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Abstract: 

The scope of this report covers the design and testing of a low Reynolds number aerofoil family used for aircrafts 

propelled by solar energy. The main constrain is the top surface which is defined by the mechanical properties of the 

solar cells and has a significant effect on the aerodynamics of the whole aerofoil. The aim was to provide reliable data 

which are in general sparingly available due to the fact that the technology is recent and not widely shared. Another 

objective was to upgrade the aerodynamic parameters of the aerofoil by using modifications that included gurney 

flaps, in-plane gurney flaps, trailing edge wedges, and lower surface modifications. Finally, using an iterative process 

the best configuration could be found and the data were used to improve the low-speed analytical model used to 

design aerofoils for solar powered models. The reports treats broadly about the experimental technique used to test 

the aerofoil and problems encountered during low-speed wind tunnel testing. 

The baseline aerofoil was designed to operate at 400000 to 600000 Reynolds number and generate the coefficient of 

lift (cL) between 0.7 and 0.9. The plain aerofoil without any modifications reached an aerodynamic efficiency (cL/cD) of 

81 at 0.83 cL. It had a negative pitching moment (-0.12 for low Re) which further decreased for high Re (-0.57 at 

2000000Re). Surface flow visualisation test revealed that there is a separation bubble at about 2% x/c and that 

separation occurs at the bottom surface at about 40%x/c. Parts designed to remove the latter phenomenon proved to 

be aerodynamically inefficient (maximum cL/cD of 71). The best improvement was the in-plane serrated 2% gurney flap, 

which achieved 140 cL/cD at 0.71 cL. The 0.8% gurney flap also showed an increase in the aerodynamic efficiency (109 

cL/cD at 0.81 cL). Due to the time constrains of none of the leading edge devices could be checked. This, apart from 

further testing, should be the main aim for future research.  
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1. Introduction 

1.1 Electricity as source of energy 
Electric propulsion is one of the alternatives to the commonly used fossil fuel engines and there are several reasons 

why it could be a better option. An important factor is the economy. Since at present global aviation relies solely on 

hydrocarbon fuel, the price of flying is tightly bound to crude oil price. It in turn depends vastly on the global economy 

and political situation. Electrical energy production relies on more diversified sources which include renewable, nuclear 

and also fossil fuel energies. Consequently, using electricity as a fuel for propulsion would stabilise and potentially 

lower the cost of flying. 

It is difficult to compare the efficiencies of electrical motors and turbofan engines, since the former converts electrical 

to mechanical energy and the latter converts thermal to mechanical energy. However, taking into account the 

efficiency of producing electrical energy, the overall efficiencies can be a matter of a discussion. This is under the 

assumption that in both cases the thrust is produced using the same device to convert mechanical energy to kinetic 

energy of air, such as a fan. 

Thermal efficiency of turbofan engine, which is the conversion of chemical energy of the fuel into kinetic energy of air, 

is in principle governed by the Brayton cycle, which depends on the inlet and maximum temperature in the engine. 

Inlet temperature should be as low as possible and depends on the flight altitude. At 11000m, which is a common 

cruising altitude of modern airliners, it is at 216K and it stays constant up to 20000m and then increases. It returns to 

the same level in mesosphere at about 67000m and further decreases (Standardized Temperature Profile). As a result 

the intake temperature cannot be lowered as it would mean flying at extremely high altitudes. Maximum temperature 

in the engine, which for turbofan engines is the temperature at the inlet to the turbine, is limited by the turbine blades’ 

resistance to high temperatures. Substantial research has been done into improving the thermal properties of the 

materials used to produce the blades and their cooling systems. Although this technology is constantly improving, the 

process is relatively slow and any major breakthrough is not expected. 

Other source of inefficiency is the turbine responsible for producing mechanical power and the compressor which 

provides adequate pressure for optimum working conditions of the engine. Substantial research is currently focusing 

on improving the efficiency of their performance; however it is a relatively slow process. 

It is moderately difficult to find accurate figures for the thermal efficiency of the turbofan engines. The way of solving 

this problem is to compare it to a modern single stage industrial gas turbine as it uses the same physical principles to 

convert thermal to mechanical energy. Their efficiency is about 35% to 40% (Ratliff, Garbett, & Fischer, 2007). 

However, the inlet temperature of such turbines is usually room temperature which is higher than the temperature at 

11000m altitude. As a result the overall thermal efficiency of a turbofan used in aviation is probably between 40% and 

50%. 

The efficiency at which electrical energy is transformed into useful mechanical energy is usually about 85-90% for 

brushless DC motors but can get up to 96.5% (Nozawa, 2009). Taking 90% as the efficiency of the motor and assuming 

that the electrical energy is produced by a modern combined cycle gas turbine, which has the efficiency up to 60% 

(Beedie, 2007), the overall efficiency of the motor is 54%. This value does not include any energy lost during electricity 

transmission and charging the batteries. 

This result has to be approached with caution since it is based only on estimated data and many other assumptions 

needed to determine the efficiency. However, it shows that electric motors can in theory compete with combustion 

engines. 

Electric motors do not depend on hydrocarbon combustion. This simplifies the design and avoids many technical 

challenges. The working temperatures are significantly lower which avoids the use of expensive high-temperature-

resistant materials. There are fewer components as there is no need for the turbine or the compressor. Additionally, 
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electric motors avoid engine problems typical for conventional engines such as flame-out, turbine or compressor stall 

due to residue accumulation etc. As a result, the cost of maintenance is significantly lowered. Another consequence of 

not burning fuel is lack of exhaust fumes and less noise which makes the utilisation of aircrafts more environmentally 

friendly. Finally, the batteries, which are in solid state, offer better flight mechanics properties to the aircrafts as they 

do not displace during manoeuvring. 

Unfortunately, at present electric propulsion proves to be inefficient for commercial aviation. This is mainly due to the 

problems associated with energy storage. At present the batteries that have the highest specific energy are lithium 

sulphur batteries which demonstrated 350Wh/kg (Sion Power, 2007) and can possibly achieve 600Wh/kg (Kolosnitsyn 

& Karaseva, 2008) which is too low to power a modern airliner. To compare these values to the jet fuel specific energy, 

I will use Boeing 777-300 as an example. It cruises at Mach 0.84 at 11000m (Technical Characteristics - Boeing 777-300) 

which translates to 251m/s. Its maximum engine thrust is about 800kN (two 400kN Rolls-Royce Trent 892), which at 

cruise is approximately 80% (640kN). As a result it requires about 160MW. Its maximum range is 11120km maximum 

fuel is 144 tonnes (Technical Characteristics - Boeing 777-300). However, to provide the energy needed for such range 

using lithium sulphur batteries, they would need to have a mass of 3295 tonnes (for more information on the 

calculations, refer to APPENDIX A: Boeing 777-300 calculations). This would mean that fuel cells would be about 20 

times heavier than the conventional jet fuel. The MTOW would be exceeded 11 times only considering the mass of the 

cells and disregarding the structural mass and payload. These figures do not include the fact, that the aircraft would 

need extra energy to carry additional weight when using the batteries. 

Although the above argument shows only approximate figures, considering even a moderate margin of error the value 

of the batteries to fuel mass ratio is drastically higher than unity. This weigh penalty is unacceptable in aerospace 

industry and consequently at present electric motors cannot be used to power a modern airliner. However, the 

technology is developing very dynamically and electric propulsion is especially popular with radio controlled models. 

Another application is solar powered aircrafts which recharge their batteries during flight significantly decreasing the 

mass of the batteries. Many prototypes of such aircrafts have already been built and they range from small unmanned 

aerial vehicles (UAV) to single seat aircrafts capable of continuous flight. 

1.2 Solar-powered aviation 
History has shown that flying using only energy coming from the Sun is possible. The first solar powered flight was done 

by an unmanned aerial vehicle (UAV) Sunrise I and took place on 4th November 1974. It managed to fly for 20min at the 

approximate altitude of 100m on solar cells providing 450W of power. On 7th July 1981 single-seat Solar Challenger 

crossed the English Channel covering 262.3km in 5h23min. Its maximum power at sea level was 2500W and it came 

solely from its solar cells. 

An important milestone was the development of high altitude long endurance aircrafts (HALE) investigating long 

duration solar electric flight feasibility above 19812m altitude. The characteristic features of these platforms were the 

flying wing configuration, very high aspect ratio and high flexibility of the wing structure. The NASA’s UAV Pathfinder 

set the record for the highest altitude of 21802m in 1997. The design enabled the aerodynamics, structural integrity, 

propulsion and system technologies to be tested and applied in future UAVs of the series. The last prototype 

designated Helios (see Figure 1-1) combined the previous experience and was design to achieve two goals: sustained 

flight at 30480m altitude and flight duration of over 24h. The first objective was achieved in 2001 with an unofficial 

altitude record of 29524m. However, the plane crashed on 26th June 2003 due to a structural failure and could not fulfil 

the second objective of overnight flight. 

On 22nd April 2005 the eternal flight was achieved by UAV Solong. Alan Cocconi remotely flew the aircraft for 24h 

11min relying solely on solar energy but also taking advantage of thermals. In July 2006 a QuinetiQ Zephyr set a new 

record for endurance by a 54h flight (Noth, History of Solar Flight, 2008). The ultimate goal of overnight manned flight 

was achieved on 7 July 2010. Solar Impulse prototype aircraft (see Figure 1-2) was recognised by Fédération 

Aéronautique Internationale (FAI) to have achieved the longest manned solar-powered flight in the history of solar 

aviation (The FAI ratifies Solar Impulse's World Records, 2010) by staying in the air for 26 hours. 
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Figure 1-1 NASA Helios aircraft (Noll, Brown, Perez-
 Davis, Ishmael, Tiffany i Gaier, 2004). 

 

Figure 1-2 Solar Impulse aircraft (Meinhold, 2010). 

Despite all the successes in the field of solar aviation, it is virtually impossible to power a modern airliner with only 

solar energy as it would require unrealistically big area exposed to the Sun. To prove it, I will return to the example of 

Being 777-300 I used before. The requirement for cruise power is about 160MW and the maximum direct irradiance in 

the lower stratosphere is 1kW/m2 (Stickler, 1999). This means that to provide enough energy from 100% efficient solar 

cells, 160000m2 would need to be covered with them. Given that the wing area of 777 is 427.8m2 (The Boeing 777-300) 

it means that over 350 wings would need to be covered with them in the optimistic scenario or that a single wing 

would provide less than 0.5% of required energy. This is only a very approximate calculation and many of the 

parameters such as the power required for cruise depend on many variables such as flight conditions, aircraft weight 

etc. However, it shows that under any circumstances the solar-powered commercial flight as we know today is 

impossible.  

Nevertheless, solar cells are used in the prototypes of aircrafts allowing them to be fully or partially fuelled by the 

energy coming from the Sun. This branch of the industry is developing very rapidly as it took only about 30 years from a 

first unmanned 20-minute flight to a manned continues flight. Their current limitation is the efficiency of the currently 

available technologies. With the constantly improving performance of photovoltaic cells and the development of new 

ways of electrical energy storage such as hydrogen cells, nanotechnologies or high-temperature superconductors, the 

high rate of the development of solar powered aviation can be sustained. A crucial part of this process is the 

optimisation of the design of such aircrafts, taking into account the time delay of technology development. 

2. Aim of the research and overview of the project 
The main objective of the research is to provide reliable experimental data on the design of an aerofoil suitable for a 

solar powered aircraft. Since the technology offering sufficient efficiency of both the cells and the batteries does not 

exist yet, the research objective was to complete the aerodynamic design before necessary developments. Additional 

target was to provide data for improving analytical models used for designing low Reynolds number aerofoils and for 

assessing their accuracy and reliability. The objectives are to be fulfilled by wind tunnel tests, data analysis and model 

modification iteration process. 

The aerofoil modifications were developed to improve the aerodynamic characteristics of the baseline aerofoil using 

different modifications including trailing edge devices. The most important parameter fur such design is the 

aerodynamic efficiency (cL/cD) as, similarly to a glider, the aircraft is supposed to lift maximum weight at the lowest 

drag cost. The aircraft’s design velocity is about 10 to 20m/s, which corresponds to about 400000 to 600000Re, and 

desired cL is 0.7 to 0.9. Consequently, the data analysis will consider mostly those characteristics.  
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In order to achieve that the project work will include: 

- thorough understanding of wind tunnel testing techniques and familiarity with the equipment used; 

- wind tunnel force balance calibration; 

- static and dynamic analysis of the results; 

- software development needed for running the wind tunnel, data reduction and analysis; 

- manufacturing of the wind tunnel models and modifications to the already existing ones; 

- wind tunnel tests and flow visualisations; 

- data analysis and comparison. 

3. Overview of wind tunnels 
Wind tunnels are devices that provide controlled environment for aerodynamics tests. If properly used, they produce 

reliable information based on real fluid flow which support theoretical calculations and act as a guideline in the design 

process. There are many types of wind tunnels based on the flow properties or their design. Due to the topic of this 

report, I will focus only on low-speed wind tunnels. There are two most important distinctions: open and closed circuit. 

The usual components of the former are the inlet, test section, diffuser and fan and are arranged to form a straight, 

variable cross-section tube. Air is introduced to the inlet from a sill air reservoir (usually the room where the wind 

tunnel is or the outside) and is ejected through the exhaust. An example of it is shown in Figure 3-1 below. 

In a closed circuit wind tunnel the air circulates inside it with little or no exchange with the outside reservoir. The usual 

components are the test section, diffuser, fan, diverging section and turning vanes. An example is shown in Figure 3-2 

below. 

 

Figure 3-1 A basic open-circuit wind tunnel 
 (Kasravi, 2003). 

 

Figure 3-2 General Motors’ close-circuit wind tunnel 
 (Kasravi, 2003). 

Both designs have advantages and disadvantages. The design of the open circuit is less complicated and as a result the 

initial investment is much smaller. It is also very good for testing combustion engines or conducting extensive flow 

visualization using smoke as it uses fresh air from an outside reservoir which overcomes the problem of purging. On the 

other hand, it may be difficult to control the quality of the flow at the test section as it depends on the conditions of 

the outside air reservoir. In order to improve it, extensive screening may be necessary. Additionally, the running cost 

are higher as still air needs to be accelerated to the required speed and the energy is then lost via the kinetic energy of 

the air escaping through the exhaust.  This makes this design suitable for lower utilization rates. The last drawback is 

the noise pollution. Extensive noise treatment is necessary to improve the quality of the working environment. 

For the closed circuit design, the advantages of the open section tunnel become the disadvantages of the closed 

section tunnel and vice versa. By an appropriate design of turning vanes and screens, the quality of the flow can be 

significantly improved. The wind tunnel also reuses the kinetic energy of the already accelerated flow by feeding it 
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again to the inlet of the fan. As a result less energy is used to run the tunnel which lowers the cost of utilization. The 

closed circuit wind tunnels tend to be less noisy. On the other hand, the initial investment is higher due to a more 

complicated design. In order to maintain constant conditions in the tunnel there is a need of purging if smoke flow 

visualizations are used or engines are tested. Since usually the motors powering the fans are cooled by the air flowing 

inside the wind tunnel, there is a need of removing the excess of heat via a heat exchanger. This is given the utilisation 

rate is high and decreases the overall efficiency of the wind tunnel. 

A further category of the wind tunnel is based on the design of the test section. The test section can be closed (have 4 

solid boundaries) or open (have one or no solid boundary). The choice between the configuration, size or the cross-

sectional shape depends usually on the character of the conducted research which can range from aeronautical via 

automotive to structural engineering purposes. 

4. Wind tunnel at ITER 
The wind tunnel at ITER is of general-purpose type with has been designed to suit civil rather than aeronautical tests in 

order to minimise the operation costs. It has a considerably lower energy consumption of the power plant, high flow 

quality in the test section and reduced noise pollution. The dimensions of the test section and the technical 

specifications of the tunnel are summarised below in Table 4-1 and Table 4-2 respectively. 

Table 4-1  ITER wind tunnel test section dimensions (Quattri, 2010). 

Width [m] 2 

Height [m] 2 

Length [m] 3 

Table 4-2  ITER wind tunnel’s technical specification (Quattri, 2010). 

Maximum air speed in the test section [m/s] 57 

Maximum volumetric flow rate [m3/s] 216 

Maximum power (9 motor of 22kW) [kW] 198 

However, a turbulence screen was recently introduced to the settling chamber which improved the quality of the 

airflow to 0.5% turbulence level. This improvement enabled aeronautical tests to be run. However, the modification 

lowered the value of maximum air speed in the test section given in Table 4-2 to 48m/s. 

The test section has a plate glass security window which enables observations to be made from the control room. It has 

been designed in a modular and exchangeable manner to make it adaptable to the requirements of any test. 

The wind speed is regulated by a frequency inverter of 220kW which can be remotely controlled from the control room 

using in-house software. The measurement of the wind speed is done by an anemometer and its signal is fed back to 

software used for wind speed control. 

 

Figure 4-1 Wind tunnel at ITER (Quattri, 2010). 
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5. Overview of force balances 
The purpose of most wind tunnels is to either measure the forces on or to visualise the flow around tested models. The 

former can be done in at least four methods: 

- by measuring the direct forces on the model; 

- by measuring the stresses developed in the model and hence calculating the forces; 

- measuring the effect the model has on the fluid flow by analysing the wake and static pressures; 

- by analysing the kinematics of the model under the fluid forces and obtaining the forces on the equations of 

motion. 

