Simulation Summary
Given the complexity of the physics behind blade design and the required iterative process we knew it would be important to make use of simulation software to facilitate the design process. Our goal was to find software that allowed us to make adjustments easily and then see the results from those changes quickly as well. 
Our research turned up a software in Beta developed in Germany called Q-Blade. Given the beta status of the software we were cautious at fully trusting its results, but the ease of use and quick data analysis met all our simulation goals. Q-Blade gave detailed performance data on the blades, allowed for easy changes and even had some optimization options that looked like it would speed the design process up very nicely. It also did FEA, different failure modes, and handled integration into NREL’s FAST Turbine Simulator as well. 
We decided to make use of Q-Blade for blade design/optimization, but we would model the blades in Solidworks to use its FEA analysis to substantiate the Q-Blade analysis. Hand calculations supporting Q-Blades’ findings were also planned. Once all this was complete we planned on importing our blade data into FAST to get an idea of an expected turbine performance. 
To date we have accomplished much of what we set out to do with Simulations. There have been complications with modeling the blades in Solidworks, we also have some concerns with our hand calculations, and we still need to work with the final design in FAST to achieve that deliverable. However we have arrived at a design we are confident in while recording our process and findings along the way. 

Note: This is meant to serve as a sort of Executive Summary. It needs to be re-written to serve as a more complete summary of the simulation part of the document once the document is finished. 


Blade Design
When we started with blade design we weren’t sure where to start, so we started with lots of research into commercial turbine design. While we didn’t discover any commercial products that operated on our scale, we learned a lot about how turbine design was typically conducted. As a starting point we decided to choose 3 standard airfoils from NREL’s database. The airfoils came from the smallest blade length we found on NREL’s website, one meter. The airfoils along the blade are defined in three sections: Root, which provides greater structural stability as a thicker airfoil and extends to about 75% of the blade. Primary, which has better flight characteristics and runs from about 75% to 95% of the blade. Finally, the tip airfoil occurs in the last 5% of the blade and works to minimize the tip vortices while also reducing the mass out at that length. We chose the S835, S833, and S834 airfoils respectively to accomplish these tasks (Figure 1).
Figure 1
[image: ] 
Next we had to choose a tip-speed-ratio (TSR) to design for. Our research indicated that a TSR between 5 and 7 offered the highest performance for a 3-bladed turbine design. After using Q-Blade to calculate the Cp of each design, we chose to go with a designed TSR of 6 based on its performance, ease of manufacturing, and thicker profile to reduce deflection (Figure 2). 
Figure 2
[image: ]


Generator Constraints
As part of this process we had concerns about the generator selection since designing for a higher TSR would increase our designed RPM and lower our generated torque. A higher TSR makes it more likely that the RPM limit may occur at lower wind speeds, which would make our peak power production occur early (Table 1). 
	Table 1
	
	
	
	
	
	
	

	
	
	Tip Speed Ratios
	
	

	Generator RPM
	4
	5
	6
	7
	radius = 
	0.19

	4000
	19.89675
	15.9174
	13.2645
	11.36957
	Values in table show max wind speed (m/s) for generator max rpm.

	4500
	22.38385
	17.90708
	14.92257
	12.79077
	

	5000
	24.87094
	19.89675
	16.58063
	14.21197
	

	5500
	27.35804
	21.88643
	18.23869
	15.63316
	


We expressed our concern over the generator selection to the electrical team and they suggested we choose a generator to meet our needs. We decided to go with the generator with a lower cut-in torque that still met the desired power output and had a good RPM range so we wouldn’t reach max power prematurely. 

Note: I had meant to include our generator choice here, but it wasn’t in stock and so we need to choose a different one that will then go here.


