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[bookmark: _Toc229384530]Section 1: Introduction
1.1 [bookmark: _Toc229384531]What is Computer Aided Engineering
Computer aided engineering (CAE) is used widely across the engineering sector. The software allows the user to test and predict the behaviour of products under real world forces [1] then allowing engineers to improve designs in many different ways depending on the package the user decides on [2]. CAE uses physics-based and mathematical models [1] to calculate the forces products will experience during different simulations. The broad range of each different software package allows engineers to have a large selection of what they would like to investigate for each different design and product they may have. 

1.2 [bookmark: _Toc229384532]Fluid Dynamics 
Fluid Dynamics is the study of fluids as they move. Both gases and liquids are classed as fluids in this situation. Fluid mechanics is the broader category that fluid dynamics falls under, fluid mechanics is the study of both fluid motion and statics. Showing fluid dynamics is essentially half of fluid mechanics. As the name may suggest the key focus is how fluids flow, this is currently the part of fluid mechanics with the most ongoing research [3]. 

1.3 [bookmark: _Toc229384533]Modelling in ANSYS
In this paper the user models the fluid dynamics of air travelling through a nozzle. The key areas of interest were static temperature, static pressure and the velocity of the air. The software used to carry out this investigation on fluid dynamics was ANSYS Workbench, specifically the fluent option within the software. This software package was selected due to its broad scope of abilities allowing the user to decide on what they would like to investigate and also its simple user interface compared to other software packages of a similar level. 
[bookmark: _Toc229384534]Section 2: Background on CAE
[bookmark: _Toc229384535]2.1 How does CAE work 
CAE normally has three different steps to it: pre-processing, solving and post-processing [1]. These three steps are the foundations to all mainstream CAE packages. Pre-processing is where the user decides on what they would like their simulation to look like; this includes designing what their products geometry will look like along with measurements. This then leads to factors such as materials involved and the constraints required for the geometries involved which the software wouldn’t automatically assume itself. Once the basis of the product is built the user will then need to select and apply the forces it will undergo during the simulation, without this crucial step nothing will happen as the software will not know what it is supposed to be calculating. 
The next step the software moves onto once the pre-processing is complete is the solving step. This step involves the computer running through all the relevant physics-based solvers and mathematical equations related to the forces selected by the user in the pre-processing stage. Dependant on the computer power, how complicated the design is and how many forces the user has implemented this stage may take a long time and requires minimal human intervention. 
The final step in the process is the post-processing of the simulation. In this step the user can visualise and analyse the results. This is the most important stage when the software is being used to make recommendations about designs or to confirm the validity of another model. In the majority of packages, coloured contours are used to show how the forces change throughout the design, e.g. velocity, to give a quick overview to the user on how the velocity changes throughout the product. 

[bookmark: _Toc229384536]2.2 Why is CAE Useful
CAE is useful in all engineering disciplines as it allows the user to complete many similar calculations with just a variation of numbers very quickly [4]. This is useful for showing limitations of materials and designs and what a likely outcome of a design would be. CAE often also gives a great visual representation of the results which can be very helpful for a quick look to see what the results are roughly sitting at and to also show when presenting to colleagues about results found. 
With the use of running simulations multiple times with only minor tweaks to the numbers and variables included gives the engineer freedom to explore more opportunities within the scope of their design or prove designs to be correct before a build. These advantages help to massively reduce the time and money spent on designing and testing products as the calculations are easy to edit, along with the removed risk of human error in the calculations themselves overall making the process a lot quicker [4].

[bookmark: _Toc229384537]2.3 Common Limitations of CAE Software Packages
The majority of CAE software packages hold the same limitations, these include money needed for the software itself as the majority are not free or cheap especially when requiring the more advanced add-ons, the money for training employees on the software if a company would like multiple people to be competent on various different packages this can begin to get very expensive. There are also all the classic computer disadvantages, these include, the computer breaking/ closing down without work being saved, the risk of viruses or the work being hacked and having to continuously update both the software and computer it is being used on, both risking accidentally deleting unsaved work [4].
Another limitation of people using software packages is without full knowledge of a package the human error likelihood of misuse is vey high. As every package is designed to give the engineer using it as many different options as possible, as useful as this is it can also lead to accidental missed steps. By missing these steps, the user may have inadvertently calculated something different from what they believe they have. Due to this the user may have blind confidence in their results and will not question it unless the difference in results in very obvious. 