The first method involves using a device called a force balance. There are two types of balances: internal which fits 

inside the test section and external which is mounted outside the test section. The choice between them depends on 

specification of the wind tunnel tests. The advantages of an external are its great resolving power and that it holds it 

calibration over a long period of time. The disadvantages are its size, initial cost and high resources consumption to 

reduce the data.  On the other hand an internal balance has a much lower initial cost and can be adapted to various 

test sections. At present, the external balance type is the most popular choice mainly due to high accuracy they offer 

and the ease to reduce high volume data with modern computers. However, there is no single balance that will be 

appropriate for all tests for all possible models mainly due to maximum load capability and the accuracy required for 

minimum loads (Barlow, Rae, & Pope, 1999). 

6. Force balance used at ITER 
ITER uses a decoupled 6 point external balance of platform type. It means that the model is mounted via an 

appropriate stand to a platform which forms a part of test section wall and six independent forces are measured 

simultaneously. The advantage of such a design is its simplicity and ease of calibration due to no coupling. The forces 

acting on the platform of the balance are measured by six transducers. Since the design of the balance is due to be 

patented, limited details of the structure and data acquisition system are given allowing only to understand the 

working principles and the calibration procedure. 

7. Data acquisition apparatus 

7.1 Load cells 
The load cells installed in this balances are Revere Transducers’ model 9363-B10-150-20P1 for cells F3 to F6 and 9363-

B10-100-20P1 for F1 and F2. They have a 150lb and 100lb capacity respectively and their safe overload is 150lb. The 

ultimate overload is 300lb (Revere Transducers, 2003). 

7.2 Anemometer 
The anemometer is a TSI Model 8455-300 air velocity transducer which is capable of reading air velocities up to 50m/s 

in standard conditions (ambient temp. 21.1°C; barometric pressure 760.0mmHg). The tolerance readings are ±2.0% of 

reading and ±0.5% of full scale of selected range (TSI Inc., Environmental Measurements and Controls Division, 2000). 

7.3 Amplifier 
The output from the load cells is usually in the range of mV or smaller. This analogue signal is too weak to be 

interpreted by an analogue-to-digital converter and needs to be amplified. Additionally, due to its low strength, it is 

prone to noise which can affect its quality. For the purpose of the test an in-house built amplifier (6 Channel Load Cell 

Amplifier MODEL LCA0204 ITER SA) is used. It provides a constant excitation voltage of 5V for the load cells which can 

be varied is needed. 
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7.4 Analogue-to-digital converter 
The analogue-to-digital converter used for transforming data was ADDI-DATA APCI-3120-16x which was connected to 

the computer via a PCI slot. The device is capable of recording data from maximum 8 channels in differential mode at 

maximum sampling frequency of 100kHz. The software used for data collection was written in Borland Delphi at ITER 

and its interface is shown in Figure 7-1 below. 

 

Figure 7-1 Data acquisition software interface. 

The data were captured at frequency of 2.5kHz and the user has the choice of setting the size of the output and the 

channels which were to be used for data capturing. In this case 6 channels are used for load cell and one for the hot-

wire anemometer. The program outputs a single file that includes the date and the time for each data point of 8 

channels. The name under which it stores the data is formed from the date and time of the first data point. 

In later stages of testing, a device to measure the angle of attack of the wing was connected to channel 8. 

7.5 Corrections 
After running preliminary tests at 4 different angles of attack and different wind velocities it has been noticed that the 

wing oscillates about its z-axis and possibly along its x-axis. Further investigation into raw data confirmed this 

observation and revealed another problem.  

 

Figure 7-2 Output from cell 1 and 2 showing the oscillatory mode and loss of data. 
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The oscillations produced compressive forces in the load cell which cannot be read (refer to Figure 7-2). To overcome 

the problem the load cell were prestrained which caused the graphs to shift up by about 4400 and 5000 output voltage 

units for cell 1 and 2 respectively. This ensured that all the data were captured and the cells did not exceed their 

working capacity (maximum output is 65535). 

Another modification was made to the excitation voltage on cell 5 as it was reaching the maximum output. To 

overcome it, the excitation voltage was reduced to 4V and the cell was prestrained to adjust the measuring range. As a 

result, in order to reach results consistency with other load cell results, data will need to be multiplied by 5/4. 

More information about signal analysis can be found in 11.2 Signal analysis. 

7.6 Improvements 
After the initial tests on the baseline aerofoil, it has been observed that the data collection procedure is very time 

consuming. This is mainly due to the need to stop the wind tunnel as the angle of attack could be changed only from 

the inside of the test section. 

A very simple crank mechanism was designed which allowed to change the angle of attack manually from below the 

test section. This allowed adjusting the angle of attack even when the wind tunnel was running. 

A standard wind turbine wind vane was incorporated to the design, which was connected to the amplifier and the 

analogue-to-digital converted. It acted as an inclinometer and allowed to digitalise the angle of attack measurement. 

The system was calibrated against a reliable digital inclinometer and shown a gradient of -0,01528°/voltage unit. 

The equipment needed to change the angle of attack and digitalise the readings was mounted to the floating part of 

the wind tunnel balance in order to avoid error in the aerodynamic forces measurements. The improvements allowed 

to halve the time needed to run a complete wind tunnel test and significantly improved the accuracy of angle of attack 

measurement previously done by visual inspection which is prone to human error. 

7.7 Comments 
Although great care was taken to adjust the setting of the apparatus to collect all the data, the output for the higher 

angles of attack, when the forces are greatest, occasionally suffered from excess of load. However, since the main 

focus of the tests were the angles of attack below 10 degrees and low wind speeds, the data obtained are of sufficient 

quality for further analysis. 

8. Data collection procedure 
The wing was tested at 11 angles of attack: 0,2,4,5,6,7,8,9,10,11,12 degrees. The wind speeds excluding zero wind 

speed are shown in Table 8-1 below. 

Table 8-1  Motor power settings and wind speeds used in the tests. 

Motor power setting [%] 5 7.5 10 12.5 15 20 25 

Approx. wind speed [m/s] 9.2 14.7 20.6 26.2 31.4 41.1 47.4 

Approx. Re number [103] 400 640 900 1200 1400 1800 2100 

However, in later wind tunnel test it has been decided not to carry out the tests at 25% of motor power. This speed is 

outside the aircraft’s flight envelope and omitting it decreased the duration of the data collection. 

The software used for capturing the data outputs one file for each wind speed and model configuration. As a result 

multiple data files are produced for each wind tunnel test run. 

The original data collection procedure was used when the angle of attack was changed directly from the test section. It 

needed to be changed due to the improvements to the force balance described in 7.6 Improvements. Both of the 

procedures are described below. 
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8.1 Original procedure 
1) Set the angle of attack of the wing; 

2) Take the reading of the load cells output when the wind velocity is zero; 

3) Start the wind tunnel; 

4) Set the motor power; 

5) Wait for the wind velocity to stabilise and collect the data; 

6) Repeat the points 3 and 4 for different motor power settings; 

7) Stop the wind tunnel; 

8) Repeat the procedure from point 1 until all the angles have been tested. 

8.2 Current procedure 
1) Set the angle of attack to zero using a digital inclinometer; 

2) Take the reading of the load cells output when the wind velocity is zero; 

3) Start the wind tunnel; 

4) Set the motor power; 

5) Wait for the wind velocity to stabilise; 

6) Collect the data; 

7) Change the angle of attack; 

8) Repeat steps 5 and 6 until all the angles have been tested; 

9) Repeat the procedure from step 4; 

10) Finish when all the power settings have been tested. 

9. Software 

9.1 Data reduction 
Since the sampling frequency of data was at 2.5kHz, it meant that the output files were difficult to handle due to their 

size.  This was the main reason to develop new software for the wind tunnel to reduce the size of data and improve 

their reliability. Another reason is the fact that the data acquisition software outputs one file per test (angle and 

velocity), which means several output files were produced for each test run. In order to improve the efficiency of data 

handling and analysis, it was preferred to keep a single file for each wind tunnel run. 

The program was written in Matlab programming environment and the file was compiled to obtain a standalone 

executable file that can be run on any Windows machine. The interface of the program is shown in Figure 9-1 and the 

source code is available in APPENDIX B: Data reduction code. 

 

Figure 9-1 Data reduction program interface. 
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At the beginning the program displays an introduction message and usage instructions. After pressing Enter the 

program asks the user to select the first and the last file of the wind tunnel run from a dialogue window. Then the 

program averages the data according to the specified averaging frequency which was set to 2500 points per one mean 

point. This gave one data point per one second of data sampling. The exception is the first input file which always 

contains the static data (zero wind velocity data). For this case the mean value of all the data points is taken. In the 

end, the program saves the data as a text file using the date and time of the first input file and adding a ‘red’ prefix 

which stands for reduced. 

9.2 Other codes 
Wind tunnel testing involves many repeated processes and can become an overwhelming task if it is not automated. 

Apart from the software that is used to run the tunnel (velocity control, data acquisition software etc.), several other 

codes need to be built to handle vast amounts various data. 

It is important to keep a record of what has been done and under what conditions in a logbook. It ensures that if a 

mistake is found during the analysis of the test results, the possibility of analysing wrong set of data can be rejected. 

Since the data acquisition software output a single file for each run, it meant that for a test at 7 different Re and 11 

different angles of attack, 77 entries in the logbook needed to be made which included date and time from the 

filename. If done by hand, the process is very time consuming. In order to avoid it, the logbook was created in 

Microsoft Excel and a code was written in VBA to automate this process. The choice to use this program, despite it 

being significantly slower than Matlab, was done solely because of the ease in handling it by people without previous 

programming experience. Additionally, it does not require installation since it is usually present on Microsoft machines 

and is ideal for data sharing for people who work at different geographical localisations. 

In order to quicken the process of data analysis, a Microsoft Excel template file was created and the code was written 

to upload the file obtained in the data reduction process (see 9.1 Data reduction). When the data were put in the 

template, their transformation to useful aerodynamic coefficient was automatic. 

One of the most challenging problems was to compare the data from the tests. Since the Re depended on the 

atmospheric conditions during the day and were prone to the rising air temperature in the wind tunnel throughout the 

day, they needed to be interpolated in order to be consistent. It was very important to do it as accurately as possible 

because small changes in for example cD can severely influence the results. Additionally, in the later stages of testing, 

the angle of attack of the wing was measured electronically, which also had to be interpolated to discretise the values.  

An implicit problem concerning experimental research especially constrained with time is a constant evolution of the 

testing techniques. With the addition of new hardware to the wind tunnel and changing the testing techniques, the 

software development needs to follow these advances. This means that during its development the code needs to be 

versatile and easily modifiable, ensuring that all the data are consistent and can be compared. 

Examples of the codes written in Microsoft Excel VBA can be found in APPENDIX C: VBA codes. 

10. Balance static calibration 
The readings coming out of the load cells need to be now converted to data that are meaningful to an engineer, such as 

forces and moments. The data must be accurate and account for any undesired phenomena, which are not present in 

natural aerodynamic environment but affect data measurement in the wind tunnel. These include support-model 

interferences, random signal noise, model oscillations and many others. The static calibration is a part of this process 

and investigates conversion of aerodynamical loads energy to electrical signals done by the transducers and 

modifications done to the signal by other components of the DAQ. In the end, it allows the signal to be converted back 

to meaningful physical force values. 
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10.1 Forces 
The forces acting on the middle of the balance can be obtained using Equation 10-1 to Equation 10-3 shown below. 

   (     )     

Equation 10-1 Calibration of x-axis balance force, where    is the calibration constant. 

           

Equation 10-2 Calibration of y-axis balance force, where    is the calibration constant. 

   (        )      

Equation 10-3 Calibration of z-axis balance force, where    is the calibration constant. 

In Equation 10-1 to Equation 10-3 above the values for F1 to F6 are the load cells outputs in voltage units. 

The static calibration of the forces is a relatively simple task.  In order to find the force constant, an external force 

aligned with and in the same direction as the force measured by the balance needs to be applied via another load cell 

that has been previously calibrated (voltage units to Newtons conversion constant is known). However, special care has 

to ensure that there is no significant angular discrepancy between the direction of the applied force and the force 

measured by the balance. 

In the case of calibrating the vertical force component of the balance, an external force was applied in the upwards 

direction (positive lift force direction). The outputs from the balance’s vertical load cells and the calibrated load cell 

were correlated allowing the    constant to be obtained. 

An analogous method was applied to obtain lateral force    calibration constant. It was equal to the previously 

obtained constant which was expected due to the use of the same transducer models. 

The case of horizontal drag force may appear to be more complicated. Since the measured forces are usually very 

small, the readings from the load cells need additional amplification. This was done by transmitting the aerodynamical 

loads to the load cells via a lever which acted as a mechanical amplifier. If the calibration was done without using a 

precalibrated load cell, the calibration procedure would need to account for the exact effect of the lever on the input 

force and the structural stiffness of the arm and its pivot. However, with the precalibrated load cell the procedure of 

was analogous as the mentioned effects were automatically accommodated for. This was done under the assumption 

that the lever construction is sufficiently stiff to produce deflection small enough for the analysis to stay in the linearity 

limits. 

As described above, an analogous procedure was used to obtain the    calibration constant. Its value was about 3.5 

times greater that the values of the other calibration constants which confirms the desired effect of the mechanical 

amplification. 

The calibration was repeated twice and the results show an error of less than 1% which confirms the reliability of the 

results. 

10.1 Coupling effect 
The balance used at ITER is based on the philosophy of mechanical decoupling of forces. Consequently, in theory, there 

should not be any forces coupling present since the bars are incapable of carrying transverse loads. In reality it is not 

absolutely true and coupling effects may appear mainly due to the limited structural stiffness of the balance 

components. These include: 

- deformations of the force transmission rods; 

- deformation of the of the model support or the general structure of the balance; 

- balance assembly inaccuracies. 



Page 19 of 64 
 

High quality balances have coupling of only about 1%, which at the first sight seems to be negligible. However, for 

aeronautical tests, highest force measurement accuracy is necessary and even such a small effect can severely affect 

the final results. The most crucial is the lift and drag relationship. For the magnitude of coupling mentioned above, 

given that the measured lift is about 150N, the drag contribution is about 1.5N. This is in the same order as the 

aerodynamic drag to be measured which makes the coupling correction essential for aeronautical purposes (Gonzalez, 

Ezquerro, Lapuerta, Laveron, & Rodriguez, 2011). 

Coupling effects can be corrected using appropriate calibration actions. For the purposes of this report, the coupling 

between lift and drag is only analyses. In order to measure it, a vertical force was applied to the balance and the 

outputs from the vertical and horizontal load cells were taken. Taking into account the calibration constant    the 

coupling value was 0.00438 D/L. This is an increment and therefore this value needs to be subtracted from the 

measured drag to obtain the actual drag. 

The coupling calibration was done twice and the error between the results is about 3%, which is still within the 

acceptable limits. 

The calibration and coupling graphs can be found in APPENDIX D: Force balance calibration graphs. 

10.2 Moments 
After calculating expressions for the true aerodynamic forces on the balance, it is possible to obtain the moments 

values. This is done using the displacements between forces acting on each load cell which give rise to moment 

reactions on the model. The necessary calculations are shown in Equation 10-4 to Equation 10-6 below. 

   
 

 
(     )                

Equation 10-4 Force balance   . 

    
 

 
(        )                

Equation 10-5 Force balance   . 

    
 

 
(     )                

Equation 10-6 Force balance   . 

The units of the              constants above metres and the exact values cannot be given due to the patent 

confidentiality mentioned before. 

11. Balance dynamic calibration and signal analysis 

11.1 Dynamic calibration 
Usually to complete the calibration process, a dynamic test is done using a reference model, which has been previously 

extensively tested by independent institutions (e.g. NACA0012 wing). The data from the institutions could be compared 

to determine their accuracy and reliability. As a result, any essential corrections could be done to the data acquisition 

system or the data handling (Gonzalez, Ezquerro, Lapuerta, Laveron i Rodriguez, 2011). 

However, making another wing was an unacceptable cost in terms of time and money. Instead, it was decided to 

thoroughly analyse the measured results (see 11.2 Signal analysis). Additionally, the results from the baseline wing 

were compared to data obtained Xfoil Version 6.96. A complete analysis is given in 14 Baseline aerofoil. 

 



Page 20 of 64 
 

11.2 Signal analysis 
In order to analyse the signal the sampling frequency needs to be first considered. Aliasing is a common problem that 

occurs. It happens when the frequency is to low and there is not enough data to properly observe the signal 

characteristic. It becomes indistinguishable and cannot be properly recreated.  The sampling theorem, usually called 

the Nyquist theorem, states that a signal can be properly sampled if the following holds true (Smith, 1999): 

Sampling frequency > 2 * signal frequency. 

In practice, it is very difficult to estimate the highest signal frequency, especially for a complex device such as a wing 

tunnel balance. Additionally, it is very easy to omit high frequency signal components caused by various phenomena 

including flow turbulence. As a result it is better to choose a sampling frequency much higher than expected to obtain a 

reliable representation of the aerodynamic and inertia forces action on the model. Additionally, high sampling speeds 

are beneficial in reducing random electronic noise originating from the data acquisition system. In the past the 

sampling frequency was limited due to technological problems; however, nowadays the processing power and data 

storage capacity of the modern computers allow to handle vast databases. 

In order to obtain a reliable data, the signal quality needs to be analysed. For the purpose of these wind tunnel tests 

the signal to noise ratio (SNR) needs to be higher than 3. This requirement is easily satisfied as the random noise levels 

of the modern data acquisition system’s components are very low. Nevertheless, they are present and undesired. A 

simple method of minimising their effect is time-averaging.  This method consists of registering and summing up 

repeatedly the signal which must satisfy the condition of stability (Lohninger, 2010). High frequency is beneficial for this 

method. 

