which govern the flow, so that is your mathematical modelling,
then you can choose suitable numerical methods, like discretization techniques and some

solution techniques you can choose.

Then you can use some software tools like you can solve using some solvers those discretize
equations and get some solutions in terms of data, so only numbers will be there as output.
So, to visualize this data you can use some post-processor and in the pre-processor you need
to give required boundary conditions and initial conditions if required. So, in post processing
tools you will be able to visualize those data and you can see the velocity profile or

temperature profile or some contours using some post-processing tool.
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History

) Earliest CFD work in 1910,
o Used human computers
o Solved Laplace's equation using finite-
difference methods .~
» Flow over cylindej (potential flow)

Lewis F. Richardson 7
(1881-1953)

So, we will now see the history of this CFD. So, you can see that earlier CFD work started in
1910. And Richardson used human computer to solve Laplace equation using finite
difference method and he solved flow over cylinder only for the potential flow. For inviscid

flow he solved using finite difference method. So, in 1910 using human computer.
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i iedri Hans Lewy
Richard Courant Kurt O. Friedrichs
l(1888-1972) (1901-1982) (1904-1988)

Landmark paper for hyperbo_y_c equations (1929)

Courant, R., Friedrichs, K. and Lewy, H. (1928), “Uber die partiellen
Differenzengleichungen der mathematischen Physik", Mathematische Annalon
(in German), 100 (1): 32-74.

Then Courant and his research groups like students, Friedrich and Lewy they solved the

hyperbolic equations in 1928.
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History

Von Neumann stability criterla
for parabolic problems (1950)

John von Neumann
(1903-1957) 6

Von Neumann in 1950 proposed the stability criteria for parabolic problems, which is known

as Von Neumann stability analysis and in this course we will study also this stability analysis,

Von Neumann stability analysis.
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History

Harlow and Fromm (1963) computed unsteady vortex street using
digital computer

Fromm, J.E. and Harlow, F.H. (1963), “Numerical solution of the problem of
vortex street development”, Physics of Fluids, 6: 975.

Harlow and Welch (1965) published a Scientific American article which
ignited interest in modern CFD and the idea of computer experiments

Harlow, F.H. and Welch, J.E., (1969). “Numerical calculation of time-
dependent viscous incompressible fiow of fluid with a free surface”, Physics
of Fluids, 8: 2182-2189.

Harlow and Fromm computed unsteady vortex street using digital computer in 1963. And
later Harlow and Welch published a scientific American article which ignited interest in
modern CFD and the idea of computer experiments. So, they solved first time the free surface

flow, which is a two component fluid flow problems in 1965 using digital computer.
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History
Professor Brian Spalding is a founding father of CFD

Boundary-layer codes developed In the 1960-1970's
(GENMIX by Patankar and Spalding in 1972)

D. Brian Spalding
(1923-2016)

Solution techniques for incompressible flows published
through the 1970's ~
(SIMPLE family of algorithms by Patankar and Spalding)

Suhas V. Patankar
(born 1941) 8

Professor Brian Spalding is known as the founding father of CFD. So, he and his research
group developed this boundary layer codes which is known as GENMIX and in they
developed these codes in the years 1960 to 1970s and 1972, they actually those code they put
as a software as known as GENMIX. And Patankar is student of Professor Spalding and they,
their solution techniques for incompressible flows is published through the 1960s and they



first time proposed the simple family of algorithms, which we will study in this course for

solving the full Navier-Stokes equations.
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History

Jameson computed Euler flow over complete aircraft
(published 14 journal papers in 198'1)

Transonic Airfoil Calculations Using the Euler Equations, Proceedings
of IMA C: on Numerical Methods in A tical Fluid
Dynamics, Reading, March 1981, edited by P. L. Roe, Academic
Press, 1982, pp. 289-308.

Viscid-Inviscid Interaction on Airfoils Using Euler and Inverse
Boundary-Layer Equations (with D. Whitfield and W. Schmidt), US-
German Data Exchange Meeting, DFVLR-AAVA, Géttingen, 1981,

Finite Volume Solution of the Euler Equations of Transonic Flow Over

Airfoils and Wings Including Viscous Effects (with W. Schmidt, and

Antony Jameson b, whitfeld), AIAA Paper 81-1265, June 1981, J. Aircraft, Vol, 20,
(born 1934) 1983, pp. 127-133.

