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[bookmark: _Toc11606551]Abstract
This assignment looks at FEA and 3D design and its applications in industry, and the water industry. The report also looks at SolidWorks and its applications, functions and uses this extremely important software to conduct a motion study on an assembled gearbox, and design and create a housing for the gearbox.
[bookmark: _Toc11606552]Link to SolidWorks assessment
https://uowtsd-my.sharepoint.com/personal/mparry_151377_student_uwtsd_ac_uk/_layouts/15/onedrive.aspx


[bookmark: _Toc11606553]Introduction
Engineers have been using design techniques to create many different advances is the modern world. According to (Pramanik & Basak, 2015) (SolidWorks, 2019) engineers have always had difficulty in communicating their design ideas to other people. (SolidWorks, 2019) describe early engineering illustrations as more artistic drawings rather than more technical diagrams. They could be conveyed to most people with little knowledge of engineering or design. (SolidWorks, 2019) argue that Leonardo da Vinci created countless inventions on paper that show early artistic engineering design. However, most of Leonardo da Vinci’s inventions were not fulfilled during his time. (SolidWorks, 2019) explain that this was due to limitations in prototyping, simulation, materials, and an underlying lack of manufacturing knowledge during his lifetime. 
Since then engineering drawings have progressed into such a detailed and defined approach that special skills and training are required to accurately understand them. According to (SolidWorks, 2019) paper and pencil were deployed to communicate designs. However, over the years a special set of tools and aids have been developed to make the design process faster and more accurate. 
(SolidWorks, 2019)describe early design engineering tools such as pencils, pens, ink, erasers, straightedges, T-squares, protractors, compasses, slide rules, calculators and drawing boards. (SolidWorks, 2019)continue to describe other methods such as multiple views, orthographic drawing projections, isometric views, perspective, section views, dimensions and scaled drawings. 
(SolidWorks, 2019) praise the breakthrough in engineering revolutions such as steam engine, cotton gin, telegraph, sewing machine, telephone, phonograph, electric motor, diesel engine, aeroplanes and cars. All these were designed and developed during 1770 and 1915.


[bookmark: _Toc11606554]What is CAD software
(Kishore, 2017)describe CAD, or computer aided design as a technology for design engineers to technically and digitally document ideas which replace the requirement for manual drafting with an automated process. 
According to (CADsourcing.com, 2019) Dr Patrick Hanratty created a program called PRONTO. This was first used as a numerical control system. This program is believed to be the origin upon which all CAD software was built on. Over the years there have been many different formats and versions of CAD. (CADsourcing.com, 2019)explain today’s the most commonly used versions are Dassault Systemes SolidWorks, and Autodesk Inventor. Both versions are also capable of uploading the design drawings direct to CNC or 3D printing machines to create the desired model.  
[bookmark: _Toc11606555]SolidWorks
According to (CADsourcing.com, 2019) SolidWorks was first introduced in 1995 by Dassault Systemes. It was a software that emphasized ease of use and allowed its engineering users to take advantage of its 3D CAD technology. 
SolidWorks is used in almost all industry including Aerospace, defence, manufacturing, construction, energy, materials, oil, gas, and water industry. (SolidWorks, 2010) The software can be used to create parts using sketches various features that help bring designers ideas to reality. 
[image: ]
Audi R8 created using solid works solidworksaudir8.com (2019)
Once parts have been created, they can then be assembled to produce designs that may then be analysed. (Javelin Technologies, 2019)
[bookmark: _Toc11606556]FEA
FEA (Finite element analysis) is a mathematical tool for solving boundary value problems and is also a powerful stress analysis tool as described by (Motton & Shaw, 1996). (Rao, 1999) describes FEA as a solution of a complicated problem by replacing it with a simpler one. When the problem becomes replaced with a simpler one then we can find an approximation to the problem rather than the exact answer. In FEA the solution region is built up of many small, interconnecting subregions that are call finite elements.
[image: Image result for finite element method]
CAD drawing of a piston under FEA as described by Engineeringedge.com (2019)
 
[bookmark: _Toc11606557]FEA using SolidWorks
As discussed earlier creating engineering concepts and designs is a skilled task. Understanding how that design will function in real-world conditions is another. 
According to (Zeid, 2015)) SolidWorks motion analysis is a selection of investigation tools that use FEA to calculate a product’s real-world physical performance by digitally testing CAD models. The selection delivers linear, non-linear static and dynamic analysis solutions. Each listed adds easy to use functions to solve ever more challenging problems.
(Javelin Technologies, 2019) and (Zeid, 2015)explain that the motion features of the software can assist with a wide range of motion study depending on how complicated your requirements are, and they can be divided into three categories:
1. Animation is used by creating some illustrations which are extremely useful for presentation or marketing a design idea without any consideration of mass and gravity effects.
2. Basic Motion adds an extra level of intricacy that considers the effects of mass, springs, gravity and physical collision detection.
3. Motion Analysis is a motion study that analysis a wider range of physical interactions such as impact effects, damping, force, momentum. 

(SolidWorks, 2010) and (Zeid, 2015) describes its full list of simulation that include
· Static studies offer tools that study linear stress analysis of parts and assemblies loaded by static loads. This is extremely useful for looking at if a part break under normal operating loads.  Is the model over designed. Could the design be modified to increase the safety factor?
· Buckling studies analyse the performance of the thin parts loaded under compression. This tool is extremely useful for analysing pressure vessels.
· Thermal studies focus on the analysis of heat transfer by means of conduction, convection, and radiation.
· Fatigue studies evaluate the resilience of parts and assemblies loaded repetitively over long periods of time.
· Nonlinear analyses present tools for analysing stress in parts and assemblies that experience severe loadings and large deformations.
· Dynamics explores items forced by loads that vary over time. This could include shock loads of components mounted in vehicles, turbines that are loaded by oscillatory forces.
· Flow Simulation enables the user to analyse the behaviour and effect of moving fluids around and within parts and assemblies. Heat transfer in both fluids and solids is also considered. This tool is perfect for determining pump flows and velocities
For this report we will consider motion analysis and angular velocity.

[bookmark: _Toc11606558]Water Industry
According to (DCWW, 2015) Welsh Water have entered into an alliance with construction and infrastructure specialist Morgan Sindall. Morgan Sindall are the principle contractor who are responsible for delivering key upgrades to existing Welsh Water assets. As described by (Morgan SIndall, 2015) These include various complex projects that are needed for Welsh Water to achieve compliance with National Resources Wales and also allow them to reduce reactive costs over time. Morgan Sindall use design engineers Arup to help bring the customers specifications and design brief to reality. To do this Arup use the latest CAD software which helps them deliver integrate design to Welsh Water (Arup, 2019). One of the programs they use is called Innovyze ICM. According to (Innovyze, 2019) this software allows its users to simulate storm conditions in a catchment area allowing designers to see if their model can withstand such events. This information is then presented to the client who can then prioritise key upgrades. 
[image: Image result for innovyze icm]
Innovyze ICM hydraulic model (Innovyze, 2019)
 
Arup also use Autodesk Inventor to create designs for approval by the client Welsh Water. Some of the designs are taken using 3D laser scanners that footprint the whole building. This is extremely useful when entering high risk area such as sewage pumping stations. The information gathered is then relayed on to the CAD software to generate a 3D design which Arup then use to show the client how their proposed simulation will look. As described by (Arup, 2019)
The following drawings are 3D models of an ongoing sewage pumping upgrade at Northumberland SPS in Llanelli and have been created by Arup’s senior mechanical design engineer Julian Jones (Jones, 2018). The site is being upgraded to cope with population increase and to reduce the number of spill events each year. To achieve this the existing pumping station is being utilised to save money and to reuse existing assets. The 3D drawings detail new pumps, and baffle walls, and even include the crane location for pumps to be removed for maintenance. 
[image: ]
3d model of Welsh Water Pumping Station (Jones, 2018)
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3d model of Welsh Water Pumping Station (Jones, 2018)
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3d model of Welsh Water Pumping Station (Jones, 2018)
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3d model of Welsh Water Pumping Station (Jones, 2018)