In order to obtain the unforced response frequency of the model and balance simple mechanical tests were done. The 

two modes of interest are the longitudinal oscillation in the wind direction and the yaw rotational oscillation. The 

analysis showed that the main frequency was about 5.2Hz. It will be later showed that this frequency will remain 

unchanged under aerodynamical forces. 

In order to determine the final sampling frequency data were collected for 20 seconds at a chosen wind speed and 

angle of attack using different sampling frequencies. The first frequency was 10Hz and it corresponds to the value 

suggested by Nyquist theorem. The frequency was incremented until 2.5kHz. The data were then time-averaged with a 

period of one second and a regression line was plotted. The results are shown in Figure 11-1 to Figure 11-5. Figure 11-6 

shows the average force based on the total sampling period versus the sampling frequencies (Gonzalez, Ezquerro, 

Lapuerta, Laveron i Rodriguez, 2011). 

 

Figure 11-1 Mean force versus time for 10Hz sampling 
 frequency (Gonzalez, Ezquerro, Lapuerta, 
 Laveron i Rodriguez, 2011). 

 

Figure 11-2 Mean force versus time for 20Hz sampling 
 frequency (Gonzalez, Ezquerro, Lapuerta, 
 Laveron i Rodriguez, 2011). 
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Figure 11-3 Mean force versus time for 100Hz sampling 
 frequency (Gonzalez, Ezquerro, Lapuerta, 
 Laveron i Rodriguez, 2011). 

 

Figure 11-4 Mean force versus time for 500Hz sampling 
 frequency (Gonzalez, Ezquerro, Lapuerta, 
 Laveron i Rodriguez, 2011). 

 

Figure 11-5 Mean force versus time for 2500Hz 
 sampling frequency (Gonzalez, Ezquerro, 
 Lapuerta, Laveron i Rodriguez, 2011). 

 

Figure 11-6 Mean force versus sampling frequency 
 (Gonzalez, Ezquerro, Lapuerta, Laveron i 
 Rodriguez, 2011). 

It can be clearly seen that the patterns presented in Figure 11-1 and Figure 11-3 differ which shows the influence of 

sampling frequency. Figure 11-6 shows that only sampling frequencies above 100Hz give a reliable measurement of the 

mean force. It means that the 10Hz inertia forces sampling frequency given by Nyquist theorem is too low and an 

appropriate frequency is at least an order higher. Consequently, 2.5kHz sampling frequency was chosen mainly due to 

lack of any computational power and storage constrains. 

It is also interesting to look at the frequency composition of the signal. It is impossible to determine it from a mean 

force time domain function and as a result the signal needs to be transformed. One of the most time efficient methods 

is the discrete Fourier transform which is the basis of the fast Fourier transform algorithm (Oppenheim i Schafer, 1999). 

This algorithm is implemented in Matlab and can be easily used. A signal collected during a period of 20 seconds at 

2.5kHz frequency was analysed for different wind speeds. The results are presented in Figure 11-7 and Figure 11-8 

below. 
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Figure 11-7 Signal from three lift cells during a baseline test at 8° angle of attack in 20m/s flow. Data were collected over 
 20 seconds with 2.5kHz sampling frequency (Gonzalez, Ezquerro, Lapuerta, Laveron i Rodriguez, 2011). 

 

Figure 11-8 Signal from two drag during a baseline test at 8° angle of attack in 40m/s flow. Data were collected over 20 
 seconds with 2.5kHz sampling frequency (Gonzalez, Ezquerro, Lapuerta, Laveron i Rodriguez, 2011). 
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The zero frequency reading in Figure 11-7 and Figure 11-8 represents a constant force which in this case is the 

aerodynamic force. In both figures it is possible to see a peak at about 5Hz which is the inertial force response. This is 

the same value as the one obtained for the unforced response frequency obtained before. In case of the lift signal (see 

Figure 11-7) the inertial response is about 75% of the total spectrum; however, the drag signal is dominated by a 

response at 10Hz (see Figure 11-8). This is due to the specificity of this model and the testing environment especially 

the symmetry of the system. The drag cells are spaced equidistantly about the centreline in the wind direction and the 

inertial forces induced by the aerodynamic forces are perpendicular to the load cells plane. As a result, when the 

combined signals act destructively at 5Hz and the inertia effects are cancelled.  This is confirmed by the analysis of 

separate drag cells signals which have distinctive peaks at about 5Hz and shows that it is useful to analyses the 

channels separately. It is important especially for drag cells which have to be calibrated very accurately due to the small 

magnitude of the measured forces. 

12. Coordinate system transformation 
So far all the calculations were done in the balance coordinate system. In order to measure the forces on the wing, we 

need to change the coordinate system to the aerodynamic centre in the middle of the wing (model coordinate system). 

The coordinates of the aerodynamic centre are summarised in Table 12-1 below. 

Table 12-1 Aerodynamic centre position of the model in force balance coordinate system. 

x-axis coordinate [m] -0.122 

y-axis coordinate [m] 0.000 

z-axis coordinate [m] 1.070 

11.1 Force transformation 
This change will only affect the moments on the model. The balance   ,   ,    forces in the force balance coordinate 

system will be called drag (D), lateral (FL) and lift (L) forces respectively in the model coordinate system. 

11.2 Moments transformation 

 

Figure 12-1 yz-plane view of the balance and the 
 models coordinate systems. 

 

Figure 12-2 xz-plane view of the balance and the 
 models coordinate systems. 
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Figure 12-3 xy-plane view of the balance and the models coordinate systems. 

Calculation of force moment     in the model coordinate system is based on Figure 12-1 and is shown in Equation 12-1 

below. 

                               

Equation 12-1 Coordinate transformation for   . 

Since the y-coordinate of the model is 0 (see Table 12-1), there is no contribution to    from   . 

Calculation of force moment     in the model coordinate system is based on Figure 12-2 and is shown in Equation 12-2 

below. 

                                         

Equation 12-2 Coordinate transformation for   . 

Calculation of force moment     in the model coordinate system is based on Figure 12-3 and is shown in Equation 12-3 

below. 

                               

Equation 12-3 Coordinate transformation for   . 

Since the y-coordinate of the model is 0 (see Table 12-1), there is no contribution to    from   . 

12. Wing geometry and aerodynamic coefficients 

12.1 Wing dimensions 
The dimensions of the wing are summarised in Table 12-1 below. 

Table 12-1 Wing dimensions. 

Span [m] 2.000 

Mean chord [m] 0.667 

Gross area [m] 1.334 

Aspect ratio [m] 3 

The span of the wing is equal to the width to the width of the test section. As a result the aerodynamic tests were 

treated to be two dimensional and the details in Table 12-1 are used in calculations of 2D aerodynamic coefficients. 
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12.2 Aerodynamic coefficients 
The formula for the aerodynamic coefficients are summarised below. 

  
 

 
    

Equation 12-1 Dynamic pressure. 

   
 

  
 

Equation 12-2 Coefficient of lift. 

   
 

  
 

Equation 12-3 Coefficient of drag. 

    
  

  
 

Equation 12-4 Coefficient of lateral force. 

    
  
   

 

Equation 12-5 Coefficient of moment about the x-axis. 

    
  

   
 

Equation 12-6 Coefficient of moment about the y-axis (pitching moment coefficient). 

    
  
   

 

Equation 12-7 Coefficient of moment about the z-axis. 

Due to the nature of the test, all of the above coefficients correspond to a 2D case which makes them the profile 

coefficients. 

The most useful coefficients are   ,    and    . The other will be ignored in the following text. 

13. Support correction 
To obtain reliable and accurate results, the influence of the supports on the acquired data needed to be investigated. In 

order to do that, the wing was removed from the test section and the stand was tested following the same procedure 

as described in 8.1 Original procedure. Polynomial and logarithmic fits were applied to the data and the relationship 

between the coefficients and the Re number before and after the improvements (see 7.6 Improvements) are 

summarised in Table 13-1 and  

Table 13-2 below. 

Table 13-1 Aerodynamic coefficient correction due to the supports before the modification. 

Coefficient Equation Applicable Re 
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Table 13-2 Aerodynamic coefficient correction due to the supports after the modification. 

Coefficient Equation Applicable Re 

                                                

   
                                    
                                  

                  

                                                           

    
                                     
                                  

                  

Based on the Re number the wing is tested at, the value of the coefficient obtained from Table 13-1 or  

Table 13-2 will need to be simply subtracted from the test result. This is possible due to the fact, that the equations are 

based on the characteristic geometrical dimensions of the tested wing. 

This method does not include the effect of the interference between the supports and the model. In order to do that, 

analytical investigation would need to be done. However, special care was taken to avoid such effects and as a result 

the interferences were assumed to be negligible. 

14. Baseline aerofoil 

14.1 Configuration 
The first model tested in the wind tunnel was the baseline wing. The profile is shown in Figure 14-1. 

 

Figure 14-1 Baseline wing aerofoil profile with front and rear spars and a superimposed s904 aerofoil. 

The aerofoil is based on the S904 aerofoil which was designed at National Renewable Energy Laboratory (NREL). The 

main characteristic of S904 is high maximum lift, relatively insensitivity to roughness and low profile drag (Somers, 

2005). It was then modified to fulfil the requirements of an aerofoil suitable for solar panel aircrafts. These are 

summarised below: 

- restricted upper surface curvature due to structural limitations of the photovoltaic cells; 

- low Reynolds number due to relatively low flight speed and wing chord; 

- very high aerodynamic efficiency (the ratio of lift to drag) in the 0.7-0.9 coefficient of lift range; 

- laminar boundary layer over the surface to minimise drag; 

- minimised flow detachment. 

As it can be seen from Figure 14-1, the upper surface of the aerofoil was flattened to decrease the curvature. The 

roundness of the nose was also reduced. The rear part of the aerofoil was also modified to increase its lift. 

14.2 Graphs 
The baseline wing was analysed using the procedure outlined in chapter 8 Data collection procedure and the values and 

the influence of the supports were taken into account. The data were then reduced and the coefficients of the best fit 
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curves were obtained to interpolate the data. The aerofoil was then tested with Xfoil Version 6.96 for Windows and the 

data were compared. The most important findings are presented in Figure 14-2 to Figure 14-7 below. 

 

Figure 14-2 Baseline cL versus α for varying Re. 

 

Figure 14-3 Baseline cMy versus α for varying Re. 

 

Figure 14-4 Baseline polar plot for varying Re. 

 

Figure 14-5 Baseline cL/cd versus cL for varying Re. 

 

Figure 14-6 Baseline upper surface cf versus x/c for varying 
 Re at 6° angle of attack. 

 

Figure 14-7 Baseline lower surface cf versus x/c for varying 
 Re at 6° angle of attack. 

14.3 Analysis 
The first important observation is a consistent difference between the experimental and Xfoil results and an identical 

lift curve slope of the two methods (see Figure 14-2). All the cL values are decremented by an average of -0.196 

(average was done over the Re number with a st. dev. of 0.06), which is equivalent to an average decrement of the 

angle of attack by 1.9° (based on experimental lift curve slope between 0° and 5°, averaged over the Re number). 
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The most probable cause is a procedure error in setting the angle of attack. The device used to do that shows a 

displaced chord line by attaching a horizontal plank of wood to the leading and trailing edges of the wing. The angle 

estimation is done both by visual inspection and digital protractor. It is highly probable that if the geometry of the 

device is faulty, it will have the effect on the angle of attack measurement as described above. 

Another source of error may be true geometry of the wing. Table 12-1 states that the span is 2m and Table 4-1 states 

that the test section width is 2m. This means that there would be friction between the sides of the wing and the test 

section wall, which would influence the drag measurements, especially with oscillations in yaw. To avoid it, the wing 

was made slightly shorter (1.90m). Consequently, the area of the wing is smaller, which could affect the calculation of 

cL. However, this would cause a percentage error in the cL calculation constant for all the angles of attack in the lift 

curve linearity region (see Equation 12-2). Consequently, the difference between the measured and Xfoil cL would 

increase with the increase of the angle attack, which is not observed in this case. This shows that shortening of the 

wing is not a cause of this phenomenon. 

Another source of an error can be vertical air flow over the sides of the wing altering the pressure distribution over the 

tips. However, the gap between each side of the wing and the test section is at most 5% of the total span, the influence 

of the vertical flow was assumed to be negligible. The oscillations that occurred for high Re number and high angle of 

attack were assumed to have little significance. 

Another interesting observation is the behaviour of the aerofoil at 6° angle of attack. For 400000 Re the slope of the lift 

curve decreases while for 2000000 Re number the curve has the same gradient, however it is shifted down by about 

0.1. This suggests that there is a separation bubble on the upper surface close to the leading edge of the wing. It is 

probable, that for lower Re the point of flow reattachment moves aft with an increase of the angle of attack. This 

causes the pressure to increase over the separation region which results in lift force reduction. For high angle of attack, 

the reattachment point is independent of the angle of attack causing only a discontinuity in the lift curve. 

This observation suggests that the boundary layer over the top surface of the wing is turbulent. If the boundary layer in 

the front part of the upper surface was laminar, the separation bubble should disappear at higher Re as the transition 

would happen earlier. Turbulent flow causes the penetration of energy from the main flow to be more efficient, which 

results in energetisation of the boundary layer and consequently reattachment of the flow. However, this does not 

happen in this case. 

The separation bubble on the upper surface has been confirmed by the results from Xfoil (see Figure 14-6) as the cf 

becomes negative for certain Re numbers. This is a clear indication that the flow has been reversed. 

The results for the pitching moment coefficient are shown in Figure 14-3 exhibit a very good agreement of 

experimental and theoretical data between 400000 and 800000 Re (average error of about 7.5%). However, for higher 

Re numbers the experimental pitching moment coefficient rapidly decreases which is a contradiction to the Re 

independent results from Xfoil. 

The possible explanation is flow separation between 0.3 and 0.5 x/c on the lower surface at low Re numbers. The 

pressure on the aft part of the trailing edge is decreased due to flow detachment and it is causing an increase in the 

pitching moment of the aerofoil. With the increase of the Re number, the boundary layer transition point moves 

upstream causing the boundary layer to be more resistant to flow separation. As a result there is no separation and the 

pressure becomes elevated. Consequently the aerofoil tends to pitch down which results in a decreased pitching 

moment. 

This hypothesis was confirmed by the results from Xfoil (see Figure 14-7) as they show negative cf for the aft section of 

the aerofoil at low Re. 
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Figure 14-4 shows a polar plot for the aerofoil. It is interesting to note that the Xfoil curves are shifted up due to the 

reasons explained at the beginning of this section and that the Xfoil values for cD are significantly lower than the 

experimental ones. The latter can be explained by analysing the drag. 

The cD error between the experimental and Xfoil values is on average 25% with a standard deviation of 13%. There can 

be several reasons for that which include the roughness of the wing’s skin, interferences in the test section, vibration 

etc. However, it is important to note that the error values are consistently lower for angles of attack below 9°. This is 

probably because trailing edge separation forms increasing the drag. 

14.4 Surface flow visualisation 
Surface flow visualisation can be divided into experimental and computational ones. Although the latter is currently an 

object of very intense research and offer both qualitative and quantitative results, due to the character of this report, 

the experimental ones will be only considered. 

Experimental surface flow visualisation is a relatively inexpensive, simple and reliable technique used by 

aerodynamicist to gain qualitative insight into the nature of the flow around an object. Among others, the simplest one 

is probably the use of tufts attached to the model showing the flow separation and reattachment locations. Another 

important technique is oil visualisation, which uses oil and a contrasting dye to observe the way the flow carries the 

mixture downstream (Surface Oil Flow). The latter technique will be used for the reasons explained below. 

Surface oil film method uses oil and a dye to visualise flow pattern on the surface of the model placed in in a wind 

tunnel. These include surface streamlines, flow transition, separation and reattachment lines, shock wave relative 

strength and position (Fisher i Robert R. Jr., 1988). Depending on the contrast necessary to observe the patterns, 

different dyes are used. The most popular are Al2O3, TiO2, talk powder, colouring pigments, graphite (Ristid, 2007). 

Fluorescent dyes subject to appropriate wavelength of light offer the best contrast and hence are commonly used for 

flow visualisation photography. The oil acts as a medium to transport the dye downstream without it being removed by 

the flow. Motor oils are most commonly used due to the versatility of their viscosity. However, in order to observe a 

stable pattern the wind tunnel usually needs to be run for several hours. Natural oils can also be used. The mixture is 

applied either as dots upstream of sections of interest or a thin film covering the model. It usually requires some 

experience to know the mixture’s appropriate ratio and oil placement location but it can be easily acquired using a 

trial-and-error method. 

To minimise the cost of the visualisation, a mixture of sunflower oil and talc was used which are readily available in any 

supermarket. Other benefits include the biodegradable nature of the mixture, lack of odour and the ease of cleaning 

the wind tunnel after the tests. Using a trail-and-error method an appropriate mixture ratio was obtained which was 

later applied to the wing. The results are shown in Figure 14-8  to Figure 14-10 below. 

 

Figure 14-8 Separation bubble on the upper surface of 

 

Figure 14-9 Flow detachment on the lower surface in the 
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 the baseline aerofoil at 4° angle of attack 
 (Re=0.8e6). Flow from right to left, picture 
 taken during the test. 

 aft section of the baseline aerofoil at 4° angle 
 of attack (Re=0.8e6). Flow from left to right, 
 picture taken after the test. 

 

Figure 14-10 View of the upper surface of the baseline aerofoil at 4° angle of attack (Re=0.8e6). Flow from right to left, 
 picture taken during the test. 