Viscous Transonic Airfoll Flow Simulation (with J. Longo, and W, Schmidt), DGLR Paper 81-242,
Stuttgart, November 1981, Zeitschrift Flugwi haften Weltraumforschung, Vol. 7, 1983, pp.
47-56,

Transonic Flow Calculations for 8 Wing in a Wind Tunnel (with J. E. Mercer, E. W, Geller, and M.
L. Johnson), Journal of Aircraft, Vol, 18, 1981, pp. 707-711.

Jameson computed Euler flow over complete aircraft, so this is for compressible flows Euler
equation they solved and they published almost 14 papers in 1981 on this using the Euler

flow solver.

(Refer Slide Time: 08:37)

History

Unstructured mesh methods developed in 1990’s, Used for aerodynamic
calculations in NASA 2 ¥

+ Murthy, J.Y., Mathur, S. Periodic flow and heat transfer
using unstructured meshes (1997) International Journal
for Numerical Methods in Fluids, 25 (6), pp. 659-677..

+ Mathur, S.R., Murthy, J.Y. A pressure-based method for
unstructured meshes (1997) Numerical Heat Transfer,
Part B: Fundamentals, 31 (2), pp. 195-215. .,

¢ Mathur, S.R., Murthy, J.Y. Pressure boundary
conditions for incompressible flow using unstructured
meshes (1997) Numerical Heat Transfer, Part B:
Fundamentals, 32 (3), pp. 283-298. ,

+  Murthy, J.Y., Mathur, S.R. Radiative heat transfer in

isy ic ge ies using an d finite-
volume method (1998) Numerical Heat Transfer, Part
B: Fundamentals, 33 (4), pp. 397-416.

+ Murthy, J.Y., Mathur, S.R. Computation of anisotropic
conduction using unstructured meshes (1998) Journal
of Heat Transfer, 120 (3), pp. 583-591.

« Murthy, J.Y., Mathur, S.R. Finite volume method for Jayathi Murthy
radiative heat transfer using unstructured meshes (born 1958) ~
(1998) Journal of Thermophysics and Heat Transfer, 12
(3), pp. 313-321,

Later this there was a problem because in the structured mesh it is very difficult to generate
for a complicated geometry, so the unstructured grid you can easily fit in a complex
geometry. So, unstructured mesh methods developed in 1990s used for first used for

aerodynamic calculation in NASA. So, later professor Murthy and her group developed this



unstructured grid solvent for ANSYS Fluent. And she and her co-workers developed different

modules in fluent.

And you can see the publications during the development and now this fluent is known as
ANSYS Fluent and most of you | think you use this commercial structured ANSYS Fluent

for solving any problem numerically.
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Who cares?

» Practical problems may include energy flow, chemical reactions,
L v
phase changes etc.

» Domain is often irregular, 3D

» Relevant industries include automotive, chemical processing,
aerospace, HVAC etc.

The result of CFD analysis is relevant engineering data used in:
* Conceptual studies of new designs :
* Detailed product development ,
* Troubleshooting ,
* Redesign,

Now, who are interested in CFD? So, practical problems may include multi-physics like
energy flow, chemical reaction, phase change et cetera. And that domain or computational
domain mostly these are three dimensional and very complicated. So, it is relevant and so it is

easier to use the numerical technique to solve the governing equations.

So, relevant industries include automotive, chemical processing, aerospace, heating
ventilation and AV conditioner; even nowadays in biomedical applications we use CFD. So,
the results of CFD analysis is relevant engineering data used in conceptual studies of new

designs, detailed product development, troubleshooting and redesign.
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Who cares?

