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Abstract
Within 1/12th GT12 RC car racing, a significant decision needs to be made regarding the choice of bodyshell that the drivers run. This report shall look at a part of the whole bodyshell package in the rear wing and go about optimising it for aerodynamic efficiency using computational fluid dynamics and wind tunnel testing to gather the appropriate data on the coefficients of lift and drag for a number of different test schemes. 
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1. [bookmark: _Toc29455520][bookmark: _Toc39244645]Introduction
Within radio-controlled GT12 racing, there is a large opportunity for small things to make a large difference within the performance of the car given the track conditions. The suspension of the cars is limited by design under the British Radio Car Association (BRCA) regulations to force both front and rear suspension to be effectively live axles front and rear, with non-sealed dampers designed to keep the costs down in comparison to other forms of radio-controlled pan car racing. While this is the case, the camber and toe angles for the front axle can still be changed by changing the length of the top plate of the front suspension and the steering links, respectively. The actual damping rate of the rear dampers can be adjusted by changing the grease used to lubricate the dampers and the overall stiffness of the suspension can be changed wholesale by changing the rates on the suspension springs themselves. The rear suspension is much the same, the only difference being there is no toe or camber adjustment on account of the solid rear beam axle running through the motor pod.
The tyres are all made by the same manufacturer, with the same dimensions for all cars, the only difference being any changes made to the mounting systems for the wheels so they can suit the range of chassis on the market. Adjustments to the ride height can be made by running different sized tyres by either running the tyres on the car and so the ride height will decrease as the car runs due to the tyres being made of foam rubber, or by using a tyre truing lathe to take the actual diameter of the tyre down to the desired level. 
In terms of actual powertrain, all cars must run single-cell Lithium Polymer (LiPo) batteries with motors being limited to 13.5 turn or 17.5 turn brushless motors from the BRCA homologation lists, depending on the class. All electronic speed controllers (ESCs) are also from a homologation list for zero-timing ESCs with the intent to stop competitors from gaining an advantage from tuning the advance or retardation of the electric motors. Combine this with the limited range of adjustment for the final drive ratio, and there is a large scope for small things to be found within the setup to gain an advantage, albeit small.
Therefore, for a competitor to be competitive within the national championships, an important decision must be made with regards to their choice of bodywork, which can have a significant impact on the overall performance of the car when on track. To this end, the BRCA regulations (British Radio Car Association, 2020) for the GT12 class has a homologation list that is updated with new bodyshells when they are submitted for homologation. With how competitive the class is, within the past 12 months, there has been an observable shift towards one of two bodyshells, the Montech ML-GT3 and the Phat Bodies GTM, with the top 10 drivers from the first two rounds of the 2019-2020 BRCA national series all running one of these two bodyshells, as observed by the BRCA (BRCA, 2019).

 (
Figure 
1
 - The Phat Bodies GTM body. Credit Phat Bodies (2017)
)Figure 2 - The Montech ML-GT3 Body. Credit Montech (2018)

1.2 Aims and Objectives
The first aim of this project is to get an idea of how a current rear wing for these bodyshells would be developed. A CAD model of the rear wing of a current GT12 car will be put into ANSYS FLUENT to acquire the current lift and drag coefficients as well as to study the flow propagation around the current rear wing and with a raised trim level to measure the difference in downforce generated. 
Following on from this, a new rear wing design will then be created and then run through ANSYS FLUENT again to analyse the aerodynamic characteristics of the new rear wing. Research will be carried out on how to optimise the geometry for an even front/rear aero balance and to allow for more adjustment to suit different circuit layouts. This will involve trialling each iteration of the new bodywork with a new rear wing setup created for it as well as the rear wing from the current bodywork setup in order to get an idea of how the centre of pressure shifts given a change in the rear wing setup.
Studies will also be undertaken to gain a better understanding of how to optimise the CFD study to better understand where the model can be optimised to gain a more accurate idea of the real coefficients of lift and drag. 

2. [bookmark: _Toc29455521][bookmark: _Toc39244646]Background Research
[bookmark: _Toc29455522][bookmark: _Toc39244647]2.1 CFD Process
In order to perform a CFD analysis on the bodywork packages, the first thing required to do is optimise the geometry before meshing. According to the “Best practice guidelines for handling Automotive External aerodynamics with FLUENT” (Lanfrit, 2005), the surface mesh should be as smooth as is possible for FLUENT to create prism layers from the surface of the bodywork. Any sharp angles should be reduced to prevent any skew on the elements during the meshing process. The wheels will need to have some blocks added to the bottom to prevent the small angles on the bottom of the domain near the wheels causing any unnecessary skew. 
Lanfrit’s guide also gives a rough idea of the size of the domain to use, being “at least 3 car lengths in front of the car, and 5 car lengths behind” (Lanfrit, 2005). To reduce the number of total elements within the study, it will be assumed that the car is symmetrical and thus a half-car model can be used to create the study and thus a larger number of elements can be positioned in the areas being studied. To do this, an inner box can be used within the meshing controls to give smaller elements towards the surface model of the car. Again, Lanfrit’s guide calls for around half a car length in front, to the sides and above, and then a car length behind. 
Around some portions of the bodywork, it may be required to reduce the size of elements to better capture the details of the bodywork. This should result in a mesh that accurately captures the shape of the geometry being run within fluent. (Lanfrit, 2005)
To create elements with low skew around the bodywork, prism elements will be used to create a number of layers within the boundary layer where the airflow is generally quite slow on the top side of the bodywork and also the floor, walls and roof of the domain where generally the flow regimes are either not being studied or to save resources for a finer mesh elsewhere. (Lanfrit, 2005)
The use of tetrahedral elements where prism layers are not being used will allow for the rest of the domain to be filled efficiently as tetrahedral elements will grow to their maximum allowed size within the meshing software. This means that if any extra detail needs to be captured outside the fine mesh used around the car, either an extra control box can be put in in the area under investigation, or the general mesh size can be reduced. Note however that reducing the global mesh size will increase the accuracy of the model at the cost of increased solve time for the study.
Another study by (Katz, 1994) shows several different ways to illustrate the results gathered from the CFD runs in a context that relates to the car. An example this is Fig.3 (Pictured below), which illustrates the change in the coefficients of lift and drag depending on the position of the rear wing relative to the original location on the car, measured in 2 inch intervals on the computational data and 1 ¼ inch intervals on the experimental data.

