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1 Introduction

Finite element analysis or FEA is the simulation of a physical phenomenon acting on or around
an object using the finite element method (Simscale, 2020). It is used to design and optimise
the structures so that they are not only strong enough to withstand the loads but also not too
strong to add extra weight so they can be faster or save on material costs. Moreover, it is also
used to analyse the objects to see their characteristics. It can also be used to verify existing
products (Caliber Design, 2020). The way this is all calculated is that the object is split into
finite elements which are then each calculated in an iterative process using differential
equations. The elements come in different shapes which are suited for each case such as
tetrahedra (triangles) polyhedral (polygons) etc. They also come in different dimensions
depending the complexity of the part e.g. 0D, 1D, 2D and 3D. Another part of the mesh which
differs is the number of nodes in the elements themselves. The more nodes there are the more
accurate the model but there is an increase in computing time as each node needs to be

calculated.

Often in FEA the geometry in FEA is simplified. This could be taking of a fillet from a louvre or
removing a hole which has no effect on the stress concentrations. This could be done for a
number of reasons. One is that simplifying the mesh may make the model run quicker as the
there is no need for so many elements. It can also improve the quality of the mesh by reducing
the number of skewed elements (elements that have deviated from the proper shape e.g.
equilateral triangle to a misshapen triangle). In some cases, simplification can go as far as
running a half model if the body and loading is symmetrical. This could mean that the mesh
could be made even finer for the same amount of run time as the model is half as big. However,
there maybe errors introduced by simplifying the model which need to be considered along

with a reduction in accuracy.
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2 Why use FEA
Why companies typically carryout FEA alongside Physical Testing?

FEA is used for a number of different reasons one of which is noise vibration and harshness
(NVH). This is the study of the vibrations within things such as engines and cars which cause
noise (X.Wang, 2010). FEA can be used to calculate where the vibrations are coming from,
so that they can be dampened therefore the vehicle does not shake itself apart (Panda, 2015)
such as a bridge. This is used on monocoques of cars as they need to make sure that
vibrations are not resonated through the monocoque into the car disturbing or giving
discomfort to the driver. FEA can also be used for stress analysis. This is used to test that
when a load is applied then it can show where the stress concentrations are on the part(s) and
if they will break. An example this could be on a race car monocoque (Kamble, et al., 2019).
A load is applied and then this gives a location of where stress concentrations are so they can
be strengthened in that area or weakened in areas where there are no stress concentrations.
Although for a monocoque this is generally used to see if the part will break under certain load
as it is a safety device. It can also be used to find the stiffness as this can affect the handling

of the vehicle.
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Figure 1-Moncoque undertaking Stress Analysis in FEA (Kamble, et
al.,2019)

FEA can also be used for fatigue analysis which is often found to be the most common cause
of breakage. This is where a component is put through a simulation of how it will react after is
has been cycled through stresses a number of times (Abbey, 2013). Depending on the
situation the number of cycles maybe different. An example of a shorter-term analysis could
be the first gear of an F1 car which only needs to be used for a very small amount of time. An
example if a long-term use could be a bridge. This can be important as you want to make sure
that the part will last long enough for its intended use but not too strong that it wastes material

and mass. This can be done in a number of different ways such as linear (where the material
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does not go into the elastic region), non-linear (the material goes into the elastic limit) and

dynamic (the loads vary with time).

FEA also is used for crash analysis. This is the modelling of an object of when it is being
crashed into. A big use of this is in the motorsport and automotive sector where strict
regulations are put on the vehicle to make sure that the inhabitants are safe in an event of a
collision (Advanced Engineering Solutions INC, n.d.). An example could again be the
monocoque which has parts built in to crumple in an event of an accident to slow down the
impact. Therefore, reducing the effect of the crash by reducing the forces acting on the

passengers.
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Figure 2-Monocque Undertaking Crash Analysis (Makhrojan, et al., 2015)

There is also buckling analysis, which is analysing the stress acting on usually beams when
under compression. This is used in cases such as conrods in compression to see if they will
be able to withstand the loads. It can also be used to see the deformation of a beam so if the
part was meant to deform to see if it deforms enough (Kurowski, et al., 2011). This comes in
two varieties of linear and non-linear. Linear is when the load is applied in one step rather than
with non-linear where it is gradually added on. Non-linear is a lot more complicated because
as the load is added at each step the deformation changes and therefore the parts stiffness
changes (Ellobody, et al., 2014).