CFD enables scientists and engineers to perform “numerical
experiments”/ (i.e, computer simulations) in a “virtual flow
Iaboratory”./

Real Experiment CFD simulation »

0
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CFD enables scientist and engineers to perform numerical experiments in a virtual laboratory.
So, you can see this is a solution for flow over a circular cylinder, you have a circular
cylinder and you have a fluid flow over it, so if you do the real experiment the you can see
the visualization. Now, if you do the CFD simulations, you will get this type of simulation

result. So, you can see that you are doing actually numerical experiments in a virtual flow
laboratory.
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Experiments vs. Simulations

U CFD gives an insight into flow patterns that are difficult, expensive
or impossible to study using traditional (experimental) techniques,

U CFD does not replace the measurements completely but the
amount of experimentation and the overall cost can be significantly
reduced. »

U Equipment and personnel are difficult to transport.

0 CFD software is portable, easy to use and modify./

Real Experiment CFD simulation

v Expensive v Cheapler) v

vSlow » v Fast(er) »

v'Sequential » v Parallel -

VSingle-purpose ,  v'Multiple-purpose - 13

CFD gives an insight into flow pattern that are difficult, expensive or impossible to study
using traditional experimental techniques. In experiment, it is very difficult to get the velocity
profile or temperature profile at desired or different locations. But, when you use this CFD



technique, you discretise these governing equations at a discrete points. So, you can get easily

any value, velocity, temperature or species at those discrete point.

So, it is easy to visualize the results in terms of velocity contours or velocity vector or
temperature profile. CFD does not replace the measurements completely, but the amount of
experimentation and the overall cost can be significantly reduced. The doing experiment is
costly, because you need to fabricate the setup and also you need different instrument to
measure velocity, temperature; so it is very costly. So easily you can use this numerical
techniques to solve those partial differential equations for a particular problem and get the

solutions.

And equipment and personnel difficult to transport and CFD software is portable, easy to use
and modify. So, we can see that real experiments are expensive whereas CFD simulations are
cheaper; real experiments are slow, CFD simulations are faster; real experiment is sequential,
CFD simulations are parallel; real experiments are single purpose, CFD simulation are
multiple purpose. What does it mean? That, when you are doing some experiment, so you
have made the setup, so you are doing the experiment in the laboratory. So, at a time you can
do only single experiments and obviously doing the experiment, fabricating the setup it is

Very expensive.

Whereas if you develop a numerical solver for solving that problems, fluid flow or heat
transfer problems, then once the code is ready you can solve the problem for different
conditions parallely. So, that means you can run that solver in different computers for

different parameters.

So, parallelly you can run and obviously you can see that it is very portable because you can
take the solver with you to somewhere else, but it is very difficult to shift the experimental

setup from one location to other.



(Refer Slide Time: 14:40)

Experiments vs. Simulations

The results of a CFD simulation are not always 100% re\iablg.
» The input data may involve too much guessing or imprecision

# The mathematical model of the problem at hand may be
inadequate

The reliability of CFD simulations is greater
# for laminar flows than for turbulent ones ,
» for single-phase flows than for multi-phase flows ”
# for chemically inert systems than for reactive flows,

CFD is a highly interdisciplinary research area which lies at the
interface of physics, applied mathematigs and computer science.

The result of CFD simulations are not always 100 percent reliable. The input data may
involve too much guessing or imprecision. The mathematical model of the problem at hand
may be inadequate. The reliability of the CFD simulations is greater for laminar flows than
for turbulent ones. For single-phase flows than for multi-phase flows and chemically inert

system than for reactive system.

When we solve these equations, we have some assumptions, so obviously, when it becomes
more multi-physics then you have lesser reliability. CFD is a highly interdisciplinary research

area, which lies at the interface of physics, applied mathematics and computer science.
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CFD Applications: Aerospace,

* Combustor

* External aerodynamics
* Propulsion - .~

* Missile systems

* Pumps




Now, let us see few examples or applications of CFD applications, sorry, applications of
CFD. So, first, we see in the Aerospace. So, we can see that when you are actually designing
this aeroplane, obviously you can solve the governing equations and you can design such a

way that you can have the minimum drag while flying.