Hand Calculation Checks
It was important from the beginning to gain a better understanding of the models and assumptions behind them for our analysis of the wind turbine blade design. It was difficult to find an approach that worked with our data limitations, but after extensive research we found a Blade Element Momentum Theory approach that didn’t require data we didn’t have. We wanted to approach the solution given by Q-Blade as well as we could so we investigated using correction factors we knew the program used. We found an equation for the Prandtl tip loss factor, but had not arrived at one for the root loss. A mixture of approaches from different sources was used to derive the calculations we built into a spreadsheet to give us the values we were interested in: section twist angle, section chord length, section lift, and section drag. The equations we used in our spreadsheet are given below:








An image of part of our spreadsheet is given below in Figure 3 below. From this spreadsheet we were able to get twist, chord, lift, and drag forces to compare with Q-Blade. The force data from these hand calculations was also used for Finite Element Analysis of stresses and deflection in Solidworks. 
Figure 3
[image: ]
Once we had these calculations done we looked at the comparison between our calculations and what Q-Blade gave us (Figure 4). We knew they wouldn’t match up exactly because our model was simpler than the model Q-Blade used and differences would propagate through the calculations. A positive difference indicates that Q-Blade had a larger value, a negative difference indicates Q-Blade had a smaller value. When we look at the differences between our calculations and Q-Blade we clearly see that the differences are largest when we switch airfoils. We see large difference jumps both when we switch from S835 to S833 and from S833 to S834. We also disregard the differences at the tip since our simple model makes that chord length zero, so we know we’ll be very different there. Interestingly our difference for the section lift and section drag are relatively constant over the root lengths. This comparison shows that although our simple model produced fairly accurate results in some cases, it requires refinement to accurately model the full range of the problem.
Figure 4
[image: ]


Finite Element Analysis Preparation
Once we had arrived at a blade design that looked promising and had finished our hand calculations we wanted to do FEA on the design to observe any possible issues that might arrive. Here again we wanted to compare the two simulation software packages we were using. However, to work with Solidworks we had to move our model from Q-Blade to Solidworks. After looking at the options I decided to build a spreadsheet to scale, rotate, and center an airfoil in order to import the curve coordinates into Solidworks (Figure 5). The goal was to loft along a set of profiles that would define the change in twist angle, chord length, and airfoil selection as we moved along the blade. 
Figure 5
[image: ]


Once we had defined all the different airfoil sections and imported it into Solidworks we had the “skeleton” of the blade (Figure 6). 
Figure 6
[image: ]
Next we would loft the blade along each of these profiles. There were many issues with the loft we didn’t foresee, it proved extremely difficult to precisely control the loft along the separate profiles. We ended up with “creases” and un-desired twist that we did our best to minimize (Figures 7 & 8). 
Figure 7
[image: ][image: ]
Figure 8
[image: ]
Now that the model, although imperfect, was in Solidworks we could start with our FEA analysis. I applied the 33 loads calculated in our hand calculations and fixed the end where we would attach the blade to our hub (Figure 9).
Figure 9
[image: ]


Finite Element Analysis Results
There are two results from the FEA we’re interested at looking at and comparing between our two simulation programs. First we’ll look at Solidwork’s results (Figure 10 & 11).
Figure 10
[image: ]
Figure 11
[image: ]
Now we want to look at Q-Blade’s analysis and then compare. We set the simulation to run at 5000 RPM with a windspeed of 17 m/s, input the material properties given by Solidworks for ABS Plastic (E & ρ), and define the material as solid with no spar. Q-Blade gives the stress and deflection on one screen (Figure 12).
Figure 12
[image: ]
When we compare the two they are very different. Q-Blade predicts the greatest stress to be at where the blade connects to the hub (which matches our intuition) and Solidworks shows the highest stress occurring on the trailing edge around 2/3rds down the blade. Solidworks also shows a much higher value for the highest stress of 7.068 e7 Pa compared to Q-Blade’s 5.6 e5 Pa. Solidworks shows that the blade lengthens and twists counterclockwise under the load with a maximum deflection of 4 mm at the trailing edge of the tip, while Q-Blade predicts that the tip deflects very minimally in the X & Z directions (the program doesn’t give Y deflection). 
These results aren’t incredibly surprising though given the difficulty in obtaining an accurate Solidworks models (creases and twists will act as concentration points for stress) and the differences we observed in our hand calculations and the Q-Blade calculated data. When we look at the loading scenario for the blade Q-Blade’s results make more sense in our experience and are also reflected in the choice of a thicker airfoil to reinforce the root of the blade that we see in industry. 