[bookmark: _Toc11606559]Motion Simulation Assignment
[bookmark: _GoBack]The assignment brief is to create a gear box housing which will form part of a sliding mesh gearbox. Once the housing has been created and the gears assembled then a motion simulation is to be generated focusing on angular velocity. 
[bookmark: _Toc11606560]Initial Gearbox Mates
First task is to correctly position the gears, shaft and bearings in the correct position. To begin mating the gearbox together the bearings have been mated using concentric mates, and coincidence mates. This allows the bearings to stay positioned on the shaft in its correct orientation. (Zeid, 2015)
Once the bearings are positioned then the next mate is to position the gears on to the shaft. But, to do this it is worth considering the centre distances from both shafts. (Zeid, 2015)
[image: ]
Output and primary shafts (SolidWorks, 2019)

The picture below shows an example of two spur gears with keyways that could be mounted on the end of two shafts. The gears are positioned in an engaged state. This indicates that the teeth of the gears are engaged with each other and that they are ready to transfer power. There are several choices for the pressure angle of gear teeth. These are traditionally 14.5°, 20°, and 25°. This is the angle at which the two opposing teeth meet when engaging. A larger angle means larger teeth and consequently more strength and torque handling capacity. Conversely a smaller angle means less recoil and a higher contact ratio, which will give a smoother, quieter operation. All engaging gears must have the same angle in order to drive. (Stokes, 1992)
[image: ]
diagram of meshing spur gears (Shigley, 1986)





For this calculation we will consider the primary and output first gears.
[image: ]
1St Output gear (SolidWorks, 2019)
[image: ]
1St Primary gear (SolidWorks, 2019)


According to (Stokes, 1992) gear shaft distance can be calculated using the following formula.


Pitch diameter =  
Or for an approximate solution you can consider the following
Pitch diameter = 
Output gear Pitch diameter = 
Primary gear Pitch diameter = 
Therefore, the centre distance would be
Centre distance = 
Centre distance= 
From the above calculations the two shafts must be mated at 61 mm (Please note that this result has been rounded). This can be achieved by mating them as a coincidence at the required distance. Once the shafts are in place then both primary and output gears are mated using both concentric and coincidence mates. 
Now that the gears, bearings and shafts have been mated then this can allow the assembly to be subject to motion study.



[bookmark: _Toc11606561]Motion Study
[bookmark: _Toc11606562]Angular Motion
According to (Khanacademy.com , 2018) angular motion is a measure of how quick an object rotates or moves through an angle. It is the change in angle of that moving object either measured in degrees or radians and then divided by time. The rate of change of angular velocity is known as angular acceleration.
Firstly, the assembly requires feature adding to the motion study. These are contacts, forces, angular force and motor. Contacts will tell the motion study what parts are to make contact during the analysis. The study will be carried out over two sections and at a rate of 600 frames per second. Forces are to be applied to the study. These will be 10N in magnitude and applied either side of the fork. The angular force (Chen & Liu, 2015) (Lombard, 2008) (Subol, 2016) will act as torque on the output shaft and will simulate friction. A motor or rotary motion is applied to the face of the primary shaft at a speed of 100 rpm. (Zeid, 2015).
[image: ][image: ][image: ][image: ]
Features required for Motion Study (SolidWorks, 2019)
After the initial study there have been a few errors that have given a result that was not expected. 
[image: ]
First motion Study results (SolidWorks, 2019)
The results have identified that the combination gears are not mated sufficiently enough to provide a true motion study. The combination gears should be mated with the primary shaft by the front planes as a coincident. 
[image: ]
Combination gears and primary shaft with front plane mates (SolidWorks, 2019)
Now this has been added to the model the motion study shall be repeated which should give an expected result.
[image: ]
Second motion Study results (SolidWorks, 2019)
The graph suggests that the motor is driving in the wrong direction. Also, there does not seem to be any trace of a speed change when the gears change. 
The initial part of the graph suggests that as the motor turns the primary shaft the gears are not meshing or engaging, and this can be seen as to why the angular velocity at zero seconds increases to 1060 deg/sec and reduced quite abruptly but settles out once the gears are engaged and in motion. Then after 1.18 seconds the graph shows the combined gears move to the second primary gear and make contact. 
[image: ] 
First motion Study results Redundancies (SolidWorks, 2019)