So, obviously, in designing the exterior even for interior design also, you need the safe
dissimulations for the passenger comfort, to design the combustor then pumps, missile
systems. So, you can use this CFD to design these external aerodynamics, propulsion, missile

systems and pumps.
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CFD Applications: Automobile

* Air handling systems

* Engine cooling _

* External aerodynamics
+ Combustion chamber
+ Passenger comfort

CFD application in automobile, so obviously, here also you can have the you can use CFD
for exterior design to reduce the drag, even for the interior design you can use CFD so that
the air form the air conditioning reaches to all the passengers to fill the comfort. So, for
interior design you can use the CFD, even in the combustion chamber you can use the CFD
techniques and also for engine cooling and external aerodynamics you can use the CFD

application in automobile.
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CFD Applications: Automobile

)2
So, you can see some in this animations one car is there and you can see how the flow

physics loose behind this car. So, it is very complex you can see, so it is a numerical
simulation.
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CFD Applications: Process Engineering

i * Reactor design, \ 7 lz‘
; °Heatexchange; ‘ &

+ Boiler pump ., r\* 5
U Compressor/DiffuseJr

So, some CFD application in process engineering. So, you can use it for reactor design, heat
exchanger, so here fluid flow and heat transfer you can solve; mixtures, boiler pumps,

compressor and diffuser design you can use this CFD.
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CFD Applications: Process Engineering

A

This is some fun is moving and you can see how the flow looks like.
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CFD Applications: HVAC

+ Air flow around building
* Burner design .,

* Environmental control systems,
* Heating system design

+ Room flow distribution ~

CFD also you can apply in heating, ventilation and air conditioning. So, when you are
designing some room for comfort stay, you can use the CFD technique. So, air flow around
building, burner design, environmental control system, heating system design, room flow
distributions, all this you can use, to solve this problem you can use CFD.
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CFD Applications: Electronics

+ Component level flow and coolirg
* Electronic chip cooling ,

* Magnetic storage devices ,

* Telecommunication equipment‘/

23

CFD is also having applications in electronics cooling, so you can see that when you use any
computer or laptop you have the processor and if processor is having high temperature, so
earlier days in your desktop you will find a fun mounted on the processor and it is cooling.
So, these kind things you can actually solve using CFD, you can see this picture where you

can see the temperature distribution.

So, this is the fun and here you have the processor with fin mounted on it, so the cooling is
taking place due to the force convection, here you can see it is the application in heat pipe, so
you can do the CFD analysis for component level flow and cooling, electronic chip cooling,

magnetic storage devices, telecommunication equipment.
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CFD Applications: Electronics

24



So, some piezo electric device you can see how the fluid flow is taking place, vortex are

generated.
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CFD Applications: Sports

* Balls :
* Swimming v

* Car racing ~
* Bicycle racing

You can also use CFD in sports, so you can see when the ball is moving how the flow physics
looks behind the ball you can see from here or if you are cycling then how the flow physics
behind you, you can solve using the CFD technique, even for car racing and swimming you
can use CFD techniques.
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CFD Applications: Biomedical
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* Blood flows through arterigs
* Heart pump,
* Tumour .,

2

Now, there are many applications in biomedical, so blood flows through arteries, so we can
have the deformable arteries as well using different advance technique you can simulate this

problems. Heart pumps where you have a moving boundary problems and for tumours you



can have the solution of the heat generation inside the tumour and that you can model using
CFD.
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CFD Applications: Biomedical

You can see this is the blood flow inside the heart, so one-simulation results.
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CFD Applications: Many more

Hydraulics ~

0il & Gas Marine ,
A %

So, there are many applications of CFD in many different industrial in industry and you can
see in that power generations, power pants you can have the application of CFD; in

hydraulics, so hydraulic turbine all those things you can model using CFD; oil and gas



industries, in marine industries, so there are many applications in different kind of industries.
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Governing Equations

» Assumptions » Conservation Laws
. Incompressibleflovy * Conservation of Mass (Continuity Equation)
¢ Unsteady flow * Conservation of Momentum (Navier-Stokes

o Laminar flow / equations)
o Newtonianfluid, * Conservation of Energy (Energy EquatiJon)

* Single phase / * Conservation of Species (Diffusi,on

» Constant Properties Equation)

So, the governing equations you can write; with certain assumptions you can apply this
governing equation to some problem. So, asssumptions may be like incompressible flow,
unsteady flow, laminar flow, Newtonian fluids, single phase, constant properties. So, for this
you can write the governing equations. So, obviously, all the equations you can have the
conservation loss, conservation of mass where continuity equation you can write,
conservation of momentum where Navier-Stokes equation you will write; conservation of

energy, energy equation; conservation of species, diffusion equation.
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Governing Equations

Governing Equations in Differential Form

Continuity
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So, you can see that this is your continuity equation in general but if it is incompressible
flow, obviously it will be diversions of v will be 0. Then, you have general transport
equations; for any species you can write this equation, especially for s momentum equation if
you write this equation then it is the temporal term, this is your convective term and this is
your viscus term, this is the pressure gradient term and if you have any source term that you
can write, energy equations in terms of enthalpy if you write, then this is the energy equation

where K is the thermal conductivity.

Species transport equation in terms mass fraction, Y i is the mass fraction, so that you can
write, so you can see you can see all these equations you can write in a general transport
equation for a general variable, phi where s may be different or the diffusion coefficient

gamma will be different.
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Discretization Methods

Discretization Methods for
Navier-Stokes Equation

|

X
IFInlteDifferenceMethod| | Finite Volume Method | | Finite Element Method l

R

So, when you have the governing equation you need to use some discretization techniques, so
mainly in CFD we use three different techniques, one is finite difference method, then finite
volume method and finite element method. In this course, we will study only finite difference

method and finite volume method.

Finite difference method, generally we use Taylor series expansion and find the
approximation of any derivative, first or second derivative and we discretize the governing
equations and write the final algebraic equations. When we use finite volume method then we

integrate the governing equation over a control volume and write the discretize equation.



But, in finite element method we integrate the governing equation with some waiting function
in a particular element and we write the discretise equations. So, obviously, in this course we

will study only finite difference method and finite volume method.
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Grid Types

To solve these governing equations you need to discretise this domain into grid. At those
discrete point, you need to solve the discretised algebraic equations. So, now grid can be
classified into two; structure grid and unstructured grid. So, as | told before that structure grid
are easy to generate in a simple geometry, but if we have a complex geometry then it is very
difficult to generate structure grid, so you need to use, divide the domain into blocks, and in

the block you need to generate the mesh.

But, unstructured grid is it is very easy to fit into a complex geometry. So, structured grid can

be further classified as regular grid, block structured grid and curvilinear grid.



(Refer Slide Time: 25:14)

Regular Structured Grid
/\i TN
Cartesian Grld/ Cylindrical Grid Spherical Grid

<
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So, in the regular grid, regular structured grid you can see these are actually orthogonal in the
coordinate system. So, if it is we use Cartesian grid then this grids are orthogonal to each
other, it can be uniform spacing or non-uniform spacing; you can see here we have used non-
uniform spacing. Cylindrical grid, so in cylindrical coordinate system these are orthogonal to
each other. And in spherical grid, in spherical coordinated the grids are orthogonal to each

other. So, these are regular structured grid.
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Grid Types




Block Structured Grid

ry

a7

Then block structured grid. So, you have a complex geometry, then you can divide the
domain into zones and generate the mesh and at the interface you keep the continuity, make
the continuity. So, we can see it is some cylinder is there in this here, so it is cylinder is there.
So this is divided into 1, 2, 3, 4, 5, 6, 7, 8, 8 subdomains and each domains the grids are

generated.

And it is a continuity is maintained at the interface. So, this is one the representation of the
grid for a flow over circular cylinder. So, these are known as block structured grid because

you are dividing the domain into blocks and in each block, you are generating the mesh.

(Refer Slide Time: 26:42)

Grid Types




Curvilinear Structured Grid

Then curvilinear grid. So, curvilinear grid. So, curvilinear grid are known as body fitted grid,

K]

S0 you can see that the grids are following the body, surface of the body. So, here you can see
if it is this is the body the grids this is the grid so it is following the body. So, these are
curvilinear structured grid, so obviously, these girds are not orthogonal you can see. So, these
are non-orthogonal grids. And for different geometry you can see that how the curvilinear
grids are generated. In curvilinear grids, as I told that, grids will follow the boundary.
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Grid Types