Q-Blade Modal Analysis
As part of our analysis we were concerned that deflection could allow for an oscillation that could grow at specific rotation frequencies. We were excited to see that Q-Blade analyzed this failure mode internally since rotational buckling was outside our expertise in Solidworks analysis. With a TSR of 6 and a wind speed of 17 m/s, assuming no losses we would be spinning at 5126.464 RPM. That gives a rotational speed of 85.441 Hz to compare with the Q-Blade modal failure numbers given below (Figures 13 & 14). Note: Deformation exaggerated for demonstration purposes. 
Figure 13
[image: ][image: ]
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Figure 14
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Simulation Conclusions
The majority of the blade design team’s time has been spent on simulations during this design process. Setting up and observing the simulations has increased our understanding of the problem and the physics behind it. It also has increased our confidence in the performance of our design. Based on our simulation results we believe that our blade design is ready to be printed for real world testing. 
To move forward we would like to have real world data to compare with our simulation results to further substantiate their findings. Further investigation of more accurate hand calculations and a better solution for modeling the blade design in Solidworks would also be advantageous. At this point we also have not implemented our blade design into FAST for further analysis. 
Our plan moving forward is to work towards real world testing while preparing the FAST simulation. Once we have the results from those two tests we can iterate our design as needed. Using those two results and further research into more accurate hand calculations we can refine our understanding and model to better fit what we see in the real world testing. 

[bookmark: _GoBack]Note: Probably needs work, but I’ve been working on it for about 12 hours straight and I’m out of ideas.
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image3.emf
# Blades =  3 Vmax Wind =  17m/s

TSR =  6 ω

max

 = 536.8421rad/s 5126.464rpm

α Design =  5deg ρ (std.) =  1.225kg/m3

" " =  0.087266463rad

Cl @ α Design = Cd @ α Design = 

S833 0.9312 0.013172 KEY

S834 0.776 0.010897 INPUT

S835 0.858 0.0163962 OUTPUT 276.8158863N

Blade Radius =  0.19m ΣL =  5.690584053N

Blade Mass =  0.019737kg ΣD =  0.095956011N

Blade Centroid 0.048665m

Section TSR

Relative Wind 

Angle

Section Twist 

Angle

Tip Loss 

Factor

Section 

Airfoil

Section 

Airfoil

Chord 

Length

Relative 

Velocity

Section 

Lift

Section 

Drag

Root Airfoil λ

r,i

Φ

OPT,i

θi deg f

i

Cl Cd Ci (m) V

r 

(m/s) δL (N) δD (N)