The results from the motion study have also highlighted thirty-two redundant mates. (Javelin Technologies, 2019) and (Zeid, 2015) suggest that redundant mates are when multiple mates remove the same degree of freedom on a part. For example, if we create an extruded square with a hole cut from it centre and created a extruded part to fit in its centre, we would use a concentric mate between the cylindrical faces of the extruded square and the hole and a coincident mate between the flat faces of these two components. In this case the concentric mate removes four out of six degrees of freedoms including the translation along X and Y axes as well as the rotation about these axes. The coincident mate between the two flat surfaces will restrict the translation along Y axis and the rotation about X and Z axes. These two mates remove seven degrees of freedoms out of the max possible of six. This is because both mates remove rotation about X and Z axes.
[image: ]
six degrees of freedom as described by (Javelin Technologies, 2019)

(Javelin Technologies, 2019) and (Zeid, 2015) argue that any such duplication of degrees of freedom can lead to over constraining your assembly or introduce what are known as redundant constraint equations. When you have a redundant constraint, you have two or more mates essentially struggling to control one specific degree of freedom. SolidWorks will automatically remove a redundant constraint equation to stop the redundancy. In complex circumstances it may not remove the correct one for the mechanism that leads to the wrong motion analysis results.
According to (SolidWorks, 2019) to reduce the redundant mates there are some mechanical mates called hinge mates. This mate combines concentric and coincidence mates but classes the mate as one. To apply these mates to the original assembly existing mates will be deleted and hinge mates will be used. By deleting the existing mates, the parts will stay in the same position which will make this task easy to achieve. All bearings will be mates using hinge mates and the fork and primary gears. Once this is complete the motion analysis can run again. But according to (SolidWorks, 2019) there is a feature called rigid bodies that can help reduce redundant mates further. Therefore, the first rigid group will be the output 1st, 2nd gear plus shaft. The second will be all four bearings. 
From the results below we can see that by using these mates the redundant mates have reduced from thirty-two, to just twelve. 
[image: ]
Third Motion Study (SolidWorks, 2019)

By adding the additional mate, we can see a true graph which displays the expected angular motion. This time the graph shows a steadier increase in angular velocity as the primary shaft gathers speed. The initial drop in speed would suggest that this is where the gears begin to engage and start driving the output gears and shaft. As the force is transferred in the other direction then the graph suggests that again the dog tooth’s in the combined gears are not engaging and this can be seen in the graph. This then passes after 0.8 seconds as the gears engage. The graph also displays the difference in speed of the two gears, and correlates to their size difference.
 The gears are now ready for the housing to be drawn and mates to the assembly. 

[bookmark: _Toc11606563]Gearbox Housing
The gearbox design is the last process because it is easier to make sure the motion analysis is correct before designing the housing. This is because all known dimensions can be measured using the evaluation feature. This will eliminate the need to edit sketches and features and just construct the housing from the final known mates and measurements.
To measure the assembled gearbox SolidWorks has a feature which allows you to take vital dimensions. (SolidWorks, 2019). [image: ]
Measuring feature used for dimensions during gearbox housing design. (SolidWorks, 2019)
This feature removes the need to revert to each original sketch thus saving time when designing and creating items. (SolidWorks, 2019).
The housing will be made from 316 stainless steel. This is because of its high tensile strength, increased strength under high temperatures,  resistance to pitting,  and high resistance to corrosive environments. (Pramanik & Basak, 2015).
The first sketch was taken using the dimensions of the primary main bearing and output bearing. [image: ]
initial Sketch of primary main bearings and output bearings. (SolidWorks, 2019) 
Once the sketch was finished it was then extruded taking into consideration the total width of both primary main and output bearings. This would then be extruded and cut furthermore to allow for the bearings to fit inside.
[image: ]
Extruded sketch. (SolidWorks, 2019)
[image: ]
Extruded cut for primary main bearing. (SolidWorks, 2019)
From this the main gearbox housing was created using the same centres but just sketching the external dimensions to the original sketch and extruding outwards to give the required body.
[image: ]
Gearbox main body extruded boss. (SolidWorks, 2019)
Once completed the two-final bearing dimensions were used to sketch and extrude to the required
size. 
[image: ]
Output main bearing and primary end bearing. (SolidWorks, 2019)