Figure 14-8 clearly shows the leading edge separation bubble which is a direct confirmation of the theoretical results 

given by Xfoil in Figure 14-6. The distinct white line just aft of the leading edge is formed by oil and talc accumulating at 

the separation point as the mixture is unable to penetrate the bubble. The black strip is where the flow is separated 

and the transition to turbulent boundary layer occurs. Downstream of it the oil pattern shows the flow streamlines 

which means that the flow has reattached. 

Figure 14-9 shows the downstream part of the lower surface of the aerofoil. Flow separation can be seen just left to 

the wavy patch of oil as the oil remains undisturbed there. The straight lines of oil that look like streamlines are in fact 

brush patterns produced when the wing was covered with oil. This observation confirms the results obtained by Xfoil, 

shown in Figure 14-7, and can serve as a possible explanation of the phenomenon seen in Figure 14-3. 

Figure 14-10 again shows the separation bubble at the leading edge and the turbulent boundary layer formed 

downstream of it. The distinct oil patterns show vigorous mixing of air and elevated vorticity.  

14.5 Conclusions 
In general, the data presented in Figures in 14.2 Graphs are reliable and show good agreement with the analytical 

analysis done using Xfoil and the surface flow visualisation. This confirms the accuracy of all the steps necessary for 

obtaining the final results. These include an accurate manufacturing of the balance, a use of appropriate calibration 

methods and experimental procedure and the accuracy of the wing model itself. 

15. Baseline hysteresis check 
Since after the first wind tunnel test the wing was painted, this could have changed the skin roughness and hence 

affect the results. Additionally, additional equipment was added to the force balance which could also influence the 

readings. Due to these reasons the wind tunnel testing method needs to be checked for hysteresis. Otherwise, the 

results from aerofoil modifications cannot be reliably compared to the baseline results. 

15.1 Graphs 
In order to see if there was any hysteresis between the results the wing was tested again using only one wind tunnel 

speed to achieve 500000 Re and all the previous angles of attack. The outcome is shown in Figure 15-1 to Figure 15-3 

and the error analysis is presented in Figure 15-4 below. 
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Figure 15-1 Baseline cL versus α before and after 
 modifications for 0.5e6Re. 

 

Figure 15-2 Baseline cD versus α before and after 
 modifications for 0.5e6Re. 

 

Figure 15-3 Baseline cMy versus α before and after 
 modifications for 0.5e6Re. 

 

Figure 15-4 Error analysis for the baseline aerofoil at 
 0.5e6Re before and after modifications. 

15.2 Analysis 
Figure 15-1 shows that the lift curves of the aerofoil before and after the modifications follow the same pattern. For 

angles of attack lower than 5 degrees the modified aerofoil provides more lift but for higher angles of attack the lift is 

smaller. The average absolute error is about 4.2% with a standard deviation of 3.9%. 

The drag curves in Figure 15-2 show a similar behaviour. However, in this case the drag of the modified aerofoil is 

always greater. The average absolute error is about 11.2% with a standard deviation of 6.7%. This is significantly higher 

than for the lift curves due to relatively smaller values of drag. 

The greatest difference is between the pitching moment curves (see Figure 15-3). Although the general pattern 

between both tests is preserved, the modified aerofoil show a more rapid increase of pitching coefficient value as the 

angle of attack is increased. The average absolute error is 10.4% with a standard deviation of 5.6%. 

Most importantly, the aerodynamic efficiency was affected (ratio between cL and cD) mainly due to the increase in the 

drag value. Its value decreased by an average of 7%. Although the result that the wing is most efficient at 4 degrees 

angle of attack was repeated, the value decreased from 81 to 70 is a significant performance reduction.  This can affect 

future tests. 

15.3 Conclusions 
The results for the baseline aerofoil do not show significant hysteresis and as a result can be used for further 

comparison with the data from modified wing tunnel tests. The only problem is the elevated drag that causes a 
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decrease in the efficiency. However, it is not a major concern, since the modifications of the aerofoil will be compared 

relatively to the baseline which will show which one performs best. 

It is important to notice that in Figure 15-1 to Figure 15-3 the results obtained after the modification follow a smoother 

pattern than before. It is a consequence of improved accuracy of the results. The possible cause of it is a more precise 

measurement of the angle of attack which replaced the visual inspection by a fully electronic measurement. 

16. Lower surface modifications 

16.1 Configuration 
The lower surface trailing edge modifications were developed in response to the separation discovered on the lower 

surface of the baseline aerofoil (see 14.3 Analysis). The main purpose was to study the effect of separation by 

decreasing the camber of it the aft section. 

The flat modification was designed by drawing a line going through the trailing edge and being tangent to the lower 

surface of the baseline aerofoil. The semicurved modification was is the midline between the flat modification and the 

original baseline surface. Both of the designs are shown in Figure 16-1 below. 

 

Figure 16-1 Baseline lower surface modifications. 

16.2 Manufacturing 
The modifications were made from Styrofoam and a glass fibre laminate strengthening and smoothing the surface 

exposed to the flow. They could be easily temporarily mounted by fixing the leading and trailing edge to the wing using 

aluminium tape. Extra care was taken to make the connection between the wing and the part smooth. Additionally, the 

sides were protected from air entering the gap in between the wing and the part and hence modifying not only the 

desired shape of the aerofoil but also distorting the pressure distribution. The removal did not result in damaging 

either the modification or the wing which meant that the part could be retested. 

The first step was to adapt the coordinate points of the modifications supplied by the design team to needs of the 

manufacturing processes. 0.5mm was removed to account for the thickness of the skin and the outlines of the 

modification were printed in full scale. 

The printouts were used to cut out ribs from balsa wood which would later be used as ways for cutting the desired 

shapes from blocks of Styrofoam using an in-house-built hot-wire. The device consisted of a wire lightly strained on a 

wooden support. Its working length was about 2m and it was connected to a 9V DC power supply. The temperature of 

the wire was adjusted by trail-and-error and it was done by varying the current. After an initial trail on a sample 

specimen, the foam shapes were cut. 

The laminate used as the skin was made from 3 layer of woven glass fibre fabric: 2 layers of 160g/m2 which provided 

the strength and 1 layer of 25g/m2 which provided a smooth finish. 400g/m2 of epoxy resin was used to bind the layers 

together. The laminates were pressed to the foam shape using moulds that were by-products of hot-wire cutting 

process and heavy objects were placed on top to apply pressure. The parts were first cured overnight in room 

temperature and were placed in an oven set to 60°C for one day to finish the curing process. The surface exposed to 
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the flow was then painted using the same paint as the main wing to produce a similar surface finish and to provide a 

possibility of surface flow visualisations (see Figure 16-2). 

 

Figure 16-2 Flat lower surface modification. 

16.3 Graphs 
In order to see if the modifications had an effect on the bottom surface, the wing was tested in various wind speeds 

and angles of attack. The crucial findings are presented in Figure 16-3 to Figure 16-6 below. 

 

Figure 16-3 Flat and semicurved modification cL versus 
 α for varying Re. 

 

Figure 16-4 Flat and semicurved modification cMy   versus 
α for varying Re. 

 

Figure 16-5 Flat and semicurved modification cD versus 
 α for varying Re. 

 

Figure 16-6 Flat and semicurved modification cL/cD

 versus cL for varying Re. 

16.4 Analysis 
It is interesting to notice that the lift curves in Figure 16-3 follow the same trend as the ones for the baseline: the 

gradient decreases from low to high angles of attack. However, the change is smooth and occurs over a wider angle 

range.  For 400000Re and angle of attack 6° and higher the cL values are on average smaller than the baseline by 0.14 

and 0.05 (about 13% and 4%) for flat and semicurved modifications respectively and for 600000Re the differences are 
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0.19 and 0.09 (about 17% and 8%) respectively. This means that initially cL decreases with respect to Re when 

compared to baseline values. For angles lower than 6° the lift curve of the flat modification is below the baseline and 

the semicurved modification is higher. The differences are of order smaller than 0.1 but they show a similar trend of 

decreasing with the increasing Re. 

As predicted during the analysis of the baseline aerofoil, the modifications of the lower surface trailing edge part 

increased the pitching moment coefficient (see Figure 16-4). For 400000Re it increased in relation to the baseline by 

0.054 and 0.048 (48% and 44%) for the flat and semicurved modification respectively. For 600000Re it increased by 

0.070 and 0.067 (61% and 59%) respectively. Results for other Re numbers show that this increase of pitching moment 

coefficient in relation to the baseline is maintained for higher Re. 

Figure 16-5 shows that in general the drag coefficient decreased for the flat modification and increased for the 

semicurved. On average it decreased by 0.0030 and 0.0029 (5.6% and 4.2%) for the flat modification at 400000 and 

600000 Re respectively and increased by 0.0045 and 0.0040 (11.6% and 11.9%) for the semicurved modification at the 

same Re respectively. It is also interesting to note that percentage difference of the drag coefficient in relation to the 

baseline increases with the increase in Re number. 

Despite the improvements in the pitching moment coefficient, Figure 16-6 shows that there was no improvement in 

terms of the aerodynamic efficiency. The baseline aerofoil reached a value of about 80 for 400000 and 600000 Re at cL 

equal to 0.8. This is 10 points higher than what the semicurved modification achieved at cL 0.85 and 0.66 at 

40000Re.The other maximum efficiencies remain below 70. It is interesting to note though that the efficiency peak 

moved cL of 0.85 for the baseline to 0.70-0.75 for the modifications. 

16.5 Conclusions 
The main objective of the design of the modifications has been achieved: significant increase of the pitching moment 

coefficient. It proves that the flow separates for the lower surface and the modifications must have reduced this effect. 

The consequence is a decrease in the lift coefficient as the contribution from the aft part of the aerofoil was 

diminished. 

A curious situation occurred for the drag coefficient. It was expected to decrease for both modifications but the tests 

have shown that it is the case for only the flat one. This has a major effect on the efficiency which is greatly dominated 

by the drag which is confirmed by Figure 16-6. Despite the success with the pitching moment coefficient, the efficiency, 

which is the main design characteristics, overweighs the former argument and makes the bottom surface modification 

to be diminution rather than an improvement. However, due to the fact that the semicurved modification is in general 

more useful than the flat one, it could be used in conjunction with other which could improve its aerodynamic 

performance. 

17. Perpendicular gurney flaps 

17.1 Configuration 
Gurney flap is a tab placed at the trailing edge perpendicularly to the chord line of the aerofoil. It was first used by a 

race engineer Dan Gurney who placed it on the rear wing to increase to down force on the rear tires. Flaps below of 

height below 2% x/c also showed a slight decrease in the drag (Myose, Papadakis i Heron, 1998 ). The devices were 

successfully applied to aircrafts. 
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Figure 17-1 Perpendicular gurney flap, where h is usually 
 quoted as h/c (Wanga, Lia i Choib, 2007). 

 
Figure 17-2 The effect of gurney flap on the 
 flow at the trailing edge  (Wanga, Lia i 
Choib, 2007). 

At the beginning it was thought that the gurney flap simply increases the camber which results in the shift of the lift 

curve. However, modern technology such as particle velocimetry showed that in reality it is the alteration of the Kutta 

condition at the trailing edge (Janga, Rossb i Cummings, 1998). The flap creates two counter-rotating vortices at the 

trailing edge (see Figure 17-2), which increase the circulation of the whole wing which results in higher lift. Additionally, 

the velocity on the upper surface just before the trailing edge is increased which results in higher flow energy less 

susceptible to separation. 

An interesting field of research is the serrations made to the already existing trailing edge devices. This innovation has 

been inspired by the natural characteristics of aquatic creatures and birds which suggested that serrated edges may be 

more efficient than straight ones, mainly in terms of drag reduction. 

In the end it has been decided to test 0.5%, 0.8% and 1.0% gurney flaps (chord length normalised heights). Based on 

the results, the 0.8% flap was serrated in order to compare it to the original one. 

17.2 Manufacturing 
All the gurney flaps were made from glass fibre laminate which was bent to shape on a mould during curing. They were 

attached to the lower surface of the trailing edge by using a 1mm thick double-sided tape. The connection between the 

wing and the part was smoothened using aluminium tape. The part could be removed; however, the process was time 

consuming due to the adhesiveness of the double-sided tape and could result in damaging the flaps. To reuse the flat, 

the residue from the tape needed to be removed which again requires extra effort. 

The first step to prepare the flaps was to soak the fibre glass fabric in resin. Two layers of 160g/m2 fabric were used and 

they were soaked in about 500g/m2 of epoxy resin. The main reason for that is the use of a different resin brand which 

was more viscous and did not penetrate the fibres that well. The soaked fibres were laid on a wooden mould which 

was of a right-angled trapezium cross-section shape. Since the gurney flaps needed to be perpendicular to the cord line 

of the baseline aerofoil and since the bottom surface trailing edge was at 5° to the cord line, one of the angles of the 

mould cross-section was made to be 95°. This was the angle defining the shape of the gurney. The pressure needed for 

curing was applied using a vacuum pump designed for making radio-controlled aircraft models. The laminate was cured 

in room temperature for about a day. 

Once the resin hardened, the flap was cut to shape using a scalpel knife while still on the mould. Since the tape used to 

mount the gurney flap to the wing was of 1mm thickness and 12.7mm wide (1/2in), the contact side was made to the 

width of the tape and the flow-perpendicular part was made 1mm shorter. At the end, the edges were sanded to 

produce a fine finish. 

The 0.8% gurney flap with serrations was manufactured from a regular flap using a machine knife. The teeth were 

decided to be shaped into equilateral triangles. Holes were first drilled in the troughs of the teeth to make sure that the 
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knife would not penetrate the laminate too deep and to ease the manufacturing process. The prepared 0.8% serrated 

gurney flap can be seen in Figure 17-3 below. 

 

Figure 17-3 0.8% serrated gurney flap mounted to the wing. 

17.3 Graphs 
In order to see what effects the gurney flaps had on the aerodynamic properties of the aerofoil, the wing was tested in 

various wind speeds and angles of attack. The crucial findings are presented in Figure 17-4 to Figure 17-7 below. 

 

Figure 17-4 cL/cD versus gurney flap size normalised by 
 the chord length for varying α and Re. 

 

Figure 17-5 Gurney flap cL versus α for varying Re. 

 

Figure 17-6 Gurney flap cD versus α for varying Re. 

 

Figure 17-7 Gurney flap cL/cD versus cL for varying Re. 
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Figure 17-8 Gurney flap cMy versus α for varying Re. 

17.4 Analysis 
I have decided to analyse Figure 17-4 first due to the role it played in determining which flap should be tested with 

serrations. Because of the time constraints only one flap could be serrated and tested and careful analysis needed to 

be done in order to maximise the opportunity to obtain beneficial results. Since the aerodynamic efficiency is the major 

design parameter for the solar powered aircraft, it was natural to plot it against different sizes of the gurney flaps.  

From Figure 17-4 it is clearly seen that cL/cD of the 0.8% gurney flap is superior to the other configurations for all the 

angles of attack and Re which are of interest for this research. Consequently, serrations were applied only to this 

gurney and the results are analysed below. 

Figure 17-5 shows an increase of lift coefficient for the gurney flaps in comparison to the baseline configuration. For 

400000Re it increased in relation to the baseline by 0.21 and 0.16 (26% and 19%) for the 0.8% non-serrated and 

serrated gurney flap respectively. For 600000Re it increased by 0.17 and 0.12 (21% and 15%) respectively. Results for 

other Re numbers show that this increase of lift coefficient in relation to the baseline is maintained for higher Re but is 

slowly decreasing in magnitude. This is true for all the tested gurney flaps of different sizes. As a result, the gurney flaps 

are most efficient at improving the lifting characteristics of the aerofoil at lower Re. 

 The consequence of elevated lifting curve is an increase in the drag coefficient (see Figure 17-6). For 400000Re it 

increased in relation to the baseline by 0.0185 and 0.0082 (57% and 18%) for the 0.8% non-serrated and serrated 

gurney flap respectively. For 600000Re it increased by 0.0180 and 0.0107 (59% and 34%) respectively. Results for other 

Re numbers show that the increase in the drag coefficient in relation to the baseline is decreasing for higher Re. 

Although there was a major improvement in the lift coefficient for the 0.8% regular gurney flap, in this case the drag is 

the dominating factor which made the modification worse than the baseline in terms of the aerodynamic efficiency 

(see Figure 17-7). For both 400000 and 600000Re the cL/cD was at 66 at cL between 0.85-0.90. This means it was 15 

lower than for the baseline. However, the situation significantly changes when serrations are applied. For 400000Re 

the 0.8% serrated gurney flap achieved an efficiency of 109 at 0.86 cL. This is 28 higher than the baseline which 

translates into 34% improvement. The results for 600000Re are neutral, since the serrated gurney flap’s efficiency 

curve follows the baseline one. It is interesting that the peak aerodynamic efficiency shifted to higher cL for non-

serrated gurney flaps, while the serrated option remained unchanged. 

Figure 17-8 shows the behaviour of the pitching moment coefficient. The 0.8% gurney flap has a lower cMy than the 

baseline. This is due to the elevated magnitude of the drag vector, which is slightly displaced from the supports 

attachment point. This creates a lever and contributes to the negative pitching moment. Another reason for this 

decrease is the fact, that the gurney flap increases the pressure upstream of it on the lower surface of the aerofoil. This 

in turn causes a pitching down moment. In case of the serrated flap, the situation is opposite- the pitching moment 

coefficient is higher than for the baseline. This contradicts what should have happened and further test, especially flow 
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visualisations, need to be done in order to determine the cause of this phenomenon. It is possible that the serrated 

gurney changes the aerodynamics of the majority of the wing. 

