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1. Historical background
One of the earliest mathematical writings is the Babylonian tablet YBC 7289 (Figure 1), which gives a
sexagesimal numerical approximation of square root, the length of the diagonal in a unit square [1].

Figure 1. Babylonian clay tablet YBC 7289. Mesopotamia (Iraq).

Babylonians in this clay tablet have been used algorithms to compute side lengths of right-angled
triangles into areas, and vice versa, similar to our contemporary numerical methods of analysis [2-5]. The
Babylonian method is numerically stable, it is converges fast regardless of the initial guess, while
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Method X is extremely slowly and hence numerically unstable [2-8]. Numerical analysis continues this
long tradition of practical mathematical calculations. Much like the Babylonian approximation of square
root, modern numerical analysis does not seek exact answers, because exact answers are often impossible
to obtain in practice. Instead, much of numerical analysis is concerned with obtaining approximate
solutions while maintaining reasonable bounds on errors. These consist of splitting the volume that is
being analyzed (say the material of a beam, or the air in a room) into small elements (typically Platonic
solids like prisms or tetrahedral). It is interesting to think that this so-called “meshing” in the engineering
world, or splitting a calculation into small portions, was already applied by the old Babylonians.
Nowadays, in a very similar manner, computers are used to find the distribution of properties (e.g.,
stress, deflection, etc.) along a material (e.g., a metal beam), or even the displacement of fluids through
volumes (i.e., computational fluid dynamics) [9-12].

The Old Babylonians had knew, understood, and used what is now called the Pythagoras' (or
Pythagorean) theorem. They applied it in very practical problems. A remarkable Old Babylonian clay
tablet, commonly referred to as Plimpton 322 (Figure 2), was found to store combinations of three
positive integers that satisfy Pythagoras' theorem [2, 7, 13]. Today we call them primitive Pythagorean
triples where the term primitive implies that the side lengths share no common divisor. The reason
behind the tablet was not an interest in the number-theoretical question, but rather the need to find data
for a ‘solvable’ mathematical problem.

Figure 2. Old Babylonian clay tablet (known as Plimpton 322) stores combination of primitive
Pythagorean triples. Mesopotamia (Iraq).

2. Computational fluid dynamics and finite element methods

Computational Fluid Dynamics (CFD) and Finite Element Methods (FEM) are the sciences of predicting
fluid flow, heat transfer, mass transfer, phase change, chemical reaction, mechanical movement, stress or
deformation of related solid structures, and related phenomena by solving the mathematical equations
that govern these processes using a numerical algorithm on a computer. We typically use CFD to
simulate and analyze fluids and flow and FEM to simulate and analyze various stresses and forces on
solids. The results of CFD and FEM analyses are relevant in: conceptual studies of new designs, detailed
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product development, troubleshooting, and redesign. CFD and FEM analysis complements testing and
experimentation, by reduces the total effort required in the experiment design and data acquisition. CFD
and FEM complements physical modelling and other experimental techniques by providing a detailed
look into our engineering problems, including complex physical processes such as turbulence, chemical
reactions, heat and mass transfer, and multiphase flows. Simulations can readily be done of physical
phenomena that are difficult to measure, for example, full scale situations, environmental effects and
hazards. In many cases, we can build and analyze virtual models at a fraction of the time and cost of
physical modelling. This allows us to investigate more design options and "what if" scenarios than ever
before. Moreover, flow modelling provides insights into our fluid flow problems that would be too costly
or simply prohibitive by experimental techniques alone. The added insight and understanding gained
from flow modelling gives us confidence in our design proposals, avoiding the added costs of over-sizing
and over-specification, while reducing risk.

3. CFD and FEM as education tool

While CFD is typically studied at the graduate-level, the ease of use and broad capability of commercial
CFD software packages have enabled this tool to be brought down into the undergraduate classroom [14-
16]. For an introductory engineering curriculum, such a CFD-based educational software package allows
students to readily solve fluid dynamics problems without requiring a long training period. The mission
is to expose students to essential CFD concepts and expand the learning experience with real-world
applications, which is becoming an increasingly important skill in today's job market. With user-friendly
and student-specific graphical user interfaces guiding the students through the stages of geometry -
creation and mesh generation, computational simulations and viewing the results by means of vectors,
contours, or animated movies - the teaching of CFD has never been so visually exhilarating.

4. Applications of CFD and FEM

As CFD and FEM have so many advantages, it is already generally used in industry such as aerospace,
automotive, industrial equipment, biomedicine, healthcare, chemical processing, heat ventilation air
condition, environment, hydraulics, power generation, sports, marine, oil & gas, electronics &
semiconductor, architecture & construction, and many, many more!. The list goes on and on. These are
but a very few examples of how the methods of CFD and FEM are being used today [18-26].

Aerospace
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5. Advantages of computational fluid dynamics

There are many advantages in considering computational fluid dynamics. Firstly, the theoretical
development of the computational sciences focuses on the construction and solution of the governing
equations and the study of various approximations to these equations. CFD presents the perfect
opportunity to study specific terms in the governing equations in a more detailed fashion. New paths of
theoretical development are realized, which could not have been possible without the introduction of this
branch of computational approach. Secondly, CFD complements experimental and analytical approaches
by providing an alternative cost-effective means of simulating real-life system. Particularly, CFD
substantially reduces lead times and costs in designs and production compared to experimental-based
approach and offers the ability to solve a range of complicated problems where the analytical approach is
lacking. These advantages are realized through the increasing performance power in computer hardware
and its declining costs. Thirdly, CFD has the capacity of simulating flow conditions that are not
reproducible in experimental tests found in geophysical and biological fluid dynamics, such as nuclear
accident scenarios or scenarios that are too huge or too remote to be simulated experimentally (e.g.,
Indonesian Tsunami of 2004). Fourthly, CFD can provide rather detailed, visualized, and comprehensive
information when compared to analytical and experimental fluid dynamics. Table 1. shows the
comparison of experiment and CFD simulation in engineering applications.