[image: ][image: ]
[image: ][image: ]
Gearbox fork modification. (SolidWorks, 2019)
For the gearbox fork the main body extruded cut to allow the fork to move with the combination gears. 
Finally, the housing appearance was cleaned up using features fillet and chamfer with a maximum of 5mm.
[image: ]
Gearbox assembly with completed housing. (SolidWorks, 2019)
All the methods used to build this housing was repetitive and probably the most basic technique. This was simply due to a lack of experience using the software. The main design feature inside the housing was to make sure the fork rod had 110mm so that it could fit perfectly inside the housing. Another method which could have been adapted would be to sketch half of the design and use a feature called mirror. This then symmetrically copies the design which would have the required symmetrical distances. This was not used on this occasion because of fork and fork rod.
Now that the housing has been created the next task is to mate the new part with the existing gearbox assembly and run through the motion study. There may be opportunity to reduce the redundancies even further which is advantageous. 


[bookmark: _Toc11606564]Motion Study with Gear Housing 
The gearbox housing has been mated to the gearbox using hinged mates on the main primary and output bearings. The fork rod has been mated as coincident with the housing. The motion study will be recalculated to see how many redundant mates remain and see if the housing is supporting the gearbox accordingly.
[image: ]
Motion Study No1. (SolidWorks, 2019)
From the latest motion study with the gearbox housing mated with the gearbox the results have shown an error with some of the previously deleted mates. The fork and rod are no longer in position and are now outside the housing during the simulation. Therefore, a new motion study will be undertaken to rectify the error with the fork. The repeated motion study will be identical to the previous analysis.


From motion study two the graph displays a similar result to the original analysis. As the motor starts to turn the primary shaft the gear begins to engage. This can be seen in the first 0.10-0.20 seconds. From there the gears are engaged and the angular velocity is steady. As the force acts on the fork in the opposite direction the angular velocity drops below zero to -789 deg/sec. This could suggest that the combination gears are going backwards in the opposite direction before they finally engage at around 1.08 seconds. Once engaged there is a spike at just after 1.13 seconds, but this could be the gear becoming fully engaged. After this the angular velocity is steady.
[image: ]
Motion Study two results. (SolidWorks, 2019)
Additionally, motion study two displays the housing supporting the gearbox as designed. The fork and rod are no longer outside and are now acting per design. 
From the new motion study there has been an increase in redundant mates. This has increased to twenty-one. 
[image: ]
Redundant mates from Motion Study two. (SolidWorks, 2019)
As discussed earlier in this report redundant mates can be removed by deleting mates that are no longer required. They must be deleted from the motion study, but not the model. If they were deleted from the model, then they would no longer be available in the motion study.

According to (Dassault Systèmes, 2018) rigid groups are useful in reducing simulation time and by doing so act like a single component in a calculation. This is because: 
· The motion between components in the group is ignored.
· Mates between components in the group are ignored.
· All group components contribute to the mass and moment of inertia of the rigid group

The first rigid group will include the output shaft and gears.  
[image: ]
1st Rigid Group. (SolidWorks, 2019)
The second rigid group will include all four bearings. 

[image: ]
2nd Rigid Group. (SolidWorks, 2019)
Once the rigid groups have been included then the redundant mates can be eliminated from the motion study. By selecting the mates in the motion study and right clicking there is an option called degrees of freedom. This will show all the redundant mates and their axis.           

The mates to be removed are hinge two which included output shaft and bearing. Hinge three which included primary bearing and shaft. Hinge five which included 2nd output gear and shaft. Hinge ten which included 1st output gear and shaft. Additionally, coincident mates five and six were removed, and concentric thirty-two. These were selected because when the rigid groups were crested then these mates where no longer required and therefor redundant mates. The motion study can be recalculated.
[image: ][image: ]
List of redundant mates before and after using Rigid Group Feature (SolidWorks, 2019)

The graph below shows the same result as before. However, the result has been achieved with a reduction in redundant mates. The mates are now reduced to just four. As discussed earlier if there are too many redundant mates then this suggests that the assembly could be over constraint which can lead to issues when running FES analysis. (Zeid, 2015).
[image: ]
Motion Study two results. (SolidWorks, 2019)
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