There is also fluid and thermal dynamics. This is the modelling of the transfer of a fluid which
could be air or water (Fu, et al.,, 2018) and the propagation of heat (Sun, et al., 2010)
respectively. These can be used to design the bodywork of a race car or the transfer of heat
across a heat sink. These can also be used in conjunction to model the heat transfer say
through a car radiator (Sathyan, 2016). This still uses the same process of meshing and then
solving. However, using the finite volume method rather than the finite element method.

Another way which combines multiple analysis types is brake analysis. This uses thermal
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transfer, fluid flow and stress analysis to see whether a brake disk wont break under load. It

is also used for NVH to make sure it does not groan or squeal under stress (Abbey, 2014).

= s

¢ tm 200 —
-_ -_—

Figure 3-Car Radiator Having A Heat
Transfer Analysis (Sathyan, 2016)

The benefits of using FEA is that using the analysis type above they can be combined to
optimise a product. This means that a part can be strengthened in areas that needs it and
weakened in others that do not (Bhardwaj, et al., 2018). This means that the material is in the
area that is needed so that the mass is as low as possible. In turn this could save material
costs. Not only in the final product but also in the prototype stage as less prototypes need to
be made. There is also a time saving as the prototype does not need to be machined. The
aging process can also be accelerated so instead of weeks to go through cycles the process
can only take a few minutes to a day depending on the complexity of the model. Another
benefit is that it is better for the environment as material does not need to be wasted to make
prototypes which are just going to get destroyed straight away. It also means that the test
conditions are consistent so that any changes in environment can be negated. Therefore, the
results are more repeatable. FEA has the advantage of having the structures of the results
rather than just data points. This could be the flow structure from the wake of fluid flow or could

also be the structure of the stress concentrations.

Design Area

Figure 4-Part Being Optimised in FEA (Broekaart, 2019)
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However there is still need for FEA to be used with physical testing as the results of the FEA
may not be correct so they need to be correlated with real life (Davis, et al., 2011).
Nonetheless, once correlated any changes made to the geometry can be fairly sure that the
same thing will happen in real life. In some cases, the actual value does not matter so much
but rather the trends are, but the value should be fairly close. Such as in fluid dynamics it's
the change in the lift and drag value matters more than the actual value itself when comparing
to track and wind tunnel data. To add to that having FEA and physical testing just validates
each other so that you are sure that in a real-world situation that the part will perform in the
way it was designed. An example could be shaker rigs used to put loads on a car which can
then be validated with the FEA (Campbell-Brennan, 2020).
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3 Correlation

How a physical test may be correlated to an FEA model

FEA can be correlated in a number of ways. One of which is using a multitude of different
sensors whilst carrying out a physical test. An example of these is a PVDF film sensor which
collects data on frequency and modal parameters (Wang, et al., 2006). Sensors can be as
simple as a DTI gauge to measure the deflection of the material which is put under a certain
load. This can be taken further on with equipment such as (Dantec Dynamics, 2020) which
uses 3D imaging to find the strain acting in the part such as a human jaw (Groning, et al.,
2009). In some case temperatures sensors are also used to measure the heat transfer across
an object. This could be as simple as temperature strips which measure the temperature that
a damper gets too around a track or it could be an infrared camera measuring the tyre
temperature around a track. Slow motion cameras are also used in crash analysis to see how
the vehicle deforms along with accelerometers to see the forces acting through the vehicle

and passengers on impact.

Along with using these sensors there a number of tests that are used to also validate the
results. This could be a day on a racetrack or a shaker rig. To add to that on individual parts
a fracture test could be used to find what force it takes to fracture a part (Plummer, 2014).To
add to that there are several compressive testing methods such as using a hydraulic press,
used to measure the deflection of say a tyre (Hart & May, 2019). Tests are also used on
torsional stiffness to make sure that monocoques are stiff enough so that it does not upset the
handling of a vehicle (Marabini, 2005). There biaxial and uniaxial tension and compressive
experiments which is essentially material being stressed in two directions for biaxial and
uniaxial is a load acting in one direction (Zillmann, et al., 2015). This can be often used with

composite testing as different layups can give strength in different directions.