0.03 S835 0.947368421 0.270806204 10.5160526 1.0000000 0.85800 0.01640 0.047143 23.41750417 0.135859 0.002596

0.04 S835 1.263157895 0.223212982 7.7891618 1.0000000 0.85800 0.01640 0.041383 27.3883025 0.163134 0.003117

0.05 S835 1.578947368 0.188189798 5.7824812 1.0000000 0.85800 0.01640 0.036097 31.77260793 0.1915 0.00366

0.06 S835 1.894736842 0.161874031 4.2746988 1.0000000 0.85800 0.01640 0.031683 36.42139489 0.220867 0.004221

0.07 S835 2.210526316 0.141610721 3.1136966 1.0000000 0.85800 0.01640 0.028076 41.24533047 0.251002 0.004797

0.08 S835 2.526315789 0.125636423 2.1984368 1.0000000 0.85800 0.01640 0.025126 46.18957084 0.281707 0.005383

0.09 S835 2.842105263 0.112774541 1.4615052 0.9999998 0.85800 0.01640 0.022691 51.21928848 0.312837 0.005978

0.10 S835 3.157894737 0.102225440 0.8570863 0.9999989 0.85800 0.01640 0.02066 56.31158371 0.344288 0.006579

0.11 S835 3.473684211 0.093433219 0.3533291 0.9999947 0.85800 0.01640 0.018946 61.45090151 0.375984 0.007185

0.12 S835 3.789473684 0.086002414 -0.0724247 0.9999760 0.85800 0.01640 0.017484 66.62636132 0.407865 0.007794

0.13 S835 4.105263158 0.079645480 -0.4366501 0.9998941 0.85800 0.01640 0.016222 71.83015131 0.439869 0.008406

0.14 S833 4.421052632 0.074149088 -0.7515702 0.9995394 0.93120 0.01317 0.013933 77.05653211 0.471862 0.006675

0.15 S833 4.736842105 0.069352046 -1.0264205 0.9980185 0.93120 0.01317 0.013029 82.30120008 0.503344 0.00712

0.16 S833 5.052631579 0.065130518 -1.2682962 0.9915438 0.93120 0.01317 0.012169 87.56086921 0.532151 0.007527

0.17 S833 5.368421053 0.061387939 -1.4827302 0.9641187 0.93120 0.01317 0.011163 92.83298977 0.548684 0.007761

0.18 S834 5.684210526 0.058047979 -1.6740958 0.8471592 0.77600 0.01090 0.011138 98.11555458 0.509631 0.007157

0.19 S834 6.000000000 0.055049559 -1.8458926 0.0000000 0.77600 0.01090 0 103.406963 0 0

Excel Calculations

Centripetal Force = 

Hand Calculations for Forces


image4.emf
Root Airfoil Twist Angle % Difference Chord Length% Difference δL (N) % Difference δD (N) % Difference

0.03 S835 13.4163 21.617% 0.0363873 -29.558% 0.156226 13.037% 0.046337 94.397%

0.04 S835 10.4995 25.814% 0.0329292 -25.672% 0.196062 16.795% 0.049413 93.691%

0.05 S835 8.24082 29.831% 0.029908 -20.693% 0.24473 21.750% 0.05433 93.264%

0.06 S835 6.44525 33.677% 0.0273017 -16.047% 0.28626 22.844% 0.055293 92.367%

0.07 S835 4.98627 37.555% 0.0250576 -12.045% 0.320592 21.707% 0.053821 91.088%

0.08 S835 3.77881 41.822% 0.0231195 -8.677% 0.364436 22.701% 0.054636 90.147%

0.09 S835 2.76383 47.120% 0.0214369 -5.851% 0.396576 21.115% 0.052039 88.512%

0.10 S835 1.89922 54.872% 0.0199674 -3.469% 0.435968 21.029% 0.051025 87.106%

0.11 S835 1.15418 69.387% 0.0186758 -1.447% 0.470935 20.162% 0.048963 85.326%

0.12 S835 0.505728 114.321% 0.0175336 0.285% 0.510047 20.034% 0.047857 83.714%

0.13 S835 -0.0636454 -586.067% 0.0165177 1.787% 0.544764 19.255% 0.046528 81.934%

0.14 S833 -0.317477 -136.732% 0.016811 17.119% 0.573281 17.691% 0.048481 86.233%

0.15 S833 -0.766402 -33.927% 0.0159312 18.219% 0.599007 15.970% 0.045887 84.484%

0.16 S833 -1.16888 -8.505% 0.0151364 19.602% 0.614012 13.332% 0.040316 81.329%

0.17 S833 -1.53174 3.200% 0.0144152 22.563% 0.614439 10.702% 0.03173 75.540%

0.18 S834 -0.110529 -1414.621% 0.0128611 13.397% 0.559074 8.844% 0.018974 62.283%

0.19 S834 -0.409808 -350.429% 0.0122993 100.000% 0.235905 100.000% -0.00026 100.000%

KEY ΣL =  7.122314N % Difference 20.102%

Q-Blade ΣD =  0.745374193N % Difference 87.126%

% Difference

Q Blade Data and % Difference Between It and Calculations


image5.emf
angle (deg) =  10.4995

x/c y/c x/c y/c angle (rad) =  0.1832508 x (m) y (m) z (m)

1 0 0.983256 0.182227 chord length (m) = 0.028225 0.020696 0.003642 0.03

0.995932 0.000974 0.979079 0.182443 Rotation [R] 0.9832565-0.1822269 0.020578 0.003648 0.03