In unstructured grid, so we can have regular grid and hybrid grid. In regular grid, you can
have same type of cells, like hexahedral, tetrahedral, prism or pyramid. In 3D and triangular

cell or quadrilaterals in 2D. And hybrid grids are grids where you can have more than one



type of cells; if you have hexahedral cells and tetrahedral cells are mixed then obviously you

can have hybrid grid.
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Unstructured Grid
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So, you can see here, so you can see that in this case this first figure, you can see the grids are
fine near to the boundary to capture the gradient mode correctly or mode accurately. So, local
refinement you can do using unstructured grid. But, in structured grid, it is very difficult to do
local refinement because to maintain the continuity this will be extended in other directions.

So, in unstructured grid that is why it is very easy to use the local refinement. And you can
see you can use hybrid grid, hybrid grid mean more than one type of cells if you use. In this
case, you can see near to the boundary you have quadrilateral cells and away from the

boundary, you have triangular cells.

So, that means near to the boundary you have almost structure and orthogonal mesh so that
you can capture the gradient correctly. And away from the surface where you do not have
much gradient you can use triangular cell, so this is kind of hybrid cell. So, in 3D, you can

have hexahedron type cells or tetrahedron or pyramid or prism.

Now, it is in commercial softwares they use any type of poly hydra, but Ansys Fluent earlier
they used use only these four types of cells for the three dimensional domain. And for surface

grid, triangular or quadrilateral mesh are used.
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Grid Types
= Advantages = Advantages
o Efficiency in CPU time and com- o Flexible for very complicated geometrical
puter memory , regions
o Good environment for multigrid o |t permits automatic adﬂ:tive refinement
technique & based on the regions of interest
= Disadvantages = Disadvantages
v -

o Lack of total flexibility for very o Requires more memory (as compared to
complex regions ,~ structured grid) to store the connectivity

o It cannot be distorted to increase o Not necessarily amenable to the implemen-
resolution in a localized region tation of multigrid,
o~

So, you can see there are some advantages and disadvantages of this structured and
unstructured grid. So, you can see the structured grid, what are the advantages, efficiency in
CPU time and computer memory, because in structured grid you can easily find the
neighbours, because you have the indices I, J, K and | plus 1, | minus 1, or J plus 1, or J

minus 1, will give you the neighbours.

So, less storage memory is required and it is good environment for multigrid technique.
Whereas, in the unstructured grid, advantages are flexible for very complex geometry region
and it permits automatic adaptive refinement based on regions of interest, so at the particular

region if you need very fineness then you can use actually unstructured grid.

The disadvantages of the structured grid is that lack of total flexibility for very complex
regions because you cannot do local refinement and it cannot be distorted to increase
resolution in a localised region. The unstructured grid disadvantages are there, that requires
more memory as compared to structured grid to store the connectivity.

So, in unstructured grid you cannot find the neighbours with the indices | plusl, I minus 1,
because there is no structured way these grids are oriented. So, in pre-processing stage, you
need to find the neighbours or connectivity so that you can use it later while calculating the

fluxes.

So, obviously, you need more memory requirement to store this connectivity and the
neighbours’ informations. And this another disadvantage for unstructured grid is not

necessarily amenable to the implementation of multigrid.
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Grid Terminology

The physical domain is discretized by gridding it.
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Node-based Finite Volume Scheme : ¢ stored at vertex
Cell-based Finite Volume Scheme : ¢ stored at cell centroid

So, now we will talk about the grid terminology. So, when you discretise the domain for
generally, for finite difference method we solve the equations, discretised algebraic equation

is solved at this grid node, which are known as vertex.

But, in case of finite volume method we integrate over this cell, so the value is stored at the
cell centre or cell centroid and this is the cell and these are known as faces, so in faces in two
dimension it is line, but it is three dimensional it will be a surface. So, you can have node
based finite volume scheme where phi the variable stored at vertex, or cell based finite

volume method where the variable stored at the cell centroid.
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Based on the variable storage you can have two different types of grid arrangement, one is
staggered grid and another is co-located grid, we will learn more detail when we will study
the finite volume method, but here just I will just introduces that, when all the variables you
store at the cell centre or at the same node then it is known as co-located grid. So, you can see
the velocities, pressure and any species let us say temperature or any species you can store at

the cell centre at the same point then this is known as co-located grid.