Figure 3 - An example illustrating the difference between a range of test schemes Source: (Katz, 1994)
What this shows is a good way to illustrate the results gathered from the CFD data in a way that can easily compare it to the experimental data. For the testing being carried out in the development of an RC car bodyshell, this can be used to compare baseline data against the data for the development bodywork. 
[bookmark: _Toc29455523][bookmark: _Toc39244648]2.2 Design optimisation
In order to improve the design of the new bodywork after the initial CFD runs have concluded, shape optimisation will be undertaken based on the results of the post-processing within ANSYS, which can highlight the applicable pressure contours on the bodywork geometry at the speeds tested. 
A study by (Othmer & Grahs, 2005) discusses using algorithmic methods for optimising the shape of an air duct within a CFD study, based on a given geometry, to improve the flow within the duct. This also discusses a pragmatic approach to this optimisation process which is to try and remove any vortex structures to try and smooth out the flow. This was done by giving the algorithm a set of punishment conditions, determined by any loss in the momentum of the airflow within the duct. 
Another example of design optimisation is from a study by (Rasmussen & Lund, 2018), who discuss the optimisation of a racing car based on CFD results and then using a piece of software to then optimise the shape of the bodywork by adding or removing material from the overall shape of the bodywork to increase downforce, done over two runs and thus gave an improvement of -67.8 kg of force at 280km/h. The study also goes on to describe the diminishing return of each pass, where the improvement in the downforce and drag force gets smaller with each successive pass. (Rasmussen & Lund, 2018)
To do this manually, it will likely be reasonably time consuming as each successive CFD run will need to be post processed with each iteration to perform critical analysis and then plan to optimise the geometry for both drag force and downforce. The geometry will also need to be optimised to give the most frontal downforce possible. From a vehicle dynamics perspective this will help reduce any understeer that may be present within high speed corners, helping to improve turn-in response. At the same time, it may be easy to go too far in the wrong direction and move the centre of pressure too far forward, giving too much front-end downforce which can cause oversteer. This can then be reduced by making changes to the rear wing geometry to increase the amount of downforce on the rear to bring the centre of pressure backwards towards the centreline of the vehicle. This will likely take some experimentation to find the ideal centre of pressure, which can be calculated by a force report within the ANSYS FLUENT software. 
[bookmark: _Toc29455524][bookmark: _Toc39244649]2.3 Performance car Aerodynamic devices
To optimise the airflow performance of the bodywork package, several aerodynamic devices can be explored in order to optimise the handling of the bodywork package when fitted to the car.
[bookmark: _Toc29455525][bookmark: _Toc39244650]2.3.1 Air dams
The basic theory of an air dam is to try and seal the leading edge of the bodywork as it moves through the air to force the airflow around the bodywork and generate downforce. A study by (Mcbeath, Aerobytes - Airdams, 2004) measured the effectiveness of an air dam on a NASCAR stock car using CFD and found that the downforce is increased as the length of the air dam is increased, at the cost of a small amount of additional lift being created towards the rear of the car. The net result of this is the increase of downforce being centred on the front of the car.
[bookmark: _Toc29455526][bookmark: _Toc39244651]2.3.2 Splitters
A splitter can be paired with an air dam to produce even more downforce by creating a low-pressure zone on the underside of the splitter. Another study by (Mcbeath, Aerobytes - Splitters, 2004) showed that on the same NASCAR model as previous, more downforce is produced using the splitter at the cost again of a loss in rear downforce with no changes to the rear. This can then be paired with a front diffuser to increase downforce further by utilising the venturi effect, however doing this on an R/C car bodyshell is impractical as the whole shell is vacuum formed and thus this would lead to an undercut, which increases the manufacturing complexity of the whole product for potentially little gain in terms of aerodynamics when applied to an R/C car. 
[bookmark: _Toc29455527][bookmark: _Toc39244652]2.3.3 Rear Diffuser
A rear diffuser can be used to generate downforce using the venturi effect, and when paired with a suitably designed splitter and suitably designed floor can set up a venturi tunnel and create downforce both at the front of the car and supplement any downforce generated by the rear wing assembly. A study by (Jowsey, 2013) shows an experimental approach to measuring diffuser performance using an inverted Ahmed body to experimentally measure the pressure changes throughout the diffuser assembly using a number of pressure taps distributed throughout the body being used for measurement. This study goes into detail and illustrates the effect of changing the angle of the diffuser, observing an increase in downforce coefficient up to a kick angle of 13° on the diffuser, any angles investigated above that proved to reduce the amount of downforce produced by the diffuser in the experimental setup.
For a GT12 R/C car, a diffuser is allowed within the BRCA regulations, but it must be affixed to the rear of the chassis, rather than the bodyshell. This means that the diffuser can be investigated as part of this investigation when combined with the baseline bodywork as well as with the new bodywork being developed here. 

3. [bookmark: _Toc29455528][bookmark: _Toc39244653]CAD Modelling
In order to create the geometry that will be used for this study, a series of CAD models would need to be created using the stock geometry from the rear wing included with the MLGT3 bodyshell. 
Initially, the side profile of the wing was created as a sketch within SolidWorks upon the YZ plane, then extruded to the width of 159mm, centred on the middle of the wing, which is the same as the standard wing from measurements taken. Extruding the shape from the centre of the geometry allows for the CFD study to start from the centre, allowing for a much simpler setup when creating the domain.
From this, the arch structure in the middle was created using a swept cut along a line normal to the bottom surface of the wing. The curved leading edge was then done in a similar manner, this time from the top and spanning the whole width of the rear wing. The optional rear trim section was modelled in a way that would allow it to be removed from the model easily to test the differences between the trimmed wing and the untrimmed wing. 
The wing was then initially shelled to a thickness of 0.5mm thick to create the overall shape of the wing. This would then be thickened to 0.75mm when producing the prototypes to aid the structural rigidity of the part. A pair of 3mm holes were then cut at 47mm either side of the centreline of the part to allow for mounting onto a wind tunnel rig or onto the MLGT3 bodyshell for testing purposes, either in a wind tunnel or in a straight-line testing scenario.


4. [bookmark: _Toc29455529][bookmark: _Toc39244654]Theoretical Wind Speed Calculations
For CFD testing to be performed, a few factors need to be calculated beforehand. To start with, the theoretical top speed of the vehicle needs to be calculated, using the rollout and the theoretical rotational speed of the motor.
Rollout is the amount of distance the car will travel for a single revolution of the motor, measured in millimetres per revolution. This is calculated using equation A:

Where: 
Tpinion is the number of teeth on the pinion gear,
Tspur is the number of teeth on the spur gear and
Dtyre is the diameter of the driven tyre in mm.
The next equation is simply to calculate the peak revolutions per second of the motor. This is done by using equation B:

Where:
Vbatt is the stated nominal voltage of the battery, and
KVmotor is the stated Velocity constant of the motor.
Once these have been calculated, the actual speed in metres per second can be calculated using equation C:

Knowing the following figures:
KVmotor = 3500kv (Tekin, inc, 2011)
Dtyre = 48mm
Tspur = 70
Tpinion = 23 or 30
The theoretical Vmax can be calculated by substituting the solutions to equations A and B into equation C, as follows:



This can then be used in the CFD setup as the windspeed for a 23-tooth pinion setup. For a 30-tooth pinion setup, the calculation would be as follows:


Due to this being the higher of the two values for Vmax, this will be the theoretical higher value used for the CFD calculations and wind tunnel tests. In order to gather a more accurate speed for the CFD simulations to be run at, some straight-line physical tests will be carried out.




5. [bookmark: _Toc39244655]Straight line testing
In order to validate the calculations for the windspeed mentioned previously, some straight-line testing was required. This would give a top speed that could then be carried forward into the CFD and wind tunnel methodology
[bookmark: _Toc39244656]5.1 Methodology
This testing consisted of running a GT12 car using four different bodywork configurations and two different pinion gears for each bodywork configuration through a straight test section with a length of 5m, given a suitable amount of time and space to accelerate beforehand and decelerate afterwards. Each run would be filmed using a smartphone camera and then played back using a computer to get the time for each run. Each test scheme had as many runs as possible to reduce the effects of any anomalous results, with the best 3 results logged to generate an average result for each test scheme. 
The car used was a Schumacher SupaStox GT running a Tekin 13.5 turn brushless motor at a rating of 3500 KV (Tekin, inc, 2011). Motor control was handled by a Trackstar One cell Electronic speed controller to suit the single cell Lithium-polymer battery. Rear tyre diameter was measured at 48mm to give a rollout when using a 23-tooth pinion gear on the motor of 49.55 mm per revolution. When switching over to a 30-tooth pinion gear, the rollout would then increase to 64.63 mm per motor revolution, as per the calculations mentioned earlier in the report.
The details of each test scheme are listed in the table below.
Table 1 - The test schemes evaluated in the straight-line test
	Bodyshell
	Pinion
	Rollout (mm/rev)

	No body
	23
	49.55

	
	30
	64.63

	206
	23
	49.55

	
	30
	64.63

	Ascari
	23
	49.55

	
	30
	64.63

	MLGT3
	23
	49.55

	
	30
	64.63





[bookmark: _Toc39244657]5.2 Results
Table 2 - The results gathered in the straight-line testing of the GT12 car over a 5m distance.
	settings
	Straight line (5m) time
	Vmax
	 

	body
	pinion
	1
	2
	3
	1
	2
	3
	Mean Vmax (m/s)

	No shell
	23
	0.7
	0.6575
	0.825
	7.1428571
	7.6045627
	6.0606061
	6.936008647

	No shell
	30
	0.68
	0.6325
	0.6325
	7.3529412
	7.9051383
	7.9051383
	7.721072619

	206
	23
	0.645
	0.6575
	0.735
	7.751938
	7.6045627
	6.8027211
	7.38640727

	206
	30
	0.6125
	0.5775
	0.615
	8.1632653
	8.6580087
	8.1300813
	8.317118422

	Ascari
	23
	0.745
	0.695
	0.6025
	6.7114094
	7.1942446
	8.2987552
	7.401469729

	Ascari
	30
	0.6625
	0.695
	0.625
	7.5471698
	7.1942446
	8
	7.580471472

	MLGT3
	23
	0.555
	0.5425
	0.5925
	9.009009
	9.2165899
	8.4388186
	8.888139145

	MLGT3
	30
	0.61
	0.5925
	0.5675
	8.1967213
	8.4388186
	8.8105727
	8.482037521




Figure 4 - A Bar graph showing the mean Vmax for each test scheme measured over the 5-metre distance.
Figure 4, and table 2 above it, show the overall results of the straight-line testing runs carried out in the form of a vertical bar chart. From the results, within the constraints of the testing area, the car is unable to reach the same maximum velocity as was calculated. The next thing that can be noted is that except for the Ascari bodyshell runs, the runs with a bodyshell on all had a higher mean Vmax from the results gathered for the no bodyshell runs. This can be attributed to the car being more stable in a straight line with a bodyshell fitted and thus easier to drive as a result of this. 
An explanation for why the Ascari bodyshell runs are physically slower due to driver performance during the test sessions that these were carried out in, is where the driver was less able to push the car to the higher speeds required for the testing. The 30-tooth run for the MLGT3 bodyshell was also similarly slower than its 23-tooth counterpoint for the same reason. These variations in run-to-run speed could have been avoided by changing the testing methodology in such a way that would remove the human element of the test, although that would make the data less representative of a “real-world” maximum velocity of the GT12 car.
One thing that can be noted is the overall highest speed measured in this study was 8.88m/s on the 23-tooth run for the MLGT3 bodyshell and 8.48m/s for the 30-tooth run. The latter of these will be the “real-world” speed carried forward to the CFD runs to determine the performance of the test schemes used in that study.
[bookmark: _Toc39244658]5.3 Limitations of this study
As this study was conducted indoors, a major limitation of this study was the amount of space required to perform the testing. Given the space constraints within the university buildings, the car did not have the room required to reach its theoretical maximum speed as calculated. This gave a more “real-world” speed that would then be carried forwards into the CFD methodology alongside the higher theoretical speed calculated earlier.
As was mentioned in the results section, there are some doubts as to the validity of the testing methodology. One way to physically improve the validity of the data could be to set up a speed trap on a circuit that GT12 cars race on in real life and run timed laps around the circuit to gather more data which can then be used to make the results more accurate. This also means that it would be easier to do runs with more than one gearing change, giving a sweep of the potential options for gearing changes, making it easier to detect trends in the changes to gearing and how they affect the maximum velocity of the car.


6. [bookmark: _Toc39244659]CFD Methodology
[bookmark: _Toc39244660]6.1 Domain and mesh settings
In order to test each wing profile within a CFD simulation, firstly the domain needs to be set up to turn into a mesh. The first step of this was to import the parametric file for each test scheme into ANSYS DesignModeler, then rotate it through 6.48° about the X axis to bring it to the appropriate angle of attack for this study of 1.9°. A rectangle was then created in the YZ plane of 320mm in height and 800mm in length, to allow for the appropriate displacement given by (Lanfrit, 2005). The wing profile would then be positioned at a height of 160mm and 100mm back from the area of the domain that would be the velocity inlet. The rectangle would then be extruded by 160mm to give the half wind tunnel dimensions desired. The wing profile would then be removed from the new cuboid to give the geometry that would then be taken onto the meshing step.
To create the mesh, the geometry created in the previous step was initially loaded into ICEM CFD and repaired using the geometry tool before creating a separate part for the wing profile itself. 
The global mesh settings were set to a scale factor of 0.1 with a seed size of 0.5 due to the small size of the wings being tested. An octree meshing strategy was used to create the tetrahedral mesh with an edge criterion of 0.01, due to the actual thickness of the wing profile being very small at 0.75mm for most of the test schemes. To reduce the number of cells in the mesh in areas that aren’t being studied or where the flow can be expected to be laminar, 7 prism layers were used with a density box then used to reduce the size of the mesh around the wing profile. This density box was then scaled to cover a decent area around the wing profiles being tested before it was then moved to cover a large area in the wake of the wing profile.
[bookmark: _Toc39244661]6.2 Results
[bookmark: _Toc39244662]6.2.1 – Calculated results

Figure 5 - A graph of the coefficients of drag for each test scheme in the CFD study

From figure 5, the coefficients of drag for each test scheme run in the CFD study can be seen. As expected, the versions of the wings without any trimming done had a higher drag coefficient in the order of 26 to 34 % compared to their trimmed counterparts. Note that, while the “base no hump no trim” test scheme has no data for any of these calculations due to an error when saving the results of that particular CFD study, the coefficient of drag can be extrapolated by multiplying the Cd value for the “base no hump” scheme by 1.3 to give an estimation of the drag coefficient from the calculation of 1.33. One thing that can be noted is that the 164mm version of the baseline scheme has a lower drag coefficient than its normal width counterpart, although that can be attributed to variances in the CFD software. What can be noted is that the increase in width also increases the CD, which can be attributed to the extra surface area afforded by the increase in width.

Figure 6 - A chart of the coefficients of downforce for each test scheme in the CFD study
In figure 6, the overall trend in the increase in absolute coefficient of lift can be seen. As expected, the untrimmed versions of each wing produced a higher Cl value than their trimmed counterparts. As with the Cd graph, the value for the Baseline No hump No trim wing was estimated using the trends found on the other wings. This trend was found to be that the untrimmed wings produced a higher lift coefficient in the order of 7.3 to 9.5% over their trimmed counterparts. Using this trend, an estimation of the CL for the missing study was estimated as being 8% higher than the trimmed version. 
From left to right on the chart, the absolute lift coefficients, or the downforce coefficients are as follows; The baseline wing produced a downforce coefficient of 4.67, with its untrimmed counterpart having a coefficient of 5.01. The hump less versions of the baseline wing produced a downforce coefficient of 4.29 with the untrimmed version producing a coefficient of 4.64. For the 164mm wide wings, the trimmed version with the hump produced a downforce coefficient of 4.67 with the untrimmed version producing a downforce coefficient of 5.11. For the 164mm hump-less wings, the trimmed version produced a downforce coefficient of 4.84 with the untrimmed version producing a coefficient of 5.26.

Figure 7 - A chart of the downforce to drag ratio for each test scheme in the CFD study.
In order to compare the optimisations of each rear wing, namely for aerodynamic efficiency, a study into the aerodynamic efficiency of each test scheme needs to be undertaken. As a means of comparing the aerodynamic efficiency of the test schemes in the CFD study, the lift-to-drag ratio was used. As these wings are set up to be producing downforce rather than lift, from here on it shall be called the downforce to drag ratio. A larger downforce to drag ratio is more beneficial here because it means that each wing is more efficient at producing its downforce given the fixed nature of the study.
The downforce to drag ratio of each test scheme, as illustrated graphically in figure 7, was calculated using the following equation.

From left to right, the calculated results were as follows: The baseline scheme came out with a  ratio of 5.77, with its untrimmed version having a ratio of 4.83. The humpless versions exhibited worse aerodynamic efficiency from the study with downforce to drag ratios of 4.2 for the trimmed version and 3.49 for the untrimmed version. For the 164mm wing schemes, the baseline with the hump had a ratio of 6.07, with the untrimmed version having a less efficient result of 4.98. The versions of these wings without the central hump came out with a much lower ratio of 4.35 for the trimmed version and 3.74 for the untrimmed wing.


[bookmark: _Toc39244663]6.2.2 – Post Processed results

Figure 8a-h - Post processed screenshots showing the pressure acting upon the top surface of each rear wing in the CFD Study.
Figure 9a-h - Post processed screenshots showing the air pressure contours around each rear wing in the CFD Study.
   
   
Figure 10a-h - Post processed screenshots showing the vortex core regions around each rear wing in the CFD study.

 
   
Figure 11a-g - Post processed screenshots showing 2-dimensional streamlines around each rear wing in the CFD study. Note that the untrimmed baseline is not present in this case due to technical issues with the post-processor.
[bookmark: _Toc39244664]6.3 Discussion of results
From the streamlines shown in figure 11, it can be noted that every test scheme in the CFD study ended up causing some vortices in the wake of the wings as they move through the air.  It can also be noted that both baseline wing schemes, at the standard width and the wider 164mm width, do not exhibit as severe swirling in these vortices compared to their untrimmed counterparts and the versions without the central hump. This is also exhibited in the shape of the vortex core regions in figure 10, where the shape of the region is noticeably narrower in shape than on the untrimmed versions of the same wings. Full-sized versions of these screenshots can be found in appendix 1.
In terms of efficiency, the results gathered in the CFD studies and then calculated to give a downforce to drag ratio also pointed to the baseline schemes for the standard width and the 164mm wide wings gave the most efficient wing schemes by having the highest ratio, and also exhibits the need for cutting the top of the rear surface down, as this reduces drag without drastically reducing the amount of downforce, aiding the efficiency of the rear wing package.
[bookmark: _Toc39244665]6.4 Limitations of this study
While this study produced some useful results, the limitations of the study need to be considered at the same time. Firstly, the CFD study was only taken at the real-world speed gathered from the straight-line testing. Higher speed runs were going to be considered but, due to the outbreak of COVID-19, the University had to close, limiting access to the ANSYS software required to perform the study. This closure also meant that the CFD studies are only in first order upwind, where Ideally result would be taken from a second order study. 
Another limitation of this study is that the wings are being taken as only the wings and not the whole aerodynamic package of the car with the wings attached. This means that the airflow around the wing is not as it would be in the context of a full aerodynamic package. 
A further limitation is the fact that different amounts of trim on each wing were not considered, only changing the width of the wing was considered and that may have had a bigger impact on the aerodynamic efficiency of the rear wing.

