WIND TUNNEL PROJECT – LOGBOOK

Presented below is the summary of my year long wind tunnel project with Mr. Jarząbek. It consists of three separate sections – Aerodynamics theory, F1 in schools, and the Wind tunnel. The document was updated frequently to portray a gradual progression in our plans, ideas, calculations, and the final outcomes of the project.

1) AERODYNAMICS THEORY  - FLUID DYNAMICS CLASSES
During the first 4 meetings with Mr. Jarząbek, we focused on the crucial concepts of aerodynamics, discussing concepts such as
· Mass conservation (fluid flow through a stream tube)
· Conservation of momentum (Navier-Stokes equations)
· Bernoulli’s principle and its applications
· Types of aerodynamic profiles (angle of attack, chord line, camber line)
· Buckingham’s pi theorem (what the aerodynamic forces depend on)
· Reynold’s number
· Airflows (Laminar vs turbulent)
· Boundary layers and velocity profiles
· Separation bubbles, wakes and vortexes
· Lift and drag coefficient (and their correlation)

2) F1 IN SCHOOLS
The idea of working towards the F1 in Schools competition was initially proposed by me as a project that we could work together on. I have already assembled the team within our school and was planning on participating regardless of Mr. Jarząbek’s involvement. However, due to the high emphasis put on aerodynamics within the competition, I asked for help regarding the design and CFD analysis of the models. 
As a result, we spent some time discussing the potential software that will be used for the project. As we both concluded, ANSYS is the world leading producer of simulation and they have created a package that is fairly easy to use. Also, the wheels rotation is not modelled which, although is not realistic, can be used as a fairly good guidance on how to design the car. In the early weeks I studied the programme and signed up for the course by the Cornell University on how to use it, finishing it within 3 weeks. This helped me understand the programme better and I could conduct some early analysis of the models that our 3-d designers in the team provided.
Thinking about real-life testing of the car, I have also considered the opportunity of constructing a wind tunnel to test the car. However, the idea seemed very complicated and I had no idea on how to approach it. Therefore, I brought it up on one of the meetings with Mr. Jarząbek and he deemed the initiative possible.


3) WIND TUNNEL – design

The idea was first brought up and the next meeting we spent discussing it in detail. 
First of all we went through an old paper co-written by Mr. Jarząbek: “Design Methodology for a Quick and Low-Cost Wind Tunnel”
· The paper presented the main design criteria for a closed wind tunnel, where the air is constantly “recycled” back into the fans. Despite being more energy efficient, this solution is much more costly than producing an “open” wind tunnel. 
· I was therefore still able to base my conclusions largely on the definitions and properties of wind tunnel components
My tunnel was slowly being shaped. The initial plan involved:
· A power plant (matrix of fans)
· A contraction nozzle
· The settling chamber
· The test chamber
· The diffuser
· A sensor to measure airflow behind car and calculate the drag coefficient of the car
It is worth mentioning that the initial assumptions were largely generalisations – we have not yet attempted any calculations, nor have we thought of the assembly and components. At first, we were also hoping to simulate the environment for the car at 100km/h as it is roughly the speed that will be reached in the competition.
Before the end of November, the following was already established:
As discussed with Mr. Jarząbek, we expect the are of the test chamber to be at least 10 times greater than the maximum frontal surface are of the car. Provided that our test chamber will be using a square metal pipe, the length of the side of it a>0.235m. Out of the commonly supplied options, we both decided to go for a larger 0.3m  x 0.3m profile, as it would allow for a wider range of testing possibilities in the future.
Next, it was time to decide on the power house of the project - the fans.
First of all, the parameter than interested me most when browsing for different options was the volume of displaced air [m3/h]
Provided that we expect an airflow of 30m/s = 108km/h and the cross-section area of the test tube is 0.09, we would need for the ventilators to displace nearly 10,000 m3 of air per hour.
At this point, we have committed a fatal mistake of not considering the static pressure that needs to be upkept. Consequently the different options we considered (even matrices of fans) were not nearly enough to allow for testing at high speeds.