17.5 Conclusions 
The gurney flaps show to have improved lift characteristics of the baseline aerofoil but at a cost of elevated drag. As a 

result, the 0.8% gurney flap has the maximum aerodynamic efficiency below the baseline. However, the serrations 

diminished the drag and as a result a cL/cD of 109 has been achieved which is significantly higher than the baseline. This 

leads to the conclusion that research into serrated gurney flaps should be continued. Due to the time constraints of 

this project it could not be done. However, it would be useful to check how the teeth angle, their depth and shape 

influence the aerodynamic efficiency. Additional flow visualisations should also be done to determine the influence of 

the flaps on the aerodynamics of the wing. 

18. In-plane gurney flaps 

18.1 Configuration 
In-plane flaps are stiff tabs place at the trailing edge extending length of the wing in the chordwise direction. They have 

a similar design to perpendicular flaps shown described in 17 Perpendicular gurney flaps but they are placed at 0° to 

the chord line. 

Research suggested that the in-plane flap increases the lift coefficient, nose down pitching moment and experiences 

more drag. However, in general the aerodynamic efficiency is improved in comparison to plain wing (see Figure 18-2). 

It has also been shown that serrations improve the drag characteristic leading to even better cL/cD. This is true 

especially for saw-tooth triangular serration option (Vijgen, Dam i Holmes, 1989). 

 
Figure 18-1 In-plane flap configuration with different 
 serration shapes (Vijgen, Dam i Holmes, 
 1989). 

 
Figure 18-2 Aerodynamic efficiency versus cL for an in-
 plane flap tested at 1.1e6 Re (Vijgen, Dam i 
 Holmes, 1989). 

Due to time constraints, only 2.0% in-plane flap could be tested with and without the serrations. 

18.2 Manufacturing 
The gurney flaps were made from a fibre glass laminate which was formed on a mould. They were attached to the 

lower surface of the trailing edge by using a very thin (thickness approximately 0.1mm) double-sided tape. The 

connection between the wing and the part was smoothened using aluminium tape. The part could be easily removed 

and reattached. 

The composition of the laminate is identical to the one described in 17.2 Manufacturing. The only difference is that it 

was made into a flat sheet which was later cut to size using a scalpel knife. From the definition, an in-plane flap is 

parallel to the chord line. Since the lower surface of the trailing edge is at a 5° angle to the chord line, a square wooden 
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beam was cut so that it had an 85° internal angle. The flat laminate was ten laid on it and it was taped around with the 

mould with a thermally contracting tape. When how air was blown over it, the tape forced the laminate to assume the 

shape of the mould and since the resin used was thermosetting, the laminate maintained this shape after it was cooled 

to room temperature. 

The 2.0% in-plane gurney flap with serrations was manufactured using a scissors. The teeth were decided to be shaped 

into equilateral triangles. Holes were first drilled in the troughs of the teeth to make sure that the scissors would not 

penetrate the laminate too deep and for the ease of the manufacturing process. Since only one flap was made, it was 

beneficial to cut out the serrations first while the part was not mounted to the wing. In order to test the flap without 

the serrations, tape was used to cover the gaps. Once the flap without serrations was tested, the tape could have been 

removed without dismounting the part from the wing. This diminished the time spent on preparing the model for 

testing. The flap without and with serrations can be seen in Figure 18-3 and Figure 18-4 below. 

 

Figure 18-3 2.0% in-plane flap with serrations covered 
 with tape (view at the TE from below). 

 

Figure 18-4 2.0% in-plane flap with exposed serrations 
  (view at the TE from above). 

18.3 Graphs 
In order to see what effects the in-plane gurney flaps had on the aerodynamic properties of the aerofoil, the wing was 

tested in various wind speeds and angles of attack. Since the flaps increased the area of the wing, the lift, drag and 

pitching moment coefficients needed to be divided by 1.02, 1.02 and 1.022 respectively for the 2.0% non-serrated in-

plane gurney flap and 1.01, 1.01 and 1.012 respectively for the serrated version. The crucial findings are presented in 

Figure 18-5 and Figure 18-9 below. 

 

Figure 18-5 2.0% in-plane gurney flap cL versus α for 
 varying Re. 

 

Figure 18-6 2.0% in-plane gurney flap cD versus α for 
 varying Re. 
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Figure 18-7 2.0% in-plane gurney flap cL/cD versus cL for 
 varying Re. 

 

Figure 18-8 2.0% in-plane gurney flap cL/cD difference 
 in relation to the baseline versus α for 
 varying Re. 

 

Figure 18-9 2.0% in-plane gurney flap cMy versus α for varying Re. 

18.4 Analysis 
Figure 18-5 shows that the coefficient of life has decreased for both in-plane flaps at high angles of attack. However, 

for lower angles, both are either equally good or better than the baseline. It is also interesting to note, that the 

serrated option is superior to the plain one. To summarise, for 400000Re the cL changed in relation to the baseline on 

average by -0.027 and 0.005 (-2% and 2%) for the 2.0% non-serrated and serrated in-plane gurney flap respectively. For 

600000Re it decreased by 0.069 and 0.035 (6% and 2%) respectively. In general, the coefficient of lift has not 

significantly changed in relation to the baseline. In reality, the lift force has been increased but mainly due to the 

increase in the exposed wing area which as a result decreased the cL. 

One of the major improvements to the aerodynamic characteristics of the aerofoil is the decrease of drag coefficient at 

low angles of attack (see Figure 18-6), which is the configuration the aerofoil is designed for. For angles below 4° at 

400000Re it has decreased in relation to the baseline on average by 0.0053 and 0.0049 (49% and 45%) for the 2.0% 

non-serrated and serrated in-plane gurney flap respectively. For 600000Re it decreased by 0.0023 and 0.0018 (24% and 

19%) respectively. This is mainly due to the fact that the flaps are parallel to the flow upstream and the drag force 

vector. As a result the only contribution they have to drag at low angles of attack is the skin friction drag, which is 

offset by the increase in the exposed area of the wing. This results in a diminished coefficient of drag. The situation 

changes for higher angles of attack, when the flaps contribute to the pressure drag. This has an effect on the average cD 

values across the whole angle of attack domain. In general, for 400000Re the cD decreased in relation to the baseline 

on average by 0.0052 and 0.0021 (26% and 18%) for the 2.0% non-serrated and serrated in-plane gurney flap 

respectively. For 600000Re it decreased by 0.0015 and 0.0010 (10% and 2%) respectively. 
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The decrease in the drag coefficient and no significant changes in the lift coefficient should have a beneficial impact on 

the aerodynamic efficiency. This is confirmed by Figure 18-7. The aerodynamic efficiency curves are almost always 

above the baseline (see Figure 18-8) which indicates that the flaps are beneficial not only in region of interest. The 

value achieved is 141 and 140 at 400000Re for the non-serrated (at cL=0.83) and serrated (at cL=0.71) flap respectively. 

This is an increase of about 60 over the baseline which translates into a 75% increase in aerodynamic efficiency. 

Figure 18-9 shows the behaviour of the pitching moment. Similarly to the 0.8% serrated gurney flap described in 17.4 

Analysis, the pitching moment for the in-plane flaps decreased. This is probably due to the fact that the flaps change 

the aerodynamics of the whole wing and may have an effect on the leading edge separation bubble. If the bubble 

disappears, there is a zone of increased suction on the upper surface upstream of the support hinges which results in a 

positive pitching moment. However, this hypothesis needs to be confirmed by flow visualisation tests. 

18.5 Conclusions 
From all the tested parts, the in-plane gurney flaps gave the most optimistic results. Both the 2.0% non-serrated and 

serrated flap had a cL similar to the baseline but offered a substantial reduction in cD.  Consequently, the aerodynamic 

efficiency improved to about 140 for non-serrated and serrated flap. It is inconclusive to say that the serrations 

improve the aerodynamic characteristic of the flap due to relatively small differences in the experimental results. 

However, as already said in 17.5 Conclusions, the serrations did improve the characteristics of the standard gurney 

flaps. Nevertheless, this conclusion should be taken with caution as too few wind tunnel tests have been done to make 

any firm statements. Further research mentioned in 17.5 Conclusions should be done in order to reliably determine the 

influence of serrations on the flaps. 

19. Trailing edge wedges 

19.1 Configuration 
Trailing edge wedge is a flat plate which modifies the lower surface of the wing at the trailing edge. It smoothly projects 

from the surface and creates and offset between the lower and upper surface edge (see Figure 19-1). In comparison to 

the gurney flap, the wedge occupies the space otherwise taken by the recirculation bubble (see Figure 17-2). 

 
Figure 19-1 Trailing edge wedge (Wanga, Lia i Choib, 
 2007). 

 
Figure 19-2 Aerodynamic efficiency and coefficient of 
 lift versus wedge upstream length for DU 
 93-W-210 (Timmer i Rooij, 2003). 

It has been shown that the gurney flap can be more efficient than trailing edge wedges (Timmer i Rooij, 2003). Figure 

19-2 shows cL decreases with the increase in the upstream length but the aerodynamic efficiency behaves in an 

opposite manner. This suggests that the drag is diminished which caused by a better redirection of flow over a longer 

distance. 

Based on performance of the gurney flaps described in 17 Perpendicular gurney flaps, it was decided to test 0.8%-2.0% 

and 0.8%-8.5% wedges, where the first and second number are height and upstream length normalised by the chord 

length respectively. 
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19.2 Manufacturing 
The wedges were made from a glass fibre laminate which was cured into flat sheets. They acted as the surface exposed 

to the flow. A small wooden plank was cut to shape from a sheet of balsa wood to define the triangular cross-section of 

the wedge. It was attached to the laminate using a thin double-sided tape. The wedge was then attached to the lower 

surface of the trailing edge by using a one-sided aluminium tape. The tape secured the leading and trailing edge of the 

wedge. This also ensured the connection between the wing and the part to be smooth. The part could be easily 

removed and reattached; however, extra care needed to be taken in order not to break the fragile balsa wood. 

The composition and the manufacturing of the flat sheets of laminate have already been described in 17.2 

Manufacturing. The sheets were then cut to size using a scalpel knife. The balsa wood planks were also cut using a 

scalpel knife. Their heights and precise cross-section shape (a right-angled trapezium) depended on the geometry of 

the wedge. 

 

Figure 19-3 0.8%-8.5% wedge. 

19.3 Graphs 
In order to see what effects the trailing edge wedges had on the aerodynamic properties of the aerofoil, the wing was 

tested in various wind speeds and angles of attack. The crucial findings are presented in Figure 19-4 to Figure 19-8. 

 

Figure 19-4 cL/cD versus wedge length (0.8% height)  
 normalised by the chord length for varying  
 α and Re. 

 

Figure 19-5 Wedge cL versus α for varying Re. 
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Figure 19-6 Wedge cD versus α for varying Re. 

 

Figure 19-7 Wedge cL/cD versus cL for varying Re. 

 

Figure 19-8 Wedge cMy versus α for varying Re. 

19.4 Analysis 
Due to the same reasons as described in 17.4 Analysis, Figure 19-4 is analysed first due to the role it played in 

determining which wedge should be used in conjunction with the semicurved modification described in 16 Lower 

surface modifications. Unfortunately, due to lack of time, only two wedges were tested which made it difficult to 

decide which length offered maximum efficiency. In the end, the 2% long wedge was chosen to be added onto the 

semicurved modification as it offered the best aerodynamic efficiency result for low angles of attack. 

Figure 19-5 shows that the combination of the semicurved modification and the TE wedge increased the lift coefficient 

of the aerofoil for all angles of attack and Re. However, attaching only the TE wedge diminished the cL in relation to the 

baseline apart from angles of attack below 2°. In general, for 400000Re the cL changed in relation to the baseline on 

average by -0.18 and 0.10 (-16% and 11%) for the standalone 0.8%-2.0% wedge and semicurved modification with 

0.8%-2.0% wedge respectively. For 600000Re it changed by -0.10 and 0.07 (-7% and 9%) respectively. 

From Figure 19-6 it can be deduced that the drag for the semicurved with wedge configuration has increased across 

the whole angle of attack domain. A similar situation occurred for the standalone wedge; however, in this case the 

coefficient of drag is lower than the baseline for angles of attack lower than 4°. In general, for 400000Re the cD 

changed in relation to the baseline on average by 0.0025 and 0.0067 (-1% and 18%) for the standalone 0.8%-2.0% 

wedge and semicurved modification with 0.8%-2.0% wedge respectively. For 600000Re it changed by 0.0029 and 

0.0088 (-2% and 29%) respectively. 

As a result of the changes in cL and cD the aerodynamic efficiency of with the 0.8%-2.0% wedge increased to 98 and 106 

for 400000 and 600000Re respectively (see Figure 19-7). This is about 18 and 26 higher than the maximum efficiency of 

the baseline. However, this happens for cL between 0.5 and 0.8, which is slightly lower that the target. Beyond cL of 0.8, 
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the aerodynamic efficiency decreases below the baseline. Regarding the combination of the semicurved modification 

and the 0.8%-2.0% wedge, the cL/cD has not change significantly in relation to the baseline. It is marginally higher for 

400000Re across the whole cL domain and reaches a value of 83 for cL equal to 0.8. For 600000Re the efficiency does 

not improve. 

Figure 19-8 shows the behaviour of the pitching moment. As expected the semicurved modification with the wedge has 

a high pitching moment with respect to the baseline mainly due to the semicurved modification (see 16.4 Analysis). 

0.6e6Re 0.8%-2.0% wedge has a pitching moment lower than the baseline. This was expected because it acts in the 

same principle as the gurney flap- it increases the drag and the lift in the trailing edge and as a result both contribute to 

the positive pitching moment. However, for 0.4e6Re the pitching moment is higher than the baseline. This 

phenomenon is difficult to explain without further tests, especially flow visualisations. 

19.5 Conclusions 
The results from the wedges show that there is room for improvement. 0.8%-2.0% wedge increased the aerodynamic 

efficiency for low cL values but otherwise performed worse. The combination of the latter wedge and the semicurved 

modification resulted in a similar distribution of cL/cD to the baseline. However, too few wedges have been tested to 

obtain a complete set of data. It would be useful to vary both the length and the height to find the optimum solution. 

20. Final conclusions and future improvements 
In general, the project was a success as it provided reliable data for the baseline aerofoil and the aerodynamic 

packages for flow characteristic for which data are difficult to find. This proved that the applied low-speed wind tunnel 

testing techniques were appropriate and the hardware, especially the force balance, offered adequate accuracy.  This 

in turn provided crucial data to further develop the analytical model which can be used in the future to obtain data 

without using the wind tunnel. Finally, the project was also a great success due to very well organised work between 

the members of the team. 

The baseline aerofoil already offered very good aerodynamic characteristics. It achieved aerodynamic efficiency of 81 

at 0.83 cL. Nevertheless, due to phenomena such as the separation bubble close to the leading edge and the separation 

occurring on the lower surface, much could have been improved. 

The best results were obtained for the in-plane 2.0% gurney flap. It achieved 141 cL/cD for 0.83 cL. This is a 74% increase 

in comparison to the baseline. It also had 0.075 higher pitching moment (-0.034 in comparison to -0.109). The above 

results are for 400000Re which is in the flight envelope of the aircraft. The serrations did not show any significant 

deviation from those values. Results from other parts, for example 0.8% gurney flap showed improved aerodynamical 

characteristics for low Re and angles of attack. The bottom surface modifications were efficient in removing the lower 

surface separation but did not enhance the overall aerodynamic performance of the aerofoil. 

Future improvements should include an expansion in the devices tested to leading edge modifications. In theory, they 

should offer substantial improvement as they could remove the separation bubble on the upper surface close to the 

leading edge. This would mean generating higher lift and reducing the drag. It would also be interesting to test more 

variations of the flaps in terms of size, shape and inclination to the flow. 

Given more time, more flow visualisations should be done to examine what effect the leading and trailing edge devices 

have on the separation bubble on the upper surface. Pitching moment results from the in-plane gurney suggest that 

there are some phenomena that are difficult to explain with using only the force balance results. 
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APPENDIX A: Boeing 777-300 calculations 

Lithium sulphur battery 
  specific energy demonstrated [Wh/kg] achievable [Wh/kg] 

[Wh/kg] 350 600 

[MJ/kg] 1.26 2.16 

   Being 777-300 specifications 
  cruise speed [Mach] 0.84 

 cruise speed [m/s] 252 
 engines (thrust in kN) two Rolls-Royce Trent 892 (400) 

maximum thrust [kN] 800 
 cruise thrust [kN] 640 
 MTOW [tonnes] 299 
 maximum range [km] 11120 
 maximum fuel capacity [l] 171176 
 fuel density [kg/l] 0.84 
 fuel weight [tonnes] 144 
 

   Calculations 
  cruise power [MW] 161.28 

 cruise time [s] 44127 
 energy needed [MJ] 7116800 
 cell weight [tonnes] 3295 
 battery to fuel weight ratio 23 
 battery to MTOW ratio 11 
 

APPENDIX B: Data reduction code 
function data_reduction () 
%This program reduces the data obtained from the wind tunnel at ITER. It 
%was created by Artur Jarzabek on 23/02/2011. For more information please 
%run the program. 
 
%introduction fun. - shows all the info about the program 
introduction; 
 
%query retrieves the date and time of the first and last input file 
%the date is assumed to be constant for the first and last file 
[date begin_time end_time] = query(); 
 
%displays information for the user 
disp(' '); 
disp('Please wait while the program creates the output file.'); 
disp('This window will close automatically once the process is finished.'); 
 
%time2sec fun. - converts the time string into seconds integer 
begin_sec = time2sec(begin_time); 
end_sec = time2sec(end_time); 
 
%frequency - the number of points taken for taking the mean 
frequency = 2500; 
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%counter - checkes how many input files were used 
counter = 0; 
 
%this loop checks for all the files between the first and last input file 
%time 
for time_sec=begin_sec:end_sec; 
     
    %time2hour fun. - converts the time in seconds into a time in format of 
    %hh_mm_ss string 
    time = time2hour(time_sec); 
     
    %file_path - name of a file 
    file_path = strcat(date,'-',time,'.dat'); 
     
    %condition to check if the file exists 
    if exist(file_path,'file') ~= 0 
        %if true counter increases by one to indicate that a file has been 
        %found 
        counter = counter + 1; 
        if counter == 1 
            %if it is the first file, then it is treated as a static data 
            %file and run fun. returns the reduced data from it 
            %final_data - reduced data matrix 
            final_data = run(file_path,frequency,'yes'); 
        elseif counter > 1 
            %if it is not the first file, then the run fun. returns the 
            %reduced data and adds them to the existing final_data matrix 
            final_data = [final_data ; run(file_path,frequency,'no')]; %#ok<AGROW> 
        end 
    end    
end 
 
%expert_data fun. - exports data to a txt file 
export_data(final_data,date,begin_time,end_time,counter,frequency); 
 
return 
 
function introduction() 
% displays information about the program and the procedure to follow to 
% obtain the output 
 
disp(' '); 
disp('ITER, 23/02/2011'); 
disp('This program reduces data retrieved from the wind tunnel at ITER.'); 
disp('written by Artur Jarzabek'); 
disp(' '); 
disp('++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++'); 
disp('INTRODUCTION'); 
disp('Since the sampling freq. of the DAQ is 2500Hz, the data need to be reduced'); 
disp('to decrease their volume and improve their reliability. To do that, the'); 
disp('program takes a mean value of every 2500 points stored in the DAQ software'); 
disp('files selected by the user. The only exception is the first file which is a'); 
disp('collection of static data. In this case the mean of all the data points is'); 
disp('taken.'); 
disp('++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++'); 
disp('INPUT'); 



Page 50 of 64 
 

disp('The input files are in *.dat format. An example name is shown below:'); 
disp('21_02_2011-17_55_23.dat,'); 
disp('The name shows the begin date and time of data collection separated by -.'); 
disp('The first input file NEEDS TO CONTAIN the data from a static test, ie. zero'); 
disp('wind velocity test!!!'); 
disp('++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++'); 
disp('OUTPUT'); 
disp('The output is a single file in *.txt format. An example name is shown below:'); 
disp('red_21022011_174455.txt,'); 
disp('The name shows the date and time of the first input file separated by _.'); 
disp('The red prefix stands for reduced data.'); 
disp('++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++'); 
disp('INSTRUCTIONS'); 
disp('Please follow the points:'); 
disp('1. Copy all the input files to the programs parent directory before you'); 
disp('press enter.'); 
disp('2. A dialoge box will open to select the first file (the static data file).'); 
disp('3. A dialoge box will open to select the last file.'); 
disp('4. The program will output the reduced data file to the parent directory.'); 
disp('++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++'); 
disp(' '); 
disp('Press enter to continue...'); 
pause 
 
return; 
 
function [date begin_time end_time] = query() 
 
%opens a dialog window to retrieve the name of the first file 
begin_file = uigetfile('*.dat','Select the test begin file'); 
 
%opens a dialog window to retrieve the name of the end file 
end_file = uigetfile('*.dat','Select the test end file'); 
 
%a series of processes to retrieve the data and time from the names of the 
%files 
begin_file = regexprep(begin_file,'-','_'); 
end_file = regexprep(end_file,'-','_'); 
 
[date_day rest] = strtok(begin_file,'_'); 
[date_month rest] = strtok(rest,'_'); 
[date_year rest] = strtok(rest,'_'); 
 
begin_date = strcat(date_day,'_',date_month,'_',date_year); 
 
begin_time = regexprep(rest,'.dat',''); 
begin_time = regexprep(begin_time,'_','','once'); 
 
[date_day rest] = strtok(end_file,'_'); 
[date_month rest] = strtok(rest,'_'); 
[date_year rest] = strtok(rest,'_'); 
 
end_date = strcat(date_day,'_',date_month,'_',date_year); 
 
end_time = regexprep(rest,'.dat',''); 
end_time = regexprep(end_time,'_','','once'); 
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%condition that checks that the date of the first and the last files are 
%the same; if not, the program is terminated 
if strcmp(begin_date,end_date) == 0 
    disp('Either you have selected a wrong file or you worked overnight in the wind'); 
    disp('tunnel as the date of the first file does not match the date of the'); 
    disp('second file. For the program to work the dates need to be the same.'); 
    disp('Press enter to quit the program...'); 
    pause 
    exit; 
end 
 
    date = begin_date; 
 
return; 
 
function time_sec = time2sec(time) 
 
%converts time in the format hh_mm_ss to three variables, time in h, time 
%in min and time in sec 
[time_h rest] = strtok(time,'_'); 
[time_m rest] = strtok(rest,'_'); 
time_s = regexprep(rest,'_',''); 
 
%calculates time in seconds 
time_sec = str2double(time_h)*3600 + str2double(time_m)*60 + str2double(time_s); 
 
return; 
 
function time = time2hour(time_sec) 
 
%converts the time in sec to three variables: time in h, time in min and 
%time in sec 
time_h = floor(time_sec/3600); 
time_m = floor((time_sec-time_h*3600)/60); 
time_s = time_sec - time_h*3600 - time_m*60; 
 
%converts the time in h to a string variable 
time_h = int2str(time_h); 
 
%adds a 0 in front of time in min if time in min < 10; this is due to the 
%format of the input data that need to be read 
if time_m<10 
    time_m = strcat('0',int2str(time_m)); 
else 
    time_m = int2str(time_m); 
end 
 
%adds a 0 in front of time in sec if time in sec < 10; this is due to the 
%format of the input data that need to be read 
if time_s<10 
    time_s = strcat('0',int2str(time_s)); 
else 
    time_s = int2str(time_s); 
end 
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%combines all three time variables into one string 
time = strcat(time_h,'_',time_m,'_',time_s); 
 
return; 
 
function reduced_data = run(file_name,frequency,zero_readings) 
 
%import_data fun. - imports the matrix of readings only from the input file 
%(no headers or other info) 
data = import_data(file_name); 
 
%condition for the zero_readings input file, ie static data file 
if strcmp('yes',zero_readings) 
    %if true, the mean of all the data is taken 
    reduced_data = mean(data); 
else 
    %if not, compute_mean fun. computes the means every 2500 data points 
    %and returns a matrix of reduced data 
    reduced_data = compute_means(data,frequency); 
end 
 
return; 
 
function data = import_data(file_name) 
 
%textread fun. reads the data from the file and splits them into 10 
%vectors; the first two are just the date and the time,which are not needed 
%as they have already beed captured; it is assumed that the vectors ch1-ch7 
%are integers and that the last vector is a string as the last channel is 
%not used in data aquisition 
[~ , ~, ch1 ch2 ch3 ch4 ch5 ch6 ch7 ~,] = textread(file_name,'%s %s %d %d %d %d %d %d %d %s','delimiter','|'); 
 
%combining the numerical data into one matrix 
data = [ch1 ch2 ch3 ch4 ch5 ch6 ch7]; 
 
return; 
 
function reduced_data = compute_means(raw_data,frequency) 
 
%checks the dimension of the raw data (original data) 
dimension = size(raw_data); 
 
%row_total is the number of rows in the original data 
row_total = dimension(1); 
%the number of rows in the reduced set of data is calculated; is row_total 
%is not a multiple of the frequency then the last data points are discarded 
row_reduced = floor(row_total/frequency); 
 
%initialisation of the reduced_data matrix 
reduced_data = zeros(row_reduced,7); 
 
%counter for the reduced data matrix 
i = 1; 
%counter for original data matrix 
row_number = 1; 
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%loop calculating the mean points 
while row_number < row_reduced * frequency 
 
    reduced_data(i,:) = mean(raw_data(row_number:row_number+frequency -1,:)); 
    row_number = row_number + frequency; 
    i = i + 1; 
 
end 
 
return; 
 
function export_data(final_data,olddate,old_begin,old_end,file_no,frequency) 
 
%since fopen does not accept special characters, they need to be romoved 
%from the date and time 
date = regexprep(olddate,'_',''); 
begin_time = regexprep(old_begin,'_',''); 
 
%creating the output file name 
file_name = strcat('red_',date,'_',begin_time,'.txt'); 
 
%creating the output file  
fid = fopen(file_name,'wt'); 
 
%printing and formating the results 
fprintf(fid,'date: %s\tbegin time: %s\tend time: %s\tnumber of files: %d\tmean frequency: 
%d\n\n',olddate,old_begin,old_end,file_no,frequency); 
fprintf(fid,'%e\t%e\t%e\t%e\t%e\t%e\t%e\n',final_data'); 
 
fclose(fid); 
 
return; 

APPENDIX C: VBA codes 
'code which is used to update the logbook with times and dates of data aquisition 
Sub datetime_update() 
 
Dim directory As String 
Dim filename As String 
Dim row As Integer 
Dim counter As Integer 
Dim indexsheet As Worksheet 
 
'obtaining the name of the input file 
directory = CStr(Worksheets("control").Cells(6, 4)) & "\" 
 
'setting the worksheet which the data need to be logged to 
Set indexsheet = Worksheets(CStr(Worksheets("control").Cells(7, 4))) 
 
'offset for the heading of the worksheet 
counter = 5 
 
'checking how many entries are already in the worksheet 
Do While IsEmpty(indexsheet.Cells(counter, 1)) = False 
    counter = counter + 1 
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Loop 
 
'reading all the file names in the directory and saving them in the worksheet 
filename = Dir(directory & "*.dat") 
Do While filename <> "" 
    indexsheet.Cells(counter, 1) = Mid(filename, 1, 10) 
    indexsheet.Cells(counter, 2) = Replace(Mid(filename, 12, 8), "_", ":") 
    counter = counter + 1 
    filename = Dir 
Loop 
 
End Sub 
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'code which sorts the files in the Re order to ease the data comparison in later stages; files are grouped by angles of 
attack 
Sub sort_files() 
 
Dim Angle As Integer 
Dim attack_angle As String 
Dim directory As String 
Dim new_dir As String 
 
Dim zero_file As String 
Dim SrceFile As String 
Dim DestFile As String 
 
Dim filename As String 
 
'setting the directory where the data aquisitions files are in 
directory = "C:\Wind tunnel data - raw\flap_0.8_8.5\" 
zero_file = "07_04_2011-15_07_15.dat" 
 
'creating separate directories named by angles of attack 
For Angle = 1 To 11 
     
    If Angle = 1 Then 
        attack_angle = "00" 
    ElseIf Angle = 2 Then 
        attack_angle = "02" 
    ElseIf Angle = 3 Then 
        attack_angle = "04" 
    Else 
        If Angle + 1 < 10 Then 
            attack_angle = "0" & CStr(Angle + 1) 
        Else 
            attack_angle = CStr(Angle + 1) 
        End If 
    End If 
     
    'creating the directory 
    new_dir = directory & "alpha_" & attack_angle 
    MkDir (new_dir) 
     
    SrceFile = directory & zero_file 
    DestFile = new_dir & "\" & zero_file 
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    FileCopy SrceFile, DestFile 
     
Next Angle 
 
Kill (directory & zero_file) 
 
filename = Dir(directory & "*.dat") 
 
Angle = 1 
 
'algorithm to sort the files for appropriate folders, based the number of tests done for the model 
Do While filename <> "" 
 
    If Angle = 12 Then 
        Angle = Angle - 11 
    End If 
 
    If Angle = 1 Then 
        attack_angle = "00" 
    ElseIf Angle = 2 Then 
        attack_angle = "02" 
    ElseIf Angle = 3 Then 
        attack_angle = "04" 
    Else 
        If Angle + 1 < 10 Then 
            attack_angle = "0" & CStr(Angle + 1) 
        Else 
            attack_angle = CStr(Angle + 1) 
        End If 
    End If 
     
    new_dir = directory & "alpha_" & attack_angle 
 
    'defining the source filename and destination filename 
    SrceFile = directory & filename 
    DestFile = new_dir & "\" & filename 
     
    'copying file 
    FileCopy SrceFile, DestFile 
     
    'changing the angle and looping 
    Angle = Angle + 1 
    filename = Dir 
Loop 
 
Kill (directory & "*.dat") 
 
End Sub 
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'this code imports data to an Excel spreadsheet from a txt file which is created by the Matlab reduction program 
Sub import_data() 
 
Dim path As String 
Dim name As String 
 
Dim raw As Worksheet 
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Dim template As Worksheet 
 
Dim row As Integer 
Dim col As Integer 
Dim counter As Integer 
 
'setting the worksheet where in the data need to be saved 
Set template = Workbooks("Template_08_04_2011.xlsm").Worksheets("Mean_Data") 
 
'obtaining the path of the workbook (this is where the txt file needs to be copied before) 
path = ActiveWorkbook.path 
 
'obtaining the name of the file from a cell in the control worksheet 
name = ActiveSheet.Cells(25, 13) 
 
path = path & "\" & name & ".txt" 
 
'opening the file 
Workbooks.OpenText Filename:= _ 
        path, Origin:=xlMSDOS, StartRow:=1, DataType:=xlDelimited, TextQualifier:= _ 
        xlDoubleQuote, ConsecutiveDelimiter:=False, Tab:=True, Semicolon:=False, _ 
        Comma:=False, Space:=False, Other:=False, FieldInfo:=Array(Array(1, 1), _ 
        Array(2, 1), Array(3, 1), Array(4, 1), Array(5, 1), Array(6, 1), Array(7, 1)), _ 
        TrailingMinusNumbers:=True 
 
'setting the name of the newly opened workbook 
Set raw = ActiveWorkbook.Worksheets(name) 
 
'copying data 
counter = 3 
Do Until IsEmpty(Cells(counter, 1)) 
    counter = counter + 1 
Loop 
 
For row = 2 To counter - 2 
    For col = 1 To 8 
     
    template.Cells(row, col) = raw.Cells(row + 1, col) 
     
    Next col 
Next row 
 
'closing the newly opened workbook 
ActiveWorkbook.Close Savechanges:=False 
 
End Sub 
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'this code uses the already calculated aerodynamic coefficients, averages them over the angles (due to the use of 
'a digital inclinometer the angles oscillate slightly) and saves them in separate worksheets according their Re number 
Sub sort_data() 
 
    Dim Re As Double 
    Dim Ang As Double 
    Dim row_first As Integer 
    Dim row_last As Integer 
    Dim row As Integer 
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    Dim i As Integer 
     
    Dim ang_start As Integer 
    Dim ang_stop As Integer 
    Dim counter As Integer 
     
    Dim main As Worksheet 
 
    'setting the calculations worksheet to be the main one 
    Set main = Worksheets("Calculations") 
     
    row_first = 4 
     
    'setting the first Re number to be looked for 
    Re = Cells(row_first, 35) 
     
    row = row_first 
     
    'loop to check how many Re ranges are there 
    Do Until IsEmpty(main.Cells(row, 35)) 
         
        'looking for all data point of the same Re number (scanning accuracy +/-100000) 
        Do 
            If main.Cells(row, 35) > Re - 100000 And main.Cells(row, 35) < Re + 100000 Then 
                row = row + 1 
            Else 
                'if end of range is found then the loop is broken 
                Exit Do 
            End If 
        Loop 
         
        'retrieving the line number for the last measurement 
        row_last = row - 1 
         
        'averaging the Re 
        Re_avg = WorksheetFunction.Average(Range(Cells(row_first, 35), Cells(row_last, 35))) 
         
        'crating an extra worksheet named with the averaged Re 
        Sheets.Add After:=Sheets(Sheets.Count) 
        Sheets(Sheets.Count).name = "Re=" & Format(Re_avg, "0.00E+00") 
         
        'creating table headers 
        Cells(1, 1) = "Re" 
        Cells(1, 2) = Format(Re_avg, "0.00E+00") 
        Cells(3, 1) = "Angle [deg]" 
        Cells(3, 2) = "Cl" 
        Cells(3, 3) = "Cd" 
        Cells(3, 4) = "Cmy" 
         
        'beginning of the algorithm to find different angles in the Re range 
        ang_start = row_first 
        Ang = main.Cells(ang_start, 18) 
         
        counter = 4 
        i = ang_start 
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        'averaging the angle, cl, cd, cmy 
        Do Until i >= row_last 
            Do 
                If main.Cells(i, 18) > Ang - 0.3 And main.Cells(i, 18) < Ang + 0.3 Then 
                    i = i + 1 
                Else 
                    Exit Do 
                End If 
            Loop 
             
            ang_stop = i - 1 
             
            Cells(counter, 1) = WorksheetFunction.Average(Range(main.Cells(ang_start, 18), main.Cells(ang_stop, 18))) 
            Cells(counter, 2) = WorksheetFunction.Average(Range(main.Cells(ang_start, 36), main.Cells(ang_stop, 36))) 
            Cells(counter, 3) = WorksheetFunction.Average(Range(main.Cells(ang_start, 37), main.Cells(ang_stop, 37))) 
            Cells(counter, 4) = WorksheetFunction.Average(Range(main.Cells(ang_start, 39), main.Cells(ang_stop, 39))) 
             
            counter = counter + 1 
             
            ang_start = i 
            Ang = main.Cells(ang_start, 18) 
        Loop 
         
        'plotting graph of cl 
        ActiveSheet.Shapes.AddChart.Select 
        ActiveChart.ChartType = xlXYScatter 
        ActiveChart.ChartTitle.Text = "Cl for Re=" & CStr(Format(Cells(1, 2), "0.00E+00")) 
        ActiveChart.SeriesCollection.NewSeries 
        ActiveChart.SeriesCollection(1).XValues = Range(Cells(4, 1), Cells(14, 1)) 
        ActiveChart.SeriesCollection(1).Values = Range(Cells(4, 2), Cells(14, 2)) 
        ActiveChart.SeriesCollection(1).name = "Cl" 
        ActiveChart.SeriesCollection(1).Select 
        ActiveChart.SeriesCollection(1).Trendlines.Add 
        ActiveChart.SeriesCollection(1).Trendlines(1).Select 
        With Selection 
            .Type = xlPolynomial 
            .Order = 3 
            .DisplayEquation = True 
        End With 
        ActiveChart.SeriesCollection(2).Delete 
        With ActiveChart.Parent 
            .Left = 300 
            .Width = 375 
            .Top = 50 
            .Height = 225 
        End With 
         
        'plotting graph of cd 
        ActiveSheet.Shapes.AddChart.Select 
        ActiveChart.ChartType = xlXYScatter 
        ActiveChart.ChartTitle.Text = "Cd for Re=" & CStr(Format(Cells(1, 2), "0.00E+00")) 
        ActiveChart.SeriesCollection.NewSeries 
        ActiveChart.SeriesCollection(1).XValues = Range(Cells(4, 1), Cells(14, 1)) 
        ActiveChart.SeriesCollection(1).Values = Range(Cells(4, 3), Cells(14, 3)) 
        ActiveChart.SeriesCollection(1).name = "Cd" 
        ActiveChart.SeriesCollection(1).Select 
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        ActiveChart.SeriesCollection(1).Trendlines.Add 
        ActiveChart.SeriesCollection(1).Trendlines(1).Select 
        With Selection 
            .Type = xlPolynomial 
            .Order = 5 
            .DisplayEquation = True 
        End With 
        ActiveChart.SeriesCollection(2).Delete 
        With ActiveChart.Parent 
            .Left = 300 
            .Width = 375 
            .Top = 300 
            .Height = 225 
        End With 
         
        'plotting graph of cmy 
        ActiveSheet.Shapes.AddChart.Select 
        ActiveChart.ChartType = xlXYScatter 
        ActiveChart.ChartTitle.Text = "Cmy for Re=" & CStr(Format(Cells(1, 2), "0.00E+00")) 
        ActiveChart.SeriesCollection.NewSeries 
        ActiveChart.SeriesCollection(1).XValues = Range(Cells(4, 1), Cells(14, 1)) 
        ActiveChart.SeriesCollection(1).Values = Range(Cells(4, 4), Cells(14, 4)) 
        ActiveChart.SeriesCollection(1).name = "Cmy" 
        ActiveChart.SeriesCollection(1).Select 
        ActiveChart.SeriesCollection(1).Trendlines.Add 
        ActiveChart.SeriesCollection(1).Trendlines(1).Select 
        With Selection 
            .Type = xlPolynomial 
            .Order = 2 
            .DisplayEquation = True 
        End With 
        ActiveChart.SeriesCollection(2).Delete 
        With ActiveChart.Parent 
            .Left = 300 
            .Width = 375 
            .Top = 550 
            .Height = 225 
        End With 
          
        row_first = row 
        Re = main.Cells(row_first, 35) 
         
        main.Activate 
             
    Loop 
     
End Sub 
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
'example code of data interpolation (depends on the interpolation curve) 
Sub interpolate_Cl_data() 
 
    Dim i As Integer 
    Dim j As Integer 
    Dim Re_sheet As Worksheet 
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    For i = 1 To 2 
     
        Set Re_sheet = Worksheets("Re=" & Format(Cells(2, i + 1), "0.00E+00")) 
         
        'interpolation process 
        For j = 3 To 13 
            Cells(j, i + 1) = Re_sheet.Cells(18, 4) * Cells(j, 1) ^ 3 + Re_sheet.Cells(18, 5) * Cells(j, 1) ^ 2 + _ 
            Re_sheet.Cells(18, 6) * Cells(j, 1) + Re_sheet.Cells(18, 7) 
        Next j 
 
    Next i 
End Sub 

APPENDIX D: Force balance calibration graphs 

 

Calibration graph for the vertical force acting on the balance platform. 
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Calibration graph for the horizontal force (along x-axis) acting on the balance platform. 

 

 

Graph for coupling between lift and drag. 
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Appendix E: Raw data 
interpolated values 

 
ang in degrees 

         cL tables 

 
baseline experimental results gurney 1.0% experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.44 0.43 0.42 0.40 0.39 0.37 0.37 0.76 0.74 0.73 0.70 0.68 0.66 0.71 

2 0.62 0.62 0.62 0.61 0.59 0.58 0.58 0.96 0.94 0.92 0.89 0.88 0.88 0.88 

4 0.83 0.82 0.82 0.80 0.78 0.78 0.78 1.14 1.11 1.09 1.05 1.03 1.02 1.08 

5 0.95 0.95 0.94 0.92 0.90 0.91 0.92 1.21 1.19 1.17 1.13 1.10 1.10 1.17 

6 1.00 1.00 0.99 0.96 0.92 0.91 0.92 1.27 1.24 1.22 1.19 1.16 1.17 1.23 

7 1.04 1.04 1.03 1.02 1.00 1.01 1.03 1.31 1.29 1.26 1.23 1.21 1.23 1.28 

8 1.07 1.07 1.08 1.06 1.05 1.08 1.10 1.34 1.32 1.30 1.26 1.24 1.27 1.30 

9 1.12 1.13 1.13 1.12 1.11 1.15 1.18 1.37 1.36 1.35 1.31 1.28 1.30 1.33 

10 1.16 1.18 1.19 1.18 1.17 1.21 1.23 1.42 1.41 1.38 1.34 1.31 1.32 1.31 

11 1.21 1.23 1.23 1.22 1.20 1.23 1.24 1.45 1.42 1.40 1.35 1.31 1.32 1.27 

12 1.26 1.27 1.27 1.25 1.23 1.25 1.22 1.44 1.42 1.39 1.33 1.30 1.31 1.23 

               

 
wedge 0.8%-2.0% experimental results flat experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.46 0.48 0.50 0.52 0.53 0.53 0.58 0.33 0.33 0.32 0.31 0.30 0.29 0.29 

2 0.61 0.64 0.66 0.69 0.69 0.69 0.78 0.58 0.56 0.54 0.51 0.48 0.45 0.43 

4 0.74 0.76 0.78 0.82 0.84 0.81 1.05 0.75 0.72 0.70 0.66 0.63 0.60 0.61 

5 0.78 0.82 0.85 0.88 0.89 0.89 1.07 0.81 0.79 0.76 0.72 0.70 0.66 0.70 

6 0.81 0.86 0.90 0.93 0.93 0.95 1.11 0.87 0.84 0.82 0.78 0.75 0.72 0.78 

7 0.84 0.89 0.93 0.97 0.98 1.00 1.18 0.91 0.89 0.87 0.83 0.80 0.77 0.86 

8 0.86 0.91 0.95 1.00 1.01 1.05 1.21 0.95 0.93 0.91 0.88 0.85 0.82 0.93 

9 0.87 0.94 0.98 1.03 1.05 1.09 1.24 0.98 0.96 0.94 0.92 0.89 0.86 0.99 

10 0.90 0.97 1.02 1.07 1.08 1.11 1.26 1.02 1.00 0.98 0.95 0.93 0.89 1.02 

11 0.94 1.00 1.04 1.09 1.09 1.12 1.24 1.05 1.03 1.02 0.99 0.96 0.92 1.04 

12 0.93 0.99 1.04 1.08 1.09 1.11 1.26 1.09 1.07 1.06 1.02 0.98 0.95 1.03 

               

 
wedge 0.8%-8.5% experimental results semicurved experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.56 0.57 0.57 0.56 0.54 0.55 0.49 0.39 0.44 0.46 0.46 0.45 0.45 0.34 

2 0.82 0.80 0.78 0.75 0.74 0.74 0.79 0.67 0.67 0.66 0.64 0.63 0.61 0.60 

4 0.98 0.98 0.96 0.93 0.90 0.90 0.90 0.85 0.83 0.81 0.79 0.77 0.76 0.78 

5 1.08 1.06 1.05 1.00 0.97 0.97 1.01 0.91 0.89 0.87 0.84 0.83 0.82 0.84 

6 1.13 1.12 1.10 1.06 1.03 1.05 1.10 0.96 0.94 0.93 0.90 0.88 0.88 0.88 

7 1.17 1.16 1.14 1.11 1.08 1.11 1.14 1.00 0.99 0.97 0.94 0.92 0.93 0.92 

8 1.21 1.19 1.17 1.14 1.12 1.15 1.25 1.03 1.02 1.01 0.98 0.96 0.97 0.96 

9 1.24 1.23 1.22 1.18 1.16 1.20 1.23 1.07 1.06 1.05 1.02 1.00 1.01 0.99 

10 1.28 1.27 1.26 1.23 1.20 1.22 1.28 1.10 1.10 1.08 1.05 1.03 1.03 1.03 

11 1.34 1.32 1.30 1.26 1.23 1.22 1.30 1.15 1.13 1.12 1.09 1.06 1.05 1.07 

12 1.35 1.33 1.30 1.25 1.22 1.23 1.16 1.21 1.18 1.15 1.12 1.09 1.06 1.12 

               

 
gurney 0.5% experimental results semicurved + wedge 2% 0.8% experimental data 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.68 0.65 0.63 0.63 0.63 0.61 0.65 0.58 no data 0.57 no data no data no data no data 

2 0.90 0.87 0.85 0.83 0.82 0.79 0.82 0.81 no data 0.78 no data no data no data no data 

4 1.08 1.06 1.04 1.00 0.96 0.94 1.03 0.97 no data 0.94 no data no data no data no data 

5 1.16 1.14 1.12 1.08 1.04 1.02 1.12 1.04 no data 1.01 no data no data no data no data 

6 1.21 1.20 1.18 1.14 1.10 1.09 1.19 1.09 no data 1.06 no data no data no data no data 

7 1.26 1.24 1.22 1.18 1.15 1.15 1.25 1.14 no data 1.11 no data no data no data no data 

8 1.29 1.27 1.25 1.22 1.19 1.20 1.30 1.17 no data 1.15 no data no data no data no data 

9 1.32 1.31 1.30 1.26 1.23 1.24 1.31 1.21 no data 1.19 no data no data no data no data 

10 1.38 1.37 1.35 1.30 1.27 1.26 1.29 1.24 no data 1.22 no data no data no data no data 

11 1.42 1.39 1.37 1.31 1.27 1.27 1.25 1.27 no data 1.24 no data no data no data no data 

12 1.42 1.39 1.36 1.30 1.26 1.26 1.20 1.29 no data 1.26 no data no data no data no data 

               

 
gurney 0.8% experimental results inplane gurney 2.0% experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.70 0.68 0.67 0.65 0.65 0.64 0.63 0.43 no data 0.41 no data no data no data no data 

2 0.90 0.88 0.86 0.85 0.84 0.82 0.89 0.66 no data 0.62 no data no data no data no data 

4 1.09 1.06 1.03 1.00 0.98 0.98 1.04 0.83 no data 0.79 no data no data no data no data 

5 1.16 1.12 1.10 1.07 1.06 1.05 1.13 0.90 no data 0.85 no data no data no data no data 

6 1.21 1.20 1.17 1.12 1.10 1.16 1.00 0.96 no data 0.91 no data no data no data no data 

7 1.26 1.23 1.21 1.16 1.14 1.20 1.13 1.01 no data 0.96 no data no data no data no data 

8 1.28 1.26 1.24 1.20 1.19 1.22 1.23 1.05 no data 1.01 no data no data no data no data 

9 1.31 1.31 1.30 1.25 1.22 1.26 1.19 1.09 no data 1.05 no data no data no data no data 

10 1.35 1.35 1.33 1.29 1.26 1.28 1.18 1.12 no data 1.08 no data no data no data no data 

11 1.39 1.37 1.35 1.30 1.26 1.28 1.16 1.15 no data 1.12 no data no data no data no data 

12 1.39 1.37 1.35 1.29 1.25 1.28 1.07 1.19 no data 1.15 no data no data no data no data 

               

 
serated gurney 0.8% experimental results inplane serated gurney 2.0% experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.65 no data 0.62 no data no data no data no data 0.50 no data 0.48 no data no data no data no data 

2 0.86 no data 0.82 no data no data no data no data 0.71 no data 0.67 no data no data no data no data 

4 1.02 no data 0.99 no data no data no data no data 0.87 no data 0.83 no data no data no data no data 

5 1.09 no data 1.05 no data no data no data no data 0.93 no data 0.89 no data no data no data no data 

6 1.15 no data 1.11 no data no data no data no data 0.99 no data 0.94 no data no data no data no data 

7 1.19 no data 1.15 no data no data no data no data 1.03 no data 0.99 no data no data no data no data 

8 1.23 no data 1.19 no data no data no data no data 1.07 no data 1.03 no data no data no data no data 

9 1.27 no data 1.23 no data no data no data no data 1.11 no data 1.07 no data no data no data no data 

10 1.29 no data 1.26 no data no data no data no data 1.14 no data 1.11 no data no data no data no data 

11 1.31 no data 1.28 no data no data no data no data 1.17 no data 1.14 no data no data no data no data 

12 1.33 no data 1.30 no data no data no data no data 1.21 no data 1.17 no data no data no data no data 
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               cD tables 

 
baseline experimental results gurney 1.0% experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.0111 0.0104 0.0098 0.0088 0.0081 0.0068 0.0058 0.0153 0.0147 0.0142 0.0134 0.0128 0.0117 0.0109 

2 0.0106 0.0101 0.0097 0.0091 0.0086 0.0078 0.0072 0.0174 0.0165 0.0158 0.0147 0.0138 0.0123 0.0111 

4 0.0102 0.0102 0.0101 0.0101 0.0101 0.0100 0.0099 0.0221 0.0211 0.0203 0.0190 0.0180 0.0162 0.0149 

5 0.0129 0.0128 0.0127 0.0126 0.0125 0.0123 0.0121 0.0269 0.0256 0.0245 0.0228 0.0215 0.0191 0.0175 

6 0.0159 0.0153 0.0149 0.0141 0.0136 0.0125 0.0118 0.0323 0.0307 0.0294 0.0273 0.0257 0.0228 0.0207 

7 0.0200 0.0193 0.0188 0.0179 0.0172 0.0160 0.0152 0.0393 0.0373 0.0357 0.0331 0.0311 0.0275 0.0250 

8 0.0244 0.0236 0.0229 0.0218 0.0210 0.0196 0.0185 0.0478 0.0453 0.0434 0.0402 0.0378 0.0334 0.0303 

9 0.0337 0.0321 0.0308 0.0287 0.0272 0.0243 0.0222 0.0596 0.0573 0.0555 0.0526 0.0503 0.0462 0.0432 

10 0.0455 0.0438 0.0425 0.0403 0.0387 0.0356 0.0335 0.0795 0.0770 0.0750 0.0718 0.0693 0.0648 0.0616 

11 0.0549 0.0531 0.0517 0.0494 0.0476 0.0444 0.0422 0.1150 0.1107 0.1072 0.1017 0.0974 0.0896 0.0841 

12 0.0800 0.0777 0.0759 0.0729 0.0706 0.0665 0.0635 0.1538 0.1481 0.1434 0.1360 0.1303 0.1199 0.1126 

               

 
wedge 0.8%-2.0% experimental results flat experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.0054 0.0053 0.0052 0.0051 0.0050 0.0049 0.0048 0.0109 0.0105 0.0102 0.0097 0.0094 0.0087 0.0083 

2 0.0063 0.0063 0.0062 0.0062 0.0062 0.0062 0.0061 0.0103 0.0102 0.0102 0.0100 0.0099 0.0098 0.0097 

4 0.0103 0.0096 0.0089 0.0080 0.0072 0.0058 0.0048 0.0109 0.0109 0.0109 0.0109 0.0108 0.0108 0.0108 

5 0.0136 0.0127 0.0119 0.0107 0.0098 0.0080 0.0068 0.0128 0.0127 0.0126 0.0125 0.0124 0.0122 0.0120 

6 0.0175 0.0163 0.0153 0.0138 0.0126 0.0104 0.0089 0.0157 0.0154 0.0152 0.0148 0.0145 0.0140 0.0136 

7 0.0223 0.0209 0.0197 0.0178 0.0164 0.0138 0.0119 0.0195 0.0189 0.0185 0.0178 0.0172 0.0162 0.0155 

8 0.0279 0.0264 0.0251 0.0232 0.0217 0.0189 0.0170 0.0240 0.0232 0.0225 0.0214 0.0205 0.0190 0.0179 

9 0.0338 0.0329 0.0321 0.0310 0.0301 0.0285 0.0273 0.0297 0.0285 0.0275 0.0260 0.0248 0.0227 0.0212 

10 0.0459 0.0453 0.0448 0.0440 0.0434 0.0423 0.0415 0.0373 0.0358 0.0345 0.0325 0.0310 0.0282 0.0262 

11 0.0666 0.0663 0.0661 0.0657 0.0655 0.0650 0.0646 0.0487 0.0467 0.0451 0.0426 0.0406 0.0371 0.0345 

12 0.0972 0.0965 0.0959 0.0950 0.0943 0.0930 0.0920 0.0665 0.0639 0.0619 0.0587 0.0562 0.0516 0.0484 

               

 
wedge 0.8%-8.5% experimental results semicurved experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.0115 0.0112 0.0109 0.0104 0.0100 0.0093 0.0089 0.0096 0.0093 0.0090 0.0086 0.0083 0.0077 0.0073 

2 0.0123 0.0120 0.0118 0.0116 0.0113 0.0109 0.0106 0.0095 0.0094 0.0093 0.0092 0.0091 0.0089 0.0088 

4 0.0147 0.0147 0.0146 0.0145 0.0144 0.0142 0.0141 0.0120 0.0120 0.0119 0.0119 0.0118 0.0118 0.0117 

5 0.0192 0.0187 0.0184 0.0178 0.0174 0.0166 0.0160 0.0149 0.0147 0.0145 0.0142 0.0140 0.0135 0.0132 

6 0.0231 0.0225 0.0220 0.0213 0.0206 0.0196 0.0188 0.0188 0.0182 0.0178 0.0171 0.0166 0.0156 0.0149 

7 0.0289 0.0279 0.0270 0.0256 0.0246 0.0227 0.0213 0.0234 0.0225 0.0218 0.0207 0.0198 0.0182 0.0171 

8 0.0352 0.0341 0.0331 0.0317 0.0306 0.0286 0.0271 0.0291 0.0279 0.0269 0.0254 0.0242 0.0220 0.0204 

9 0.0450 0.0438 0.0428 0.0411 0.0399 0.0376 0.0360 0.0370 0.0354 0.0341 0.0322 0.0306 0.0278 0.0258 

10 0.0568 0.0561 0.0555 0.0546 0.0539 0.0526 0.0517 0.0488 0.0468 0.0452 0.0426 0.0406 0.0370 0.0345 

11 0.0805 0.0797 0.0790 0.0779 0.0771 0.0756 0.0746 0.0677 0.0650 0.0627 0.0592 0.0564 0.0514 0.0479 

12 0.1146 0.1131 0.1120 0.1101 0.1087 0.1061 0.1043 0.0983 0.0941 0.0907 0.0852 0.0810 0.0733 0.0679 

               

 
gurney 0.5% experimental results semicurved + wedge 2% 0.8% experimental data 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.0175 0.0153 0.0136 0.0108 0.0086 0.0047 0.0020 0.0093 no data 0.0094 no data no data no data no data 

2 0.0184 0.0163 0.0146 0.0120 0.0099 0.0062 0.0035 0.0097 no data 0.0103 no data no data no data no data 

4 0.0225 0.0198 0.0176 0.0141 0.0114 0.0065 0.0030 0.0128 no data 0.0145 no data no data no data no data 

5 0.0263 0.0234 0.0211 0.0174 0.0145 0.0092 0.0055 0.0160 no data 0.0172 no data no data no data no data 

6 0.0320 0.0286 0.0259 0.0215 0.0182 0.0121 0.0078 0.0201 no data 0.0206 no data no data no data no data 

7 0.0385 0.0347 0.0317 0.0269 0.0231 0.0163 0.0115 0.0249 no data 0.0248 no data no data no data no data 

8 0.0459 0.0419 0.0387 0.0337 0.0298 0.0226 0.0176 0.0310 no data 0.0308 no data no data no data no data 

9 0.0567 0.0529 0.0498 0.0449 0.0411 0.0342 0.0293 0.0393 no data 0.0397 no data no data no data no data 

10 0.0752 0.0713 0.0680 0.0629 0.0589 0.0517 0.0465 0.0519 no data 0.0532 no data no data no data no data 

11 0.1067 0.1010 0.0964 0.0891 0.0834 0.0731 0.0658 0.0724 no data 0.0733 no data no data no data no data 

12 0.1461 0.1395 0.1340 0.1254 0.1187 0.1066 0.0980 0.1056 no data 0.1030 no data no data no data no data 

               

 
gurney 0.8% experimental results inplane gurney 2.0% experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.0125 0.0121 0.0118 0.0113 0.0109 0.0103 0.0098 0.0050 no data 0.0065 no data no data no data no data 

2 0.0135 0.0133 0.0131 0.0128 0.0126 0.0122 0.0119 0.0051 no data 0.0071 no data no data no data no data 

4 0.0171 0.0168 0.0166 0.0163 0.0161 0.0156 0.0153 0.0059 no data 0.0091 no data no data no data no data 

5 0.0213 0.0208 0.0204 0.0197 0.0192 0.0183 0.0176 0.0085 no data 0.0114 no data no data no data no data 

6 0.0275 0.0264 0.0256 0.0242 0.0232 0.0213 0.0199 0.0122 no data 0.0144 no data no data no data no data 

7 0.0327 0.0314 0.0303 0.0286 0.0273 0.0249 0.0232 0.0167 no data 0.0181 no data no data no data no data 

8 0.0396 0.0382 0.0370 0.0352 0.0338 0.0312 0.0294 0.0216 no data 0.0227 no data no data no data no data 

9 0.0515 0.0501 0.0489 0.0470 0.0456 0.0429 0.0411 0.0275 no data 0.0289 no data no data no data no data 

10 0.0690 0.0679 0.0670 0.0656 0.0645 0.0626 0.0611 0.0360 no data 0.0380 no data no data no data no data 

11 0.0965 0.0946 0.0929 0.0904 0.0884 0.0848 0.0823 0.0499 no data 0.0522 no data no data no data no data 

12 0.1414 0.1376 0.1344 0.1295 0.1256 0.1186 0.1136 0.0740 no data 0.0744 no data no data no data no data 

               

 
serated gurney 0.8% experimental results inplane serated gurney 2.0% experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 0.0076 no data 0.0089 no data no data no data no data 0.0049 no data 0.0068 no data no data no data no data 

2 0.0079 no data 0.0102 no data no data no data no data 0.0051 no data 0.0073 no data no data no data no data 

4 0.0131 no data 0.0149 no data no data no data no data 0.0073 no data 0.0101 no data no data no data no data 

5 0.0164 no data 0.0179 no data no data no data no data 0.0100 no data 0.0125 no data no data no data no data 

6 0.0201 no data 0.0213 no data no data no data no data 0.0136 no data 0.0157 no data no data no data no data 

7 0.0246 no data 0.0258 no data no data no data no data 0.0179 no data 0.0195 no data no data no data no data 

8 0.0309 no data 0.0322 no data no data no data no data 0.0231 no data 0.0244 no data no data no data no data 

9 0.0405 no data 0.0418 no data no data no data no data 0.0302 no data 0.0313 no data no data no data no data 

10 0.0554 no data 0.0564 no data no data no data no data 0.0408 no data 0.0417 no data no data no data no data 

11 0.0787 no data 0.0781 no data no data no data no data 0.0576 no data 0.0580 no data no data no data no data 

12 0.1140 no data 0.1100 no data no data no data no data 0.0851 no data 0.0835 no data no data no data no data 

               cMy tables 
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baseline experimental results gurney 1.0% experimental results 

  ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 -0.124 -0.123 -0.122 -0.124 -0.137 -0.254 -0.571 -0.197 -0.196 -0.195 -0.196 -0.207 -0.318 -0.624 

2 -0.123 -0.125 -0.127 -0.133 -0.147 -0.265 -0.580 -0.194 -0.195 -0.196 -0.198 -0.208 -0.313 -0.623 

4 -0.122 -0.124 -0.126 -0.132 -0.147 -0.265 -0.582 -0.184 -0.188 -0.190 -0.196 -0.207 -0.312 -0.622 

5 -0.119 -0.121 -0.123 -0.130 -0.145 -0.264 -0.581 -0.178 -0.182 -0.185 -0.191 -0.204 -0.311 -0.613 

6 -0.119 -0.121 -0.123 -0.129 -0.145 -0.265 -0.581 -0.170 -0.173 -0.176 -0.184 -0.199 -0.310 -0.604 

7 -0.113 -0.115 -0.117 -0.124 -0.140 -0.261 -0.578 -0.158 -0.164 -0.169 -0.178 -0.194 -0.304 -0.599 

8 -0.105 -0.109 -0.112 -0.120 -0.136 -0.257 -0.579 -0.150 -0.158 -0.164 -0.174 -0.189 -0.297 -0.599 

9 -0.100 -0.103 -0.105 -0.113 -0.131 -0.254 -0.573 -0.140 -0.151 -0.158 -0.170 -0.184 -0.288 -0.607 

10 -0.091 -0.095 -0.099 -0.108 -0.125 -0.248 -0.568 -0.135 -0.146 -0.154 -0.164 -0.177 -0.280 -0.609 

11 -0.092 -0.095 -0.099 -0.107 -0.124 -0.246 -0.566 -0.131 -0.141 -0.149 -0.161 -0.175 -0.281 -0.598 

12 -0.089 -0.093 -0.097 -0.105 -0.121 -0.240 -0.560 -0.138 -0.147 -0.154 -0.165 -0.179 -0.283 -0.593 

               

 
wedge 0.8%-2.0% experimental results flat experimental data 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 -0.114 -0.124 -0.132 -0.147 -0.167 -0.281 -0.561 -0.058 -0.052 -0.046 -0.037 -0.030 -0.021 -0.026 

2 -0.111 -0.123 -0.133 -0.151 -0.172 -0.283 -0.566 -0.055 -0.049 -0.044 -0.035 -0.028 -0.020 -0.026 

4 -0.097 -0.121 -0.138 -0.158 -0.171 -0.258 -0.596 -0.052 -0.047 -0.042 -0.034 -0.028 -0.022 -0.027 

5 -0.093 -0.117 -0.134 -0.155 -0.168 -0.256 -0.595 -0.051 -0.046 -0.042 -0.034 -0.029 -0.023 -0.028 

6 -0.087 -0.111 -0.129 -0.151 -0.165 -0.255 -0.591 -0.051 -0.046 -0.042 -0.035 -0.030 -0.025 -0.030 

7 -0.078 -0.104 -0.122 -0.145 -0.160 -0.251 -0.589 -0.052 -0.047 -0.043 -0.036 -0.031 -0.026 -0.032 

8 -0.076 -0.101 -0.119 -0.140 -0.155 -0.246 -0.584 -0.055 -0.050 -0.045 -0.038 -0.032 -0.027 -0.035 

9 -0.066 -0.093 -0.112 -0.135 -0.150 -0.240 -0.578 -0.059 -0.053 -0.047 -0.038 -0.032 -0.027 -0.037 

10 -0.062 -0.090 -0.109 -0.132 -0.146 -0.233 -0.578 -0.062 -0.054 -0.048 -0.037 -0.030 -0.024 -0.038 

11 -0.061 -0.088 -0.107 -0.129 -0.141 -0.227 -0.577 -0.061 -0.053 -0.046 -0.034 -0.026 -0.020 -0.035 

12 -0.063 -0.091 -0.110 -0.131 -0.141 -0.224 -0.580 -0.052 -0.045 -0.038 -0.026 -0.018 -0.012 -0.027 

               

 
wedge 0.8%-8.5% experimental results semicurved experimental data 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 -0.152 -0.151 -0.150 -0.153 -0.166 -0.281 -0.586 -0.065 -0.056 -0.049 -0.041 -0.035 -0.021 -0.027 

2 -0.149 -0.150 -0.151 -0.156 -0.170 -0.285 -0.588 -0.064 -0.057 -0.050 -0.037 -0.027 -0.020 -0.007 

4 -0.143 -0.147 -0.149 -0.156 -0.170 -0.283 -0.591 -0.063 -0.056 -0.049 -0.036 -0.027 -0.020 -0.013 

5 -0.140 -0.142 -0.144 -0.151 -0.166 -0.281 -0.583 -0.062 -0.055 -0.048 -0.038 -0.030 -0.021 -0.024 

6 -0.127 -0.132 -0.136 -0.146 -0.162 -0.277 -0.586 -0.062 -0.054 -0.048 -0.040 -0.034 -0.022 -0.037 

7 -0.116 -0.123 -0.128 -0.139 -0.156 -0.273 -0.583 -0.063 -0.055 -0.049 -0.042 -0.037 -0.023 -0.047 

8 -0.106 -0.114 -0.120 -0.133 -0.151 -0.267 -0.579 -0.065 -0.056 -0.050 -0.042 -0.037 -0.023 -0.050 

9 -0.097 -0.106 -0.113 -0.126 -0.145 -0.262 -0.571 -0.066 -0.057 -0.050 -0.040 -0.033 -0.023 -0.045 

10 -0.090 -0.100 -0.109 -0.123 -0.142 -0.256 -0.564 -0.064 -0.056 -0.048 -0.035 -0.027 -0.022 -0.032 

11 -0.088 -0.098 -0.105 -0.119 -0.137 -0.251 -0.559 -0.056 -0.050 -0.043 -0.030 -0.020 -0.019 -0.017 

12 -0.093 -0.101 -0.108 -0.120 -0.137 -0.249 -0.548 -0.035 -0.035 -0.032 -0.025 -0.018 -0.016 -0.010 

               

 
gurney 0.5% experimental results semicurved + wedge 2% 0.8% experimental data 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 -0.184 -0.184 -0.183 -0.184 -0.193 -0.296 -0.598 -0.041 no data -0.037 no data no data no data no data 

2 -0.182 -0.184 -0.185 -0.187 -0.196 -0.297 -0.603 -0.041 no data -0.037 no data no data no data no data 

4 -0.181 -0.186 -0.187 -0.186 -0.188 -0.274 -0.610 -0.032 no data -0.029 no data no data no data no data 

5 -0.175 -0.181 -0.183 -0.182 -0.185 -0.272 -0.608 -0.032 no data -0.029 no data no data no data no data 

6 -0.167 -0.174 -0.177 -0.178 -0.181 -0.269 -0.606 -0.033 no data -0.031 no data no data no data no data 

7 -0.158 -0.165 -0.169 -0.171 -0.175 -0.265 -0.601 -0.036 no data -0.033 no data no data no data no data 

8 -0.151 -0.159 -0.163 -0.165 -0.170 -0.260 -0.596 -0.037 no data -0.033 no data no data no data no data 

9 -0.139 -0.150 -0.156 -0.160 -0.164 -0.251 -0.593 -0.036 no data -0.030 no data no data no data no data 

10 -0.135 -0.147 -0.154 -0.158 -0.160 -0.242 -0.596 -0.030 no data -0.023 no data no data no data no data 

11 -0.132 -0.144 -0.150 -0.153 -0.155 -0.237 -0.595 -0.022 no data -0.014 no data no data no data no data 

12 -0.142 -0.152 -0.157 -0.156 -0.154 -0.232 -0.602 -0.014 no data -0.009 no data no data no data no data 

               

 
gurney 0.8% experimental results inplane gurney 2.0% experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 -0.179 -0.177 -0.176 -0.178 -0.190 -0.304 -0.614 -0.045 no data -0.036 no data no data no data no data 

2 -0.176 -0.176 -0.176 -0.180 -0.193 -0.307 -0.617 -0.039 no data -0.032 no data no data no data no data 

4 -0.170 -0.172 -0.173 -0.178 -0.191 -0.306 -0.617 -0.035 no data -0.029 no data no data no data no data 

5 -0.164 -0.166 -0.168 -0.174 -0.188 -0.304 -0.615 -0.035 no data -0.030 no data no data no data no data 

6 -0.156 -0.160 -0.163 -0.171 -0.185 -0.299 -0.617 -0.035 no data -0.031 no data no data no data no data 

7 -0.146 -0.151 -0.155 -0.163 -0.179 -0.296 -0.611 -0.035 no data -0.032 no data no data no data no data 

8 -0.138 -0.142 -0.146 -0.156 -0.173 -0.292 -0.601 -0.035 no data -0.031 no data no data no data no data 

9 -0.128 -0.134 -0.139 -0.150 -0.166 -0.283 -0.596 -0.035 no data -0.030 no data no data no data no data 

10 -0.122 -0.128 -0.133 -0.145 -0.162 -0.278 -0.583 -0.032 no data -0.026 no data no data no data no data 

11 -0.119 -0.125 -0.130 -0.141 -0.158 -0.271 -0.568 -0.027 no data -0.020 no data no data no data no data 

12 -0.125 -0.129 -0.134 -0.144 -0.161 -0.275 -0.566 -0.017 no data -0.013 no data no data no data no data 

               

 
serated gurney 0.8% experimental results inplane serated gurney 2.0% experimental results 

ang\Re 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 4.0E+05 5.0E+05 6.0E+05 8.0E+05 1.0E+06 1.5E+06 2.0E+06 

0 -0.043 no data -0.033 no data no data no data no data -0.038 no data -0.032 no data no data no data no data 

2 -0.042 no data -0.032 no data no data no data no data -0.042 no data -0.032 no data no data no data no data 

4 -0.032 no data -0.029 no data no data no data no data -0.037 no data -0.029 no data no data no data no data 

5 -0.032 no data -0.030 no data no data no data no data -0.036 no data -0.029 no data no data no data no data 

6 -0.035 no data -0.030 no data no data no data no data -0.036 no data -0.030 no data no data no data no data 

7 -0.039 no data -0.030 no data no data no data no data -0.036 no data -0.031 no data no data no data no data 

8 -0.039 no data -0.029 no data no data no data no data -0.037 no data -0.032 no data no data no data no data 

9 -0.035 no data -0.026 no data no data no data no data -0.035 no data -0.031 no data no data no data no data 

10 -0.026 no data -0.021 no data no data no data no data -0.032 no data -0.027 no data no data no data no data 

11 -0.015 no data -0.015 no data no data no data no data -0.025 no data -0.020 no data no data no data no data 

12 -0.007 no data -0.009 no data no data no data no data -0.016 no data -0.008 no data no data no data no data 

 