7. [bookmark: _Toc39244666]Wind tunnel testing
In order to validate the CFD results, a series of wind tunnel tests would need to be carried out in order to gather the relevant results regarding the coefficients of lift and drag for each wing setup tested in the CFD portion. In order to do this, the test schemes had to be produced, as discussed in the next section.
[bookmark: _Toc39244667]7.1 Test scheme production
Each test scheme was initially taken from the CAD model produced in SolidWorks and then produced using rapid prototyping on a commercially available 3D printer. Initially a single wing was printed with a thickness of 0.5mm at a nozzle temperature of 190°C and print speed of 60mm/s with a 0.4mm nozzle in Polylactic Acid (PLA) with 100% infill. However, this initial test scheme ended up coming out with issues relating to layer adhesion and the structural rigidity of the wing. Concerned that this may affect the results of the wind tunnel test due to its flexibility, the geometry was initially thickened to 0.75mm and the nozzle temperature increased to 200°C with the print speed dropped to 40mm/s. These changes to the print settings made the test wing less flexible whilst solving the issues with layer adhesion from the initial test scheme. 
Figure 12 shows each of the test schemes that would be tested in this study. From left to right of this image, the test schemes are as follows: A parametric model of the baseline rear wing included with the MLGT3 bodyshell, then the same model with a raised trailing edge. This second model represents the standard rear wing if it is not trimmed down when cutting it out of the bodyshell mould.
The third and fourth test schemes within this group are the same as the first two, but with the central raised section replaced with a flat surface across the whole width of the wing. For the fifth and sixth test scheme in the group, the first two test schemes were widened to 164mm overall width as this is below the maximum width allowed by section 1.10 of the BRCA GT12 technical regulations whilst also being as large as possible. The seventh and eighth test schemes in the image show the same changes as the third and fourth test schemes but also widened to 164mm.
Each test scheme also has two holes with 94mm spacing in the bottom surface to allow for mounting on the MLGT3 bodyshell or the mounting apparatus for the wind tunnel itself.

Figure 12 - The rear wing test schemes produced for the wind tunnel testing
[bookmark: _Toc39244668]7.2 The Wind tunnel mount
In order to mount the wing test schemes into the wind tunnel, a wind tunnel mount was created to suit the mounting system in the wind tunnel. This involved using a 17mm hexagonal hole in the middle to suit the use of an M10 nut to suit the M10 interface of the wind tunnel. The two towers either side of the mount share the same hole spacing as the stock bodyshell at 94mm, with a similar slope on the top as the standard bodyshell’s wing mounting location at 1.9°, which also matches up with the CFD studies performed earlier.
To produce this mount, SolidWorks was used with the specifications listed above, then exported as an STL file and inserted into the slicing software for the 3D printer. This was produced in a similar manner to the wing test schemes, the only differences being the colour of PLA used being changed to yellow to aid contrast when taking photographs of the assembly during the wind tunnel testing and the infill on the part being reduced to 30% to save on material usage. The figures below show the wind tunnel mount in the slicing software prior to printing and the wind tunnel mount as a finished article both with and without a rear wing mounted upon it.

Figure 13 - The STL file of the wind tunnel mount as viewed in a 3D printing slicing program

Figure 14 - The wind tunnel mount as produced in yellow PLA on a 3D printer.

Figure 15 - The wind tunnel mount with the 164mm baseline test scheme mounted to it using two M3 screws in the appropriate screw holes.