[bookmark: _Toc229384538]2.4 Importance of the Correct Mesh
Mesh sizing is one of the parts in the pre-processing step and is of very high importance because if it is too small then there can be rounding errors and also take a significantly long amount of time and computing power which is not always practical. However, a very coarse mesh size could mean it is too large to see the intricacies of what is happening in a model giving potentially incorrect results leading to false confidence in results. How can this be combatted? One of the most common ways of solving this is by creating a graduated mesh [5]. This can be simply just deciding where the point of interest is and increasing the mesh size in that particular area whilst leaving the rest of the mesh particularly coarse. This is useful as it does not create too many unnecessary nodes in areas of minimal interest or where there won’t be a change in force so it is not particularly important meaning the computing time does not increase significantly but the results are considerably more accurate for the area of interest so the engineer can then create many results quickly with more reliability than previously. 

[bookmark: _Toc229384539]2.5 Iterations
Due to the nonlinear nature of fluid dynamic equations an iterative approach is taken in ANSYS. As the solution is tending towards the exact solution ANSYS shows the residual showing how close to the real answer the solution is. The residuals should lower the more iterations are done until they stabilise, they stabilise once the solution has converged as much as it will [6]. 

[bookmark: _Toc229384540]2.6 Why ANSYS Workbench
ANSYS Workbench is described as a user-friendly platform [7] which was imperative when the user is only being given two weeks to understand the software and run simulations with it. The software eliminates the need for finding your own properties of materials or elements as it has prestored material lists and properties of elements and compounds, this is very useful when looking at fluid dynamics as the user does not need to find the properties of air or any other compound by themselves, the software already has it installed and the user just needs to simply select the one they are wanting to work with. 
Although ANSYS can be picked up relatively quickly there are endless uses with the software, these include the behaviour of electric, fluid, magnetic, mechanical and thermal systems [8]. The broad range of different behaviours ANSYS can work with gives the user many different options of what they would like to investigate and allows the freedom to check other behaviours that may not have been important at the beginning of a design. 
[bookmark: _Toc229384541]2.7 Common Downfalls of ANSYS
In ANSYS Fluent, the sub option used to investigate fluid dynamic simulations, the equations are solved iteratively as discussed previously. This can lead to a multitude of problems as when the software tries to automatically detect that the iterations have stopped changing enough it could be wrong and the residuals of the iterations may still be trending down considerably so leaving the equations to run for longer is necessary and will give more accurate results, an example of this can be seen in the students simulations below. More common downfalls of ANSYS as discussed in the above can the incorrect choice of mesh size as a too small mesh may give incorrect results and a coarse mesh may give somewhat accurate results but not in detail enough so averaging out larger results leading to false confidence in designs. Both of these limitations, especially meshing, are prevalent in the majority of other CAE software packages. However, ANSYS also has a unique problem of when using the more recently updated versions you cannot then go back and use older versions with the design you are working on. It has been made so designs can be taken forward to use more recent versions but does not work the other way around so once deciding on a version to use the user must either stick with that or only move the more recently published versions. 

[bookmark: _Toc229384542]Section 3: Fluid Dynamics 
[bookmark: _Toc229384543]3.1 Jet Fires
Gas flowing through a nozzle and being ignited at the end is called a jet fire. This can be used to test passive fire protection materials. This type of test can be carried out multiple times a week for a few hours at a time at the students place of work. This type of work is very important in the gas and oil industry in helping prevent fast spreading fires in high-risk areas such as oil platforms by reducing the quick progression of fire maintaining the structural integrity of the platform long enough to perform the rescues necessary. 