Table 1. Comparison of experiment and CFD simulation in engineering applications.

Experiments CFD simulation

Quantitative description of flow Quantitative prediction of flow phenomena using

phenomena using measurements. CFD software.

e for one quantity at a time o for all desired quantities

e at a limited number of points and time o with high resolution in space and time
instants

e for a laboratory-scale model e for the actual flow domain

e for a limited range of problems and e for virtually any problem and realistic
operating conditions operating conditions

e cxpensive e cheap(er)

e slow o fast(er)

e sequential e parallel

e single-purpose e multiple-purpose

Equipment and personnel are difficult to CFD software is portable, easy to use and modify.

transport.

Error sources: measurement errors, flow Error sources: modeling, discretization, iteration,

disturbances by the probes, complexity. implementation.

6. CFD modelling procedure

Prior to setting up and running a CFD simulation there is a stage of identification and formulation of the
problem in terms of the physical and chemical phenomena that need to be considered. For a given
problem, you will need firstly to define your modelling goal, and create the domain for the problem
(model's geometry). Specification of the domain geometry is the main task at the input stage and
subsequently the user needs to obtain a successful simulation result. Typical decisions that might be
needed are whether to model a problem in two or three dimensions. To make the right choices requires
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good modelling skills, because in all but the simplest problems we need to make assumptions to reduce
the complexity to a manageable level whilst preserving the salient features of the problem at hand. It is
the appropriateness of the simplifications introduced at this stage that at least partly governs the quality
of the information generated by CFD, so the user must continually be aware of all the assumptions, clear-
cut and tacit ones, which have been made.

Analysis begins with a mathematical model of a physical problem, where the conservation of matter,
momentum, and energy must be satisfied throughout the region of interest (specify governing equations,
"select physics").

Specify physical properties to model, such as viscosity, thermal conductivity, and density to define a
problem (add material to model).

Provide appropriate initial and boundary conditions for the problem, user needs specify them for
different applications.

Domain is discretized into a finite set of control volumes or cells. The discretized domain is called the
"grid" or the "mesh". Specification of the grid design is very important to obtain a successful simulation
result. There is no formal way of estimating the errors introduced by inadequate grid design for the
domain. Good initial grid design relies largely on an insight into the expected properties of the problem.
The only way to eliminate errors due to coarseness of a grid is to perform a grid dependence study,
which is a procedure of successive refinement of an initially coarse grid until certain key results do not
change. Then the simulation is grid independent. A systematic search for grid-independent results forms
an essential part of all high-quality CFD studies.

Specify the study (e.g., stationary, time dependent, etc.). All equations are solved simultaneously to
provide solution. The solution is post-processed to extract quantities of interest. Examine the results and
consider revisions to the model to ensure property conservation and correct physical behaviour. The flow
diagram of the algorithm is shown in Figure 3.

At the end of a simulation the user must make a judgement whether the results are ‘good enough’. It is
impossible to assess the validity of the models of physics and chemistry embedded in a program as
complex as a CFD code or the accuracy of its final results by any means other than comparison with
experimental test work. Anyone wishing to use CFD in a serious way must realise that it is no substitute
for experimentation, but a very powerful additional problem solving tool. Validation of a CFD code
requires highly detailed information concerning the boundary conditions of a problem, and generates a
large volume of results. To validate these in a meaningful way it is necessary to produce experimental
data of similar scope. Sometimes the facilities to perform experimental work may not (yet) exist, in
which case the CFD user must rely on; previous experience, comparisons with analytical solutions of
similar but simpler problems, and comparisons with high-quality data from closely related problems
reported in the literature.

Experimental data is the observation of the "real world" in some controlled manner. By comparing the
CFD results to experimental data, one hopes that there is a good agreement, which increases confidence
that the physical models and the code represents the "real world" for this class of simulations. However,
the experimental data likely has uncertainties and contains some level of error. This is usually related to
the complexity of the experiment. In comparing the CFD simulation results to experimental data, one
should discuss the experimental errors. Plots comparing CFD results and experimental data should
include a visual display of the error bars on the experimental data.

CFD computation involves the creation of a set of numbers that (hopefully) constitutes a realistic
approximation of a real-life system. One of the advantages of CFD is that the user has an almost
unlimited choice of the level of detail of the results, but in the prescient words of C. Hastings [27], “The
purpose of computing is insight not numbers.” The underlying message is rightly cautionary. We should
make sure that the main outcome of any CFD exercise is improved understanding of the behaviour of a
system, but since there are no guarantees with regard to the accuracy of a simulation, we need to validate
our results frequently and stringently.

It is clear that there are guidelines for good operating practice which can assist the user of a CFD code,
and repeated validation plays a key role as the final quality control mechanism. However, the main
ingredients for success in CFD are experience and a thorough understanding of the physics of the
problem and the fundamentals of the numerical algorithms. Without these it is very unlikely that the user
will get the best out of a code.
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Figure 3. Flow diagram of the CFD modelling procedure.
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