Figure 5-Tyre Stiffness Test (Hart &
May, 2019)
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However, if the physical test and the FEA do not correlate then it may be the model itself that
is incorrect. It could be perhaps that the number of elements is not enough to pick up the finer
details. There is a trade-off though, as the more elements there are the longer the
computational time is. So, there is a limit on is it worth running a simulation for a week rather
than an hour or so for an extra bit of accuracy. This can be solved by making the detail around
areas where there are large changes in stress or pressure. On the flip side, areas with not
much going on, the elements can be made bigger to reduce run time. To add to that the actual
location of where the loads are taking place could be slightly different to a physical, more over
it could be the solver being used. There are different solvers which are better suited for
different situation such as an iterative solver which can be split into the Jacobi method, Gauss-
Seidel method, SOR and JOR Method and a basic CG solver. Then there are non-iterative
solvers such as the Cholesky Solver and direct solver (Rieg, et al., 2014) Each have their
merits with trading off accuracy for iteration time. All of the solvers can be boiled down to two
types, explicit and implicit. Explicit is more complicated but it introduces less errors between
each iteration. Implicit is simpler so it can iterate quicker but it introduces errors at each
iteration so this reduces the accuracy of the model (Harish, 2019). But it could be just be as
simple as the loads have not been input correctly, a unit is incorrect, or a material has a

different Young’s modulus to what you are trying to model.

Another way in which FEA and physical testing can be correlated is with sweeps. An example
could be that different variations of a design can be run in an FEA package and then the same
tests can be performed in real life. The trends of these results can then be compared. If they
both have the same trends they can be classed as correlated but has a percentage difference.
As long as the engineers know that percentage difference can be factored in into the final
design.

Correlation Study using mesh 2 against straight line data
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Figure 6-Example of Correlation Sweep (Thomas,"é!mdié'j_\
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There are many different analysis methods which can also be used to compare the results.
An example is spatial correlation which compares a point on the model to see how they
compare from physical and FEA. To add to that there’s different types of shape correlation so
checking that the shape of the deformed object matches. Moreover, there is frequency
response comparisons to analyse that the resultant frequencies are the same (FEMtools,
2020).
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4 Future of FEA

If you think that FE analysis can (or should) ever replace physical

In some ways the author believes that it is perhaps possible to replace physical testing with
FEA. Computers are becoming ever more powerful with computing power doubling every year
proven by Moore’s law (Encyclopaedia Britannica, 2019). This means that the calculations a
computer can carry out are becoming ever more complex meaning that the accuracy can
increase. (Harish, 2018) believes that the accuracy of CFD and FEA is always increasing with
the algorithms becoming more accurate. There is even the possibility of quantum computing
bringing an infinitely greater computing power than what is currently possible which would

make it possible to run highly complex problems.

The meshing of the part, which is often the most difficult part, is ever becoming more accurate.
A mesh is the geometric representation of the object being studied using small elements.
Generally, the smaller the element the closer representation to the actual object and therefore
the model is more accurate (Nguyen, et al., 2015). However, as each element is calculated
the more elements are introduced the longer the solve will take. A new field of study called
isogeometric analysis is making this more accurate. This means that ever more complex
shapes can be modelled fully without the need for simplification. Isogeometric analysis uses
splines to represent the geometry rather than straight lines which also means that a higher

order degree of continuity is achieved (Borst, 2016).

Finite element analysis
approximates geometry
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adaptive meshing
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Figure 7-Example of Isogeometric Analysis (Cottrell, et al., 2006)

There is also a number of benefits to only using FEA. The time it takes to analyse a part is
significantly less using FEA. The reason for this is that instead of having to go though a large

amount red tape such as risk assessments and then prepare the whole physical test you can
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set up FEA in a matter of minutes depending on the complexity of the problem and get an
answer. Along with this there is also a time saving with the manufacturing as a monocoque
may take a few weeks to layup in carbon fibre but the CAD to analyse is there ready. These
all together can save weeks to perhaps months of a product which can reduce the costs of the
project significantly. There is also a cost benefit as instead of having to pay for material and

the time of someone to machine said part(s).

Figure 8-Example of Monocoque Crash Testing (Grand Prix Insights- Monocoque (Including
Spectacular Crash Test), 2012)

There are however some drawbacks to using just FEA. As there is no physical test to correlate
a designer can never really be 100% sure that their model is correct. As there is so many
different ways of setting up a model, without physical testing then there is no way to find out if
the answer given is fully reliable. To add to that there is also errors in the calculations that the
software uses. So, until computers are powerful enough to calculate to the nth degree there
is always going to be errors in the FEA (Murad, 2019) from the assumptions in the calculations.
But without physical testing there is no way of finding out how much that error is. Moreover,
physical tests will always be needed to find out the strength of new materials. It could be that
a new form of steel is made but without physical tests there is no real way of finding out how

the material behaves when put under a change in condition.

In conclusion the author believes that FEA will replace more physical testing in the future.
However, there will always be need for physical testing to validate the answers given and the

need to test new materials to put the data into the analysis.
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