[bookmark: _Toc229384544]3.2 Bernoulli’s Equation
This equation is the most prevalent in fluid dynamics and solves the problem of force and energy [9].  It can be derived from either Newton’s 2nd Law or the equation of energy [10].  The general basics are that in a flowing fluid when the velocity increases the pressure decreases. This can be applied the other way as well, when the velocity is lower the pressure is higher [11]. Bernoulli’s equation can be seen below:

[bookmark: _Toc229343150]Equation 1 - Bernoulli's Equation [11]
In the above equation P is the absolute pressure, ρ being the fluid density and h being the height above a point. When following a fluid, and giving it a reference point 1 and 2 Bernoulli’s equation turns into the below:

[bookmark: _Toc229343151]Equation 2 - Bernoulli's Equation, 2 points [11]

[bookmark: _Toc229384545]3.2 Simulations
Due to the relevance of the students work in the gas industry with gas flowing through nozzles they believed it would suit to do a simulation on the fluid dynamics of gas flowing through a nozzle. The first stage as discussed previously was the pre-processing. During this the student imported their nozzle step file into the ANSYS workbench software. This is the first key step as it is giving the software the geometry it has to work with. Once the geometry is sorted this naturally leads to setting the boundaries so the software understands what each line means and whether the gas it will be simulating can pass through it or it should be treated as a physical barrier there would be in real life, the boundaries decided by the student can be seen below on the nozzle design that was used.
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[bookmark: _Toc229343123]Figure 1 - Nozzle Boundaries
As shown in the figure above, ANSYS uses the term wall to define a boundary which cannot be crossed. This allows for reflections of pressures and other variables leading to more realistic simulations. As discussed previously the next step is meshing, with this step being so important it is likely to be repeated a couple of times. 
[bookmark: _Toc229384546]3.2.1 Simulation 1
Originally the student set the mesh to 0.00005m, due to the long time this took to create on the design the student took the initiative to decide this mesh size was too small for the limited amount of time available. The mesh size was changed to 0.0005m and this worked considerably better so was a good starting point.
With the mesh decided it was time to move into the ‘solve’ tab. This section is the final step of pre-processing. It allows the user to select what forces the design will undergo, give properties to the fluid flowing through the nozzle and what laws the fluid will be abiding to. In this example the fluid decided was to be air for simplicity, the airs density was decided to behave like an ideal gas whilst the viscosity was decided to fit the Sutherland model. The Sutherland model was selected due to its higher accuracy with of how viscosity changes with temperature [12]. Whilst the ideal-gas laws were chosen to apply to the density for simplicity, it demonstrates the relationship between temperature, pressure and volume for gases. There are three separate laws involved, these are, Charle’s Law, Boyle’s Law and Gay-Lussac’s Law. When combined, these laws give what is known as the ideal-gas law equation [13].

[bookmark: _Toc229343152]Equation 3 - Ideal Gas Equation [13]
In the above equation P is pressure, V is volume, n is number of moles, R is the universal gas constant, and T is the absolute temperature. This equation can be used when looking at results as well to sense check them as when the pressure rises the temperature should rise accordingly with it.
Once all the pre-processing steps have been completed it is time to move into the solving section. In ANSYS Fluent when solving a problem, the user can select either a manual number of iterations to be performed or allow the software to ‘auto detect’ when the residuals are low enough that the iteration results are not changing enough to justify doing more. For this first simulation the user decided to manually select the number of iterations, this was decided to be 2,000. 
[image: ]
[bookmark: _Toc229343124]Figure 2 - Residuals of First Simulation
For the first simulation this is reliable enough data as all residuals were trending down but have levelled off considerably now. Meaning the student can now move onto the post-processing step. The first result the student looked at was the static pressure inside the nozzle. 
[image: ]
[bookmark: _Toc229343125]Figure 3 - Static Pressure of Simulation 1
The above shows the pressure was at its highest at the inlet end then once going through the narrowing in the nozzle the pressure reduced with cross patterns of lower pressure. This pattern is a very common compressible flow pattern as it is caused by waves being reflected by the walls created by the student previously. The velocity is the perfect opposite of the pressure’s highs and lows, as can be seen below.

[image: ]
[bookmark: _Toc229343126]Figure 4 - Velocity of Simulation 1
This pattern reflects the static pressures, the only difference being there is low a velocity where the pressure was high and a high velocity where there was a low pressure. The student then decided to look at the temperature results next to sense check the results that have been established so far, as the temperature and pressure should be high in the same places and low in the same places due to the ideal gas law. 
[image: ]
[bookmark: _Toc229343127]Figure 5 - Static Temperature of Simulation 1
The locations of temperature rise and fall align perfectly with higher and lower pressures. Due to the high likelihood of human error in the pre-processing stage little checks like this are very useful when using CAE software packages as by checking the results align with what should be expected can give the user a lot more confidence that they have selected everything correctly and have no forgotten a step. 
[bookmark: _Toc229384547]3.2.2 Simulation 2 
Due to simulation 1’s iteration residuals not being below 1e-3 which is the requirement for the automatic stop if the user selects automatic iterations instead of manual, the student decided to run the same simulation for 10,000 iterations. 

[image: ]
[bookmark: _Toc229343128]Figure 6 - Residuals of Simulation 2
Although not all residuals had reached below 1e-3 they had now completely levelled off so each solution for the questions would not change less than it is now. 

[image: ]
[bookmark: _Toc229343129]Figure 7 - Static Pressure of Simulation 2
Whilst by increasing the iterations has not changed the maximum or minimum pressure it has changed the length of the low-pressure reflections. In this simulation there is 6 ‘crosses’ of low pressure whilst when there were only 2,000 iterations completed there was only 5 ‘crosses’ of low pressure showing that in Simulation 1 was not fully accurate as the equations needed to be run more time. This would be any easy mistake someone not used to the software could make as at 2,000 iterations the residuals did appear to have levelled off. This can lead to incorrect readings of the results as the results are not complete. This same trend continues on for both velocity and temperature as can be seen below.
[image: ]
[bookmark: _Toc229343130]Figure 8 - Velocity of Simulation 2
[image: ]
[bookmark: _Toc229343131]Figure 9 - Static Temperature of Simulation 2
[bookmark: _Toc229384548]3.2.3 Simulation 3 
As mesh size is such an imperative thing to get correct the student decided to conduct a mesh independence study, this involves taking the mesh down to such a small size the results are incorrect. To establish the mesh size which the software would no longer give a correct answer the student dropped the mesh size down to 0.0003m. The first time the student ran this simulation, during the pre-processing step an incorrect option was selected. Air was used again as the fluid flowing through the nozzle design. When selecting the properties and laws the air would abide by the student did not change the density from constant to ideal gas laws. This simple mistake perfectly shows how easily human error can occur. During this simulation the student also decided to use to the automatic detection for when the residuals have reached a low enough level to stop. The results for that looked like the below. 
[image: ]
[bookmark: _Toc229343132]Figure 10 - Residuals of Automated Simulation 3
[image: ]
[bookmark: _Toc229343133]Figure 11 - Static Pressure of Automated Simulation 3

[image: ]
[bookmark: _Toc229343134]Figure 12 - Velocity of Automated Simulation 3
[image: ]
[bookmark: _Toc229343135]Figure 13 - Static Temperature of Automated Simulation 3
In the above pictures it can be clearly seen that the results are not the same pattern as the previous simulations. Originally, the student believed this was due to the fact the iteration residuals were still trending downward, because of this the student decided to remove the automated finish and continue the iterations until the residuals levelled off which ended up being around 6,000 iterations. 

[image: ]
[bookmark: _Toc229343136]Figure 14 - Residuals of Simulation 3
It was at this point that the student realised they had incorrectly selected the laws the fluids density would follow, leaving it as constant instead of the ideal gas laws. The student went back to the pre-processing step to correct this and then repeated the solve step.
[image: ]
[bookmark: _Toc229343137]Figure 15 - Residuals of Correct Simulation 3

[image: ]
[bookmark: _Toc229343138]Figure 16 - Static Pressure of Correct Simulation 3
The two above images clearly show there is still a problem with the simulation as the iterations spiked and the pressure contours are very different to the other two simulations. This was due to the mesh being too small therefore compound rounding errors lead to the iteration residuals spiking and giving incorrect results. This was a great find as it showed the student that between mesh sizes 0.0003m and 0.0005m was where the mesh became too small and gave incorrect results. 
[bookmark: _Toc229384549]3.2.4 Simulation 4 
The mesh independence study continued as the student began to see if the simulation would work whilst the mesh was 0.0004m. Whilst remembering to correctly assign the correct laws and properties in the pre-processing step the student ran the simulation again. 
[image: ]
[bookmark: _Toc229343139]Figure 17 - Residuals of Simulation 4
[image: ]
[bookmark: _Toc229343140]Figure 18 - Static Pressure of Simulation 4

[image: ]
[bookmark: _Toc229343141]Figure 19 - Velocity of Simulation 4

[image: ]
[bookmark: _Toc229343142]Figure 20 - Static Temperature of Simulation 4
This simulation worked as expected, these results now narrowed down where the limit of the mesh size lay, it now must be somewhere between a mesh size of 0.0003m and 0.0004 as being too small. Upon inspecting the results, the student decided with how long the solve step took for the mesh size 0.0004m and 0.0005m and how little extra detail there was that for the majority of cases for this size and this simulation that the best mesh size was 0.0005m. 
[bookmark: _Toc229384550]3.2.5 Simulation 5 
Upon deciding a mesh size of 0.0005m was the smallest the student needed to go the next simulation was used to prove whether a larger mesh size would’ve been just as effective and likely faster or if it would have lost some of its’ accuracy. The student decided on a 0.0007m mesh size for this simulation and ran it for 3,000 iterations.
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[bookmark: _Toc229343143]Figure 21- Residuals of Simulation 5
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[bookmark: _Toc229343144]Figure 22 - Static Pressure of Simulation 5
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[bookmark: _Toc229343145]Figure 23 - Velocity of Simulation 5

[image: ]
[bookmark: _Toc229343146]Figure 24  -Static Pressure of Simulation 5
Whilst this simulation did work the student decided too much detail of the reflection waves was lost in this larger mesh as the lines were a lot less defined and clear to see. Therefore, deciding that 0.0005m mesh size was likely the best mesh for this simulation.
[bookmark: _Toc229384551]3.3 Proving Simulations
Whilst doing small sense checks with known equations such as the ideal gas equation can give the user more confidence in the results this isn’t always enough when validating results professionally. In some cases, simulations can be proven by real world measurements of the same test, in other cases previous papers have been published on the work that has been undertaken by the user, and this can be sufficient to prove the work carried out is correct and the results can be of real use. In the case of the student a previous paper had been carried out on the same work, written by The University of Newcastle Australia [14]. 
The paper written by The University of Newcastle Australia looked into a very similar simulation. The geometry remained the same, however, in the paper the pressure of the air flowing through the nozzle was 30kPa.
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[bookmark: _Toc229343147]Figure 25 - Static Pressure of Proven Simulation [14]
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[bookmark: _Toc229343148]Figure 26 - Velocity of Proven Simulation [14]
[image: ]
[bookmark: _Toc229343149]Figure 27 - Static Temperature of Proven Simulation [14]
As can be seen in the above results the same patterns occur in pressure, velocity and temperature as what occurs in the students results. Whilst the pressures vary slightly due to the paper using a pressure of 30 kPa, the velocities are very similar. With the maximum on the university paper being 5.19x102 m/s and the student maximum velocity in Simulation 2 being 4.84x102 m/s. With close enough results the simulations completed by the student are validated and the results found could be engineers to establish the forces the nozzle with undergo during use. 
[bookmark: _Toc229384552]Section 4: Conclusion 
All CAE software packages have limitations, whether that is the costs involved, the training required to reduce mistakes and human error or meshing mistakes. However, CAE can be very useful in reducing calculation time for engineers although without proper use of the software this could lead to increased hours of calculations by making a simple mistake such as incorrect mesh sizing and missed steps in long processes. As a whole CAE is a great tool to run engineering simulations to help predict results of tests without having to use up valuable materials as long as the user is aware of the limitations and benefits that CAE brings them.
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