But, you can see that it is very easy to have the data structure, because all the variables are
stored at the cell centre, but it is having some disadvantages, so that we will learn later, that is
known as velocity pressure decoupling. So, if you use co-located grid, it may be possible that
your velocity and pressure are not talking each other because your velocity there will be due

to the pressure difference there will be velocity.

So, if there is no pressure difference then obviously there will be no velocity, so this pressure
and velocity if it is decoupled then there will be problem, so that is known as pressure
velocity decoupling. And when you have this checker boarding kind of distribution of
velocity or pressure then you will get this type of problem in co-located grid. So, that we will

discuss in detail later.

And in staggered grid to avoid this problem, velocity pressure recoupling problem, we use
staggered grid, where we store the variable at different places. So, we solve the pressure and
the scalers like temperature or species at the cell centre and the phase centre in staggered way
we will solve the velocities. So, we can see in this figure, so if this is the figure where we are
solving at the cell centre only the pressure and any scaler like temperature or species, whereas

we solve the velocities at the at this cell.

So, this is velocity, U velocity and at the cell we solve the B velocity. So, you can see that U
and B are solved at staggered way and pressure and any scaler are solved at the cell centre of
the main control volume. So, this is the main control volume for pressure and scaler but this

is the control volume for U velocity and this is the control volume for B velocity.

So, in staggered grid, actually you can avoid this pressure velocity decoupling, but you can
see that storage requirements are different. Because as and U or B are served and different
places, so you need to write the code carefully so that you can take care about the data

structure.
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Variables Storage
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So, you can see that in co-located arrangements store all the variables at the same set of grid
points and to use the same control volume for all the variables. Advantage, obviously, it is to
code, because all the variables are stored at the same point. Disadvantage is, pressure velocity
decoupling. And in staggered arrangement, not all variables share the same grid, so advantage
is strong coupling between pressure and velocities. Disadvantage is higher order numerical

schemes with order higher than second order will be difficult.
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Methods for Unsteady Problems
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For the unsteady problems, also if you are discretising and using forward time then this is

known as explicit method where you have only one unknown, where n plus 1 is the current



time step and n is the previous time step. So, this is known as explicit method. So, only one

unknown is there and you can have in the right hand side all known terms at the time level n.

But if you use backward time discretization method for the temporal gradient then it is known
as implicit method, where you have more than one unknowns. You can see it is n plus 1 and
here also n plus 1, so obviously you have more than one unknowns at n plus 1 time level,

which is the present time level. So, this is known as implicit method.

So, in explicit method as it is only one unknown it is easy to solve, but where in implicit
method where you have more than unknowns so you have to use some numerical techniques,

sorry numerical solvers to solve these equations.
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Solution Method
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So, for solving this discretization equation, you can use these iterative methods, one is Jacobi
method, other is Gauss Seidel method, we will discuss in detail later, Successive Over-
Relaxation, Alternative direction implicit method, so these are some iterative methods. We
have some other methods where which are known as conjugate gradient methods, biconjugate

gradient methods and you can also use multigrid.
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Procedure

Identification of right approximation (Viscous/Inviscid,
Laminar/Turbulent, Incompressible / compressuble Single-
phase/multi-phase)

Identification of right solution method (Finite Element /
Difference/Volume, Structured/Unstructured mesh, Order of
accuracy)

Pre-processing (Generate computational grid, assign boundary
conditions, set initial conditions, compile code prepare input
parameters)

Solution (Run the code, monitor the solution)
Post-processing (Collect and organize data, analyze results)

- — - i
Verification (Do the results make sens_g? Are the trends rigﬁt? Does
it agree with previous calculations on similar configurations?)

VaIidagon (Does the result (or an aspect of the result)) agree with
theory/experiment?) «

So, you can see that when you are solving some problems using CFD, first you identify the
right approximation and write down the governing equations. So, identification of right
approximation means, whether it is Viscous or inviscous inviscid, because you can write the
governing equation accordingly, whether laminar or turbulent, incompressible or
compressible, single-phase or multi-phase, so accordingly you first identify the right

approximation and write the governing equations.