0.984473 0.004552 0.96716 0.183873 0.1822269 0.9832565 0.020242 0.003689 0.03

0.967194 0.010971 0.949001 0.187036 0.019729 0.003778 0.03

0.945459 0.019503 0.926075 0.191465 0.019082 0.003903 0.03

0.919943 0.029016 0.899252 0.196169 0.018325 0.004036 0.03

0.890618 0.038526 0.868685 0.200176 0.017462 0.004149 0.03

0.857149 0.047861 0.834076 0.203255 0.016486 0.004236 0.03

0.819938 0.057178 0.79579 0.205635 0.015405 0.004303 0.03

0.779531 0.066312 0.754395 0.207253 0.014237 0.004348 0.03

0.736444 0.075033 0.71044 0.207977 0.012996 0.004369 0.03

0.691173 0.083101 0.664457 0.20766 0.011698 0.00436 0.03

0.644202 0.09028 0.616964 0.206159 0.010358 0.004318 0.03

0.596002 0.096359 0.568464 0.203353 0.008989 0.004238 0.03

0.547033 0.101147 0.519442 0.199138 0.007605 0.004119 0.03

0.497745 0.104476 0.470373 0.193429 0.00622 0.003958 0.03

0.448511 0.106196 0.42165 0.186149 0.004845 0.003753 0.03

0.399664 0.106378 0.373587 0.177426 0.003488 0.003507 0.03

0.351783 0.104999 0.326759 0.167345 Rotation Matrix [R]cos(theta)-sin(theta) 0.002167 0.003222 0.03