[bookmark: _Toc39244669]7.3 Wind tunnel methodology
In order to carry out the wind tunnel testing, the first thing needed was to mount the test scheme into the wind tunnel using the appropriately designed mount and tightened down so that the leading edge of the wing is facing into the wind. From there the wind tunnel can be closed and brought up to the appropriate wind speed. Once the wind tunnel is up to speed, the aerodynamic loads going through the mounting post can be logged from the gauges on the front of the wind tunnel. A smoke wand or other source of particulates could also be added in upstream of the wing to help visualise the flow structures around the rear wing structure. The use of smoke to visualise the flow structures has been explained to some detail in a report by (Calautit, 2015), which uses a CFD package, as well as a wind tunnel test with smoke, to visualise the flow through a wind tower with heat transfer devices attached to it, with their results shown in figure 16. The windspeed could then be increased to the higher windspeed calculated in Chapter 4 and the measurement steps repeated at the higher windspeed before the wind tunnel could be stopped and the wing swapped out to the next test scheme and the whole process repeated from the beginning.

Figure 16 - A visualisation of the flow structures in a wind tower, with a CFD result compared to a wind tunnel study using smoke as a visualisation aid. Source: (Calautit, 2015)
[bookmark: _Toc39244670]7.4 Results prediction
Due to the outbreak of COVID-19, the British Government advised all universities to close, which meant that it was not possible to complete the testing required to gather any results for this section of the testing, so predictions will need to be made in regards to the performance of the rear wing test schemes specified.
The first prediction made will be related to the lift and drag coefficients of each test scheme. In theory, if the wind tunnel test correlates perfectly to the CFD study, then the results should be within a margin of error, meaning that the trends should correlate the same with the CFD study. This means that the first prediction is that the wind tunnel result should prove that the baseline trimmed scheme and the 164mm baseline scheme should be the most aerodynamically efficient of the test schemes tested.
The second prediction is that the flow regimes around each test scheme should be largely the same shape and volume as in the CFD study.
8. [bookmark: _Toc39244671]
COVID-19 Impact
In early March 2020, an outbreak of a strain of the coronavirus caused all British Universities to close in the interest of protecting public health. This meant that some of the procedures that were required for the completion of this project could not be completed due to not having access to the equipment or software required. Fortunately, the CFD testing had the lower wind speed runs at 8.4m/s already completed, however the runs at the higher wind speed of 13.95m/s were not able to be completed, meaning that the data set for the CFD study is incomplete and could be completed in the event of the facilities becoming available. The Wind Tunnel testing was completely called off and the results for that part of the testing are only predictions at this stage, although, like with the higher speed tests for the CFD study, these can be easily set up and run once the opportunity arises.
9. [bookmark: _Toc39244672]
Conclusion and potential further work
[bookmark: _Toc39244673]9.1 Conclusion
In conclusion, from the testing that was able to be carried out, it was found that the standard design for the Montech MLGT3 rear wing was found to be one of the best options for the changing of the rear wing design of those tested in terms of aerodynamic efficiency in a wing-only study. The results for this baseline wing were only improved upon by widening the wing to 164mm at the outside of the rear wing endplates. Reducing the amount of trim from the baseline amount reduced the aerodynamic efficiency of each test scheme, meaning that changing this could give you more downforce, but this also increases the drag, reducing the potential maximum speed of the car. 
[bookmark: _Toc39244674]9.2 Potential further work
In future there are some things that could be improved upon in this study. The first thing to do would be to have the whole car 3D scanned without the rear wing mounted, which can mean that the whole car can be run in the CFD simulation and the airflow around the rear wing can be observed in the context of the whole bodyshell. A 3D scan of the bodyshell could also be taken with the real rear wing attached, and this would allow for a comparison between the real wing included with the MLGT3 bodyshell.
Another piece of potential further work could be to apply this testing methodology to other classes of radio-controlled cars in different classes. One class that comes to mind when thinking about other classes is the 1/8th Buggy class, which uses larger, harder plastic rear wings such as the one shown in figure 17. These cars are generally faster and may benefit greatly from optimising the rear wing geometry for more aerodynamic efficiency.

Figure 17 - A typical rear wing as used in the 1/8th buggy class. Source: Prolineracing.com
One more thing that can be done is to the straight-line testing methodology. As mentioned, a speed trap could be set up on a track at the end of the main straight, however another thing that could be done is a rolling road set up to further validate the mathematics behind the wind speed. This could also be used to measure any loss in the top speed due to voltage sag in the battery as it discharges over the course of a race in a controlled environment.
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11. Appendix

11.1 Appendix 1 – CFD screenshots
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Fig. 7. (a) CFD flow visualisation; (b) Smoke testing in the wind tunnel
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