Depending on the diffuser angle, air contraction size, and planned testing unit frontal area, the pressure needs to be calculated for appropriately. Only then can we avoid a situation when the maximum airflow speed cannot be reached due to static pressure limitations. Consulting the topic with airflow systems engineers, they explained that I can expect about 350Pa of static pressure when a test subject is inserted.
I immediately found a industry grade ventilator – AFC-452-300T that would be a perfect fit for the project. Nevertheless, considering the price nearing 4000zł ($1000), I had to apply for external funding.
In the meantime, I started the search for the test chamber tube. I was split between two solutions – either use a cheaper metal tube, or go for a less affordable plexi glass. Considering the advantages of a see-through chamber, I decided that the extra costs will be worth it. The expected cost is about 340zł ($85)
Since we assumed that the profile will reach no more than 5m, the cost of this component should not exceed 105zł. 
When it came to the sensors, I immediately considered the following three solutions:
1) More affordable and easy design
Inside the test section, make a string connection to the front surface of the car, measuring the exerted drag. From below the car, place the test subject on two precision scales, measuring the weight. As the wind tunnel starts operating, the change in weight on each axle would be equivalent to the downforce. From this, we could also calculate the pitching moments

2) Professional design – moving belt system
Place the car on a moving belt system, simulating a real-life movement of wheels on the floor. The movement speed of the belt would differ from the speed of the airflow, therefore we would be able to calculate the drag and friction forces acting on the test subject. The belt would also be supported from the sides, with attachments made to precision scales. The change in weight would signify the downforce. 
Despite offering the advantage of a moving ground system setting, I quickly deemed the solution as highly unlikely. Not only did it require immense measurement accuracy, but with very little space inside the test section, applying a belt, moving at 100+km/h would take me years of prototyping before achieving an appropriate measurement accuracy

3) Final solution – professional design
From the bottom of the test section, insert a car, locked in place on two platforms – one for each axle. Underneath the platforms, a system of strain gauges, collects the weight (and downforce) measurements. These strain gauges are in turn connected to a rail frame, allowing for back and forth movements. The force (drag) that is responsible for the motion along the rail is then collected by a final – third strain gauge. Aside from the inaccuracy of not modelling the wheel rotation, this system is likely to produce an impressively small result uncertainty.
All things considered, I decided to construct the third design. It seemed approachable and would offer the highest result accuracy in the little time I have to construct it. Simultaneously, towards the end of the project, I am considering retuning to the initial idea, in order to allow for an easy build, approachable for all.





4) Components funding, ordering, and build process

Before the end of February the design was established and settled for. Below is the full list of components:
1) AFC 452 300T – the ventilator is expected to offer 110+km/h of airflow inside the test section, with the static pressure withstanding over 400Pa if necessary. Due to the price of the component, I applied for external funding to the Akademeia foundation. Following a interview process, I received the grant to have the cost of ventilator covered in full.

2) Electric transformer – in collaboration with the school’s physics department, we purchased an additional 3-phase power transformer (400V, 3000W, 50Hz). It is not required but useful if the power of the fan needs to be reduced. 

3) Plexi glass – 4 panels (1m x 30cm) – one of the panels with a hole in the bottom in order to insert the testing platform with test subject. In my case, the dimensions of the cut-out are 15cm x 30cm

4) Metal sheets – 18m2- These sheets will be necessary for constructing the diffuser and air contraction. 

5) Arduino Uno Rev 3 + HX711 – these will be responsible for collecting and amplifying the voltage levels from strain gauges

6) 3 strain gauges – 1kg maximum load was chosen in order to increase the accuracy of the results. That’s because the strain gauges operate in the 0-5V range. The smaller the weight range, the more accurate the translation from voltage to downforce.

7) Electronic pressure reader and pitot tube – will collect information about the static pressure inside the test section.
Additionally, the build process required:
· Soldering and welding equipment
· Basic tools (electric drills, angle grinders etc.)
· Riveting tools
· Acrylic paste in order to insulate the air channel
· Plexi glue and stabilising panels to allow for a 90-degree connection between plexi panels
· 12M screws
· Wooden panels in order to construct supports for components
· Plastic box, small metal pipes (rails for strain gauges)
· Access to 3D-printer 





Now, moving on to how I approached the build process. The mechanical process is very difficult to explain appropriately without video assistance. I therefore recommend referring to a mechanical engineer or an experienced builder when the construction is attempted :
1) Air contraption (air inlet) – 20h – very tedious and lengthy process – appropriate shape is very difficult to achieve when constructing it alone or without proper tools
a. Analyse the optimal shape, make the measurements for every 5cm along the 90cm length of the section
b. Sketch out the shape on 4 metal sheets according to the taken measurements. On two of the four, leave a 3cm outer edge on each side – this will allow for the riveting without disturbing the airflow. 
c. Lock two panels in place using metal clamps – one with extended edge, one without. Bend the extended edge in order go along the surface of the other sheet. 
d. Rivet the sheets together
e. Insulate the channel along the connection, smoothening in the corners
f. Repeat steps c-e for the remaining two sheets
g. With two pairs of two connected sheets, start riveting them together again.
h. Insulate remaining two corners



2) Plexi section – 5h – requires a ton of precision in order to prevent scratches on the plexin surface.
a. Similarly to the air inlet, start by locking two of the plexin surfaces in place
b. Glue along the edge and let the bond settle
c. Repeat for remaining two panels
d. Finalise by combining the two pairs of connected panels
e. Drill a small hole through the ceiling of the plexi section and insert a pitot tube connected to a precision barometer – this will allow you to measure the static pressure inside the test section as it undergoes change when different models are inserted.



3) Test section and measurements
a. Find or construct a box of appropriate dimensions (at least 5cm longer on each edge than the hole in the plexi section.
b. Through the box, drill two holes for the rail system at appropriate heights
c. 3D design and print the necessary connections between the rails, measurement platform, and the strain gauge – look for inspiration in the website gallery.
d. Connect the strain gauges to a HX711 signal amplifier and then to the data acquisition device – in my case – an Arudino Rev 3
e. Using the screw holes inside the strain gauge, connect it to the 3d prints
f. Insert the measurement unit onto the rails, and the rails into the drilled holes in the sides of the measurement ‘box’
g. Record the position of the two strain gauges when the testing platforms are in their default position (edges are in contact)
h. Vertically, place and screw in the final strain gauge appropriately, so that it will be in contact with the ‘rear’ strain gauge when the wind tunnel launches
i. From the top, insulate the system with foam insulation tape


5) Diffuser and powerhouse connection
a. It is necessary to ensure a tight-seal connection between each of the sections – in case of the test section, connected in to the diffuser and contraption, this was very easy as it required nothing more than small metal extensions at the edges of each section, which would then be screwed in together throughout the assembly stage.
b. Cut out a square metal piece, with the same dimensions as the diffuser ending
c. Place the powerhouse on top and sketch out the circular hole that needs to be cut out from the metal
d. Using an angle grinder, cut out the circle from the metal square and use a drill to make holes in the diffuser 
e. Glue the metal onto the end of the diffuser
f. Once this is complete, insert and screw in nuts and bolts through the drilled holes to finalise the connection

6) Additional building tips

·  Use thin metal sheets for inlet– they need to bend enough to fill the shape appropriately
· The diffuser is very long – thicker metal will more appropriately respond to the static pressure inside.
· Use wood to construct mounts for the sections – the system will be much more efficient if it is perfectly level
· Insulate the channel using acrylic paste and foam insulation tape
· Ensure you have all the necessary tools before starting the construction
· Do not underestimate the difficulty of the process – it is likely to take months – in my case the equivalent of 200+ working hours.
· If facing any struggles, please refer to online materials. In particular, I recommend: https://www.youtube.com/playlist?list=PL1QwL7LFSD_8D_FkU3nMbCTVhMw2VShry 

7) Testing experience

It is crucial to calibrate the system properly before launching the test campaigns. You can do that easily by investigating the values you get with known objects (sphere, cube, cone, foil etc.) The values which are then produced can be used in order to calibrate the scale and allow for low inncacuracy. There are many tutorial videos on how to do it. I particularly recommend this one:  https://www.youtube.com/watch?v=kvzRpHwkQdE

Once the build was completed, I moved onto the testing. What proved invaluable was the ability to conduct Computational Fluid Dynamics (CFD) on the very models I tested in the wind tunnels. That allowed me to compare the data and measurement accuracy on complex aerodynamic systems. In particular, I recommend either ANSYS or Fusion 360 software systems as they are rather easy to learn and allow for free access for students.
Additionally, it may happen that with 3d printed models, some parts fall of at high speeds. In order to prevent any damage to the fan of the powerhouse, absolutely never insert any metal objects for testing.
In the case of my research, I also made additional changes to the testing devices. As I looked to investigate porpoising, I placed the cars on low-density rubber strips, allowing for vertical oscillations when the downforce levels were inconsistent.

8) Return to basics – alternative build variations 

Following the build process of the first test section, I wanted to return to my original mission of using materials available in most high school physics laboratories. Inside the measurement inlet, I substituted the strain gauge rail system for a set of two scales, allowing for downforce measurements. Then, I 3D printed an aerofoil and mounted it to the ceiling of the test section. The car was then connected to the aerofoil using a small force meter string, allowing for minimal air turbulence. This solution was significantly better than the previously used methods of using a 2 meter long string, entering the wind tunnel through the air contraption, as proved by the measurement uncertainties (12% vs 35%-40%).
All in all, I encourage all of you, young engineers to experiment with the testing methods. Despite many successes of the project, I found the most learning value in my failures and struggles, as I had to develop a base theoretical understanding of many areas in order to continue the project. Per experientiam et errores discimus. Good luck.