Then you identify the right solution method. So, which discretization scheme you want to
use, say finite difference method, finite element method or finite volume method, whether
you can use want to use structured or unstructured grid. And what is the order of accuracy
you will use, temporal and spatial both. So, accordingly you need to discretise these partial

differential equations.

Then in pre-processing stage, generate the computational grid, because at discrete points you
need to solve this discretized equation, so depending on your choice whether structured or
unstructured grid you generate the computational grid, then in pre-processing stage you
assign the boundary conditions. If it is time varying then with solutions you need to apply the

boundary conditions.

Then set initial conditions for the unsteady problem. If it is a steady problem then you need to
have the guess solution at starting while starting the iterative method. Then once all these are
done then you compile the code, so if there are some errors then you fix the bug, then prepare
input parameters, then you solve this, run the code, monitor the solutions. So, whether your

error is decreasing with iteration or time that you check and monitor.



Once you get the conversions then you get the results. But, result you will get in terms of
numbers only. So, at discrete points you will have the values of particular variables. So, those
you collect and organize the data, then you use some post processing software and analyse
the results.

Now, once you post process it, first you need to verify the solution, what is verification?
Whether these are physically correct or not. Because if you are solving a fluid flow problem
in a channel, let us say the flow is taking place from left to right, but if you are getting the
solution from right to left, the velocity is coming from right to left , then obviously it is not
physically correct. So, based on your problem whatever you have chosen, so you check
whether the results are physically correct or not.

So, do the results make sense? Are the trends right? Does it agree with previous calculation
on similar configurations? So, that you verify. Once you get it, then you solve a known
problem, which already the solution is available in literature, so that is known as validation.
So, when you write the solver first time, you need to know whether the solver is giving
correct result or not, so to test it you need to solve a known problem which is available in the

literature.

So, does the results or the aspect of the results agree with theory or experiments? So, you can
have some numerical or experimental results available in literature. So, qualitatively you can
check first whether these are matching or not, but you need to verify also quantitatively. That
means you need find the velocity distribution at a particular line or a particular area then you
can compare it with the available results in literature, whether it is numerical or experimental
but need to compare, or any other values like drag coefficient or lift coefficient or the

moment coefficient or the shear stresses, distribution along a wall.

So, all those things quantitatively you need to compare with the with your results and the
results available in the literature to verify your solver so that you will be confident that your

code is correctly written and there is no bugs.
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So, there are different types of CFD codes available like commercial CFD code ANSYS
Fluent, Star CD, CFX, then COMSOL it is a very multi physics software, so ANSYS Fluent,
Star CD these are written in using finite volume method, but COMSOL is a written using
finite element method. You have some public domain software like PHI3D, HYDRO, Open
FOAM. And for this solving the multi-phase flow you have Gerris and Basilisk, so that are

also available and these are free, you can download and you can use it.

And other CFD software includes the grid generation software, obviously you need to
generate the grid before solving the equations. And there are some software like Gridgen,
Gambit, ICEM CFD, these are some commercial softwares available but also some open
source software is there like Salome, so you can generate structured and unstructured grid

and it is having the graphical user interphase also to generate the grid.

And to post process the results you have flow visualization software, so Tecplot, FieldView,
you can use to post process the results and visualize the results, so these are some commercial
and open source software we discussed. So, in today’s lecture, we have seen why we need to
use the computational fluid dynamics and what are the procedures to solve any problem using
CFD.

We have also discussed some history of CFD, then we have seen some application of CFD in
particular areas and later we have seen the different type of grid, structured grid and
unstructured grid; we have also seen different grid arrangement like co-located grid and
staggered grid. After that, also, when you discretize the equation, you will get the discretized

algebraic equations.



But you need to solve it, so for solving it you need some solver, so we have seen some
iterative solvers, like Jacobi, Gauss Seidel or Successive-Over-Relaxation and also some
direct method like conjugate gradient method or biconjugate gradient method. Those things

we will discuss more detailed in other modules.

And we have seen that when you solve a problem, what are the steps you need to follow for

solving any problems. Thank you.