0.305188 0.102105 0.281472 0.156009 sin(theta) cos(theta) 0.000888 0.002902 0.03

0.260367 0.097834 0.23818 0.143642 -0.00033 0.002553 0.03

0.217816 0.092265 0.197356 0.130412 -0.00149 0.00218 0.03

0.177969 0.085485 0.159412 0.116484 -0.00256 0.001787 0.03

0.141266 0.077587 0.124762 0.10203 -0.00353 0.001379 0.03

0.108053 0.06868 0.093728 0.08722 -0.00441 0.000961 0.03

0.078706 0.058894 0.066656 0.07225 -0.00517 0.000538 0.03

0.053467 0.048379 0.043756 0.057312 -0.00582 0.000116 0.03

0.032658 0.037351 0.025305 0.042677 -0.00634 -0.0003 0.03

0.016487 0.026032 0.011467 0.028601 -0.00673 -0.00069 0.03

0.005368 0.014774 0.002586 0.015505 -0.00698 -0.00106 0.03

0.003569 0.012203 0.001286 0.012649 -0.00702 -0.00114 0.03

0.001995 0.009465 0.000237 0.00967 -0.00705 -0.00123 0.03

0.000868 0.006772 -0.00038 0.006817 -0.00707 -0.00131 0.03

0.000259 0.003974 -0.00047 0.003955 -0.00707 -0.00139 0.03

0.00023 0.003763 -0.00046 0.003742 -0.00707 -0.0014 0.03

0.000015 0.000995 -0.00017 0.000981 -0.00706 -0.00147 0.03

0.001113 -0.00887 0.00271 -0.00851 -0.00698 -0.00174 0.03

0.006381 -0.02253 0.01038 -0.02099 -0.00676 -0.00209 0.03

0.015773 -0.03658 0.022174 -0.03309 -0.00643 -0.00244 0.03

0.029084 -0.05033 0.037769 -0.04419 -0.00599 -0.00275 0.03

0.046306 -0.06347 0.057096 -0.05397 -0.00544 -0.00302 0.03

0.067214 -0.0755 0.079847 -0.06199 -0.0048 -0.00325 0.03

0.091816 -0.0862 0.105986 -0.06802 -0.00406 -0.00342 0.03

0.11982 -0.09519 0.135161 -0.07177 -0.00324 -0.00353 0.03

0.151207 -0.1023 0.167318 -0.07304 -0.00233 -0.00356 0.03

0.185631 -0.10723 0.202063 -0.07161 -0.00135 -0.00352 0.03

0.223218 -0.1098 0.239489 -0.06728 -0.0003 -0.0034 0.03

0.26372 -0.11014 0.279376 -0.06024 0.000829 -0.0032 0.03

0.306838 -0.10829 0.321434 -0.05057 0.002016 -0.00293 0.03

0.352267 -0.1043 0.365375 -0.03836 0.003256 -0.00258 0.03

0.399699 -0.09827 0.410913 -0.02378 0.004542 -0.00217 0.03

0.448814 -0.09036 0.457765 -0.00706 0.005864 -0.0017 0.03

0.499275 -0.08081 0.505641 0.011524 0.007215 -0.00118 0.03

0.550725 -0.06993 0.554247 0.031597 0.008587 -0.00061 0.03

0.602768 -0.05811 0.603265 0.052704 0.009971 -1.4E-05 0.03

0.654962 -0.04582 0.652345 0.074298 0.011356 0.000596 0.03

0.706793 -0.03361 0.701084 0.095746 0.012732 0.001201 0.03

0.757643 -0.02211 0.748987 0.116321 0.014084 0.001782 0.03

0.806764 -0.01199 0.79544 0.135229 0.015395 0.002316 0.03

0.853241 -0.00393 0.839672 0.151615 0.016643 0.002778 0.03

0.895818 0.001265 0.880588 0.164486 0.017798 0.003141 0.03

0.932596 0.003434 0.916355 0.173321 0.018808 0.003391 0.03

0.962014 0.003325 0.945301 0.178574 0.019625 0.003539 0.03

0.983186 0.002036 0.966353 0.181165 0.020219 0.003612 0.03

0.995825 0.000638 0.979035 0.182093 0.020577 0.003638 0.03

1 0 0.983256 0.182227 0.020696 0.003642 0.03

To model this in Solidworks we take the 

section data and import it as a curve 

through XYZ points. This document was 

designed to be imported into Solidworks 

by sketching on the front plane. The 

profiles should end up with the origin at 

about quarter chord centered on the 

airfoil, which will match how Q-Blade 

models the blade rotor. Initial sections 

should be modeled with the origin 

centered on the y coordinates and at 

about quarter chord for the x coordinates. 

This will allow for accurate FEA analysis 

and 3-D printing of the shape including any 

mounting sections, cuts, or extrusions you 

make that Q-Blade can't. 

Note: The airfoil shape can appear slightly 

distorted in excel due to the scale 

differences, but it is correct. Axis values 

were also setup for example numbers.

This sheet was created by Shane Smith, member of the ME Senior Design Team assisting the 

Wind Turbine Design Team in Fall 2014. This sheet uses data from NREL's S835 airfoil to help 

explain how to modify data in excel to use in Solidworks. In practice, only 3 columns of 

numbers should be in your excel sheet to save as a tab delimited .txt file to import into 

Solidworks. I left all the steps and graphs on this sheet to help illustrate the steps and 

thought process that you should use. You may use this as a template to work in, but make 

sure the final tab delimited .txt file only has 3 columns of the x,y,z coordinates (no labels) to 

import into Solidworks as a "curve through xyz points".

Final Data Unmodified Data Rotated Data

Rotating the data is a bit more complex. 

We decide how much we want to rotate 

the airfoil shape, with the positive 

direction being counter-clockwise. Then 

we multiply the x & y coordinates as a 

column vector by the rotation matrix. I 

have put the abstract version of the 

rotation matrix below. It's important to 

convert the angle to radians as well. If you 

make use of the transpose command you 

can drag the formula down and do it all at 

once.

To arrive at the final data we want to scale 

our values and then center on the location 

of the aerodynamic center. To do that we 

multiply the rotated data by the chord 

length, then we center the data. For the x 

coordinates the initial data ends at 0, so 

we need to subtract the quarter chord 

length from all the x-values to center it. 

The y-values were centered about zero, so 

to center it on the quarter chord position 

after its rotated we subtract half the 

camber height to center it and we get the 

bottom shape. Then just enter a z value for 

the root position and you are done.
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