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Breguet Range Equation 

Range= 11 propulsion• 11 aero• log ( TOGW / LWT) • constant 
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Birds 

Wilbur & Orvllle Wright 
• Flying experiments 1899 to 1905 
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Prandtl Lifting Line Theory 

• Prandll' s "vortex ribbons" 

• Elllptlcal spanload for a given span (1920) 

• "the downwash produced by the 
longitudinal vortices must be uniform at all 
points on the aerofoils In order that there 
may be a minimum of drag for a given 
total 11ft." y = C 

Ludwll Prandd 

Thlll 111 tho , ... p111d thomy 
and h lllllnd• r,lfortho minimum 
dN1Dfwlnp. Butwtatll1wlrc'I 
II It only .. rvclyn,mlc? What about 
th• IIIUctura? 

Wingtip Vortices and Elliptical Spanload 
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Fundamental Assumptions 

For I!- lolJI tlmo it wu difBcmlt. to i!nd suitable fmlotm to upna the disitrlbution of lift, 
!ro.m wh!ah a pl&ll!lible distributkm of w would be obtllhred. by equation {87). After variolli 
~~~~~t-~.!~d ~~~lrl~~lf~J~'Y t~.IIP~!-C~ 1. ~ !',I~ gave ...., • ...,,"""' ..... u....... to ..... , .... -.- al. coordlll&t. • at the amler ol the 

.... · · ,_; c•J' a- rfdr-;11 r-rry1- 111 .,.11.eno10 -
. J _,, 

,,,. .. , ........... . . 

Birds 

4 



Minimum Induced Drag & Banding Moment 
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• Prandtl (1933) 
Constrain minimum Induced drag 
Constrain Integrated wing bending moment 
22% Increase In span with 11 % ~ecrease in Induced dr&$J 
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Wlnglets 

• Richard Whitcomb' s Winglets 
- induced thrust on wingtips 
• Induced drag decrease Is 
about half of the span "extension" 
• reduced wing root bending stress 
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Whitcomb's Winglats 
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Prandtl Wing 
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• 24 degree leading edge 
sweep angle 

• Chord: 
root-15.75 Inches 
tip - 3.875 Inches 

• Span: 147.6 inches 
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Twiet 

-------
RD 8.3274 
Rl 8.5524 
113 8.7259 
R9 8.8441 
R4 8.90!10 
R5 1.19611 
115 1.8257 
R7 1.11801 
RI US65 
RI 1.1'92 
RlO 7.7522 
RU 7.2592 
RUe.1634 
RU 5.9579 
R14 5.1362 
R15 4.1927 
Rl&UW 
Rl7 UIIIM 
Rl8 D.1511 
R19 -0.6417 
R20•1.6726 

Symmetrical Spanloads 

• Eleven Trim 
• CG Location :: f~flr, ....... 1 ......... 1 ........ ~ ......... 1 ...... :J,.~~ .. ~-•I 
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Asymmetrical Spanloads 
. ;{ -~ ' 

~ ~ . \ • Clas (roll due to aileron) : i 
Cnaa (yaw due to alleron) - . - t \ • N . I,,' 

induced component ... 
I 

- --·-•-- ... 'l•+t-
-_.. - - ... ... Po ,_ ... -

profile component - " 
change with 11ft ' 
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• cnaateiaa -
• CL(Lift Coefficient) -

i~ 

-Increased 11ft: -
Increased Cl~ ., ·\'\ 

increased Cnl3* .. -- - - . - - - --- -- ----·- - -'"" -
Decreased lift: . 
decreased Cl~ a, g a, 

decreased Cnp• ... .01311 .II0055 
.114 .111311 .omn -.51Z .01:MS .GOQ2J -,3,0 .01384 .aoam 
,191 .01343 -.0001, 
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Dr Edward Uden's Results 

• Spanload and Induced Drag ~ ~__.::::1 ~-
• Elevon Configurations ~- ---. 
• Induced Yawing Moments 

Elewn Conflg Cncla Spanload 
I -.002070 bell 
II .001556 bell 
Ill .002788 bell 
IV -.019060 elliptical 
V -.015730 elliptical 
VI .001942 bell 
VII .002823 bell 
VIII .004529 bell 
IX .005408 bell 
X .004132 bell 
XI .005455 bell 
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Kucheman 

• Effect on spanloads 
Increased load at tips 
decreased load near centerllne 

. • Upwash due to sweep unaccounted for 
• Residual (Kucheman) 
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Prandtl's Bell Spanload 
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Prandtl's Spanload 

sl = (1 - X2) Ml 

1/m L(x) = 0 (1) 
x:o-b/2 

Jim ..d.L{X}._=0 (2) 
x: o-br.! dx 

Jim g DW(x} = 1/m d CW(x} (3) 
x:O-b/2 dx x:ao---+bf.i! dx 

Mike Allen 
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Spadding•s Gliding Falcon 

• Speddlng photograpgh's a glldlng falcon's wake with He bubbles 
• Vortex cores are 0.76 b apart 
• Elllptlcal spanload Is assumed, so the vortex cores are assumed to 

come from the wingtips 
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Portugal, at al 2014 (Nature) 
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Pointy Wings and Wing Stall 
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Lacala 

Proverse Yaw 

• ... until June 26"1, 2013 

• Roll and Yaw are the same sign 
• From Uden: Cnda Is +ve 

• uncertainty 
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Inertias; conflsuratlon changes, turbulence, and slope of Cnda 
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Revalldated Proversa Yaw 
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Elliptical and Bell shaped Spanloads 
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• The aerodynamic testbed 
- wing pressures 
-FOSS 

Prandtl 3 

Wind Tunnel Teat 

• NASA Langley 
• 12-n low speed tunnel 
• 52 runs, 6 component force-moment 

.. ---••--

./. 

•• .,J,,,/i;' 
•' .. ,,,.. . . 

16 



The Future: Prandtl-M on Mara? 

p 

• 

The Mara Mission 

• Deploy cubesat from 
large Mars rover 

• Use Exobrake parachute for Mars 
atmosphere entry 

• Deploy Prandtl-m (2 lbm, 2 ft span) 
from cu~t at 15,000 ft agl 

• GIida 5 mlns, 22 miles, Mach 0.6 
• Crash land on Mars 
• Transmit images & data back 

Das klelner 
Prandtl Falke 
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NASA Aaro Aaldemy 2011 

Prandtl 3 Team 
Prandtl Interns Spring 2018 

-

2016 lntama 
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2017 & 2018 Interns 

PRANDTL-D 

• Videos 

- TEDxNASA 2011 
http:/lwww.youtube.com/watch?v=2230maQ9uL Y 

• NASA Aero Academy 2013 
http:/lwww.youtube.com/watch?v=Hr016wBFGpY 

Rad .lonNn: pllot, 
•rctn•r 

NASA Fiil lnlllm1 2017 
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Control of Yaw 

• You Have Three Choices: 

• 1 / drag a vertical tall around with you all the time }­
to create a yawing moment 

• 21 manipulate drag at the wing tips to control yaw 

-OR-

• 3/ manipulate THRUST at the wing tips to control yaw 

• Blologlcal vs Mechanical Flight 

Biological Fllght 

• Mechanical Flight (110 yrs) 

• Vertabrate FUght (128 My) 

Current 
Design 
Options 

,4 

~ II 
_,,, ,, 

<--·-·, ... ~ .... .,.~7""'' ... , ,. .,,J. ;··:., -;;-·· .- / 

,.,. / ~. ..• ' 
I' _..I I , ., .... 

!'T \ 

22 



Efficiency 
-========= 

• Efficiency: 12.5% Increase in wing efficiency 
• 20-30% increase In efficiency by eliminating the tail 
• 15.4% increase In propulsive efficiency 
• TOTAL EFFICIENCY INCREASE: 69% 

• CY2011: world jet fuel consumption $134B 
• $55B in jet fuel saved 

• CY2011 World GDP: $69.7T 
• World power production: $12.0T 
• $1.85T savings In world power production 

• The aerodynamic testbed 
- wing pressures 
-FOSS 

Prandtl P3 
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Prandtl P3c 
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cFOSS System 

cFOSS computer 
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Prandtl 3c cFOSS 

- --
I .... !. I, ··••-· t ti ' .. 

~1,,----,-,-.. 

---

cFOSS Results 
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F-8U Supercritical Wing (SCW) 

• 

'"bi' .,, .. ,, 
• 
~ 

'"~• ., 
• • .. _,_ 

·•~-... . . . -.. ~. •I 

·•· • ,-J. .. ~, ·• 
1 -.L-

~:;f__ .. , 
-~ ..... - .. . A -

26 



Electronic Pressure Measurement 
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Predicted Spanload 
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Spanload 
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NASA Interns & Others 

DerekAb111msan, Keenan Albee, Slpanah Arutyunyen, Chris Acuff, Mike AIJ,ell(. Mike Allen, Luis And111de, Dan Binks, 
Leo Banuelas, Sam B•t• rseh, Nlthan Bell, DIVI! Berpr, OIM• Bosma, J•son Bowen, Jerry Budd, Michael Butros, Andrew 
Burrell, Dennis C1l1b1, Kimmie Cllahan, AIP/11 Chen, Plul Dees, John Del Fnte, Bryce Doerr, Louis Edelman, Ana Elcllleia, 
Cynthia Farr, David Ftust, Klm:•n FOf& Mike Frederick, Katherine Glasheen, Scott Gle•san, J1011b Gurtarson, Eric Gutierrez, 
Jacob Hall, Adam Hardin& Etan Halberg, Ross Hathaway, Bob Hoey, Sanel Horozovlc, Reimer Horten, Wllltll!r Horten, Richard 
M. Howard, Taylor Jensen, Kristyn Kadala, Cody Karcher, Mike Kerho, Kurt ICloesel, David Kloese~ Michael Kloesel, Brian 
KIiimer, Ellaibl!th IClssllng, Heather Laffoon, Clmeron Law, David Lee, Ruuell Lee, Jade Levine, Mandy Ledford, Jay Levine, 
Clleb Uc,yd, Victor Loera, Arlene Lopu, Jae Lar•nmttl, Jeyle Lukacovlc, Justine Mack, Paul MacCready, Anthony MacPherson 
K•ssldy Mclaughlln, Mike Marston, Orlando Mlelke, Chris MIiier, Mitt Moholt, Rick Motllwekel, LesO ManfDrton, Wllllam 
Morris, Jim Murray, Hussein Nasr, Golda Nguyen, Gunhllde Horten Nldcel, Karl Nickel, Eric Nisbet, All!Xllndr• Oculo, Jae 
Pahle, Steve Parcel, Kurt Pluer, Nancy Pinon, Joseph Plotrows~ Brl•n Plank, B0&d•n Pupch, Andy Putch, Ronalynn Rimm, 
Nalln Retn,vake, Chris Regan, Nlckelle Reid, Stephanie Reynolds, Rebecc• Rlch•rdson, Jeromy Robbins, JIVl• r Rocha, Emmi 
Ruano, Vlctur Ruiz, Al mod Samuel, Peter Selinger, Jal won Shin, Alec Sim, Pltrldc Sou, Amada Spikes, Relnhald Stedler, 
Marica StlmenDVlc, Ala Stuber, Curtis Stump, Ed swen. Josh Tanon, Brl1n Taylor, J1dc Toth, Tom ~chld•, Edward Uden, 
Jull•nna Plumb Ulrlch, Eduardo Urlbe-Sald•na, Chrlstas VIIIOtls, Molz Vlhcn, Lynn Vlllcov, Steffi ll'lllcav, Koen vander 
Kerdchove, David VOr•cek, J_oey W•pter, Kabel Wing. Shelby Worrell, Hovtg Y1111llan, Seung "Plul" Yoo, 1nd Jonathan zur, 
Donni Ced•na, Felipe ll'lldaz, Lydia Hantsche, Kaitlyn Summey, Ben Martins, Emmi Kleiner, Jahn Bodytskl, Joyce Le, Jose 
Manriquez, Jack Jensen, Emma Neal, Jonath,n Adams, Conor BIIIY, Stephen Moes, Ethen Czuppa, Walker Martin, Brent 
Cano, Blake Berk, James Larson, Erin Askins, Brendan Holland, Abblpll Waddell, Made Kowlllskl, Ryan Dunphy, Debcnh 
Jackson, F111nk Pena, Allen Parker, Ylctorl• Hawkins, Johnc•rlo Cerna, M11pn WIiier, Christine Ying. Rachel Suitor, Erin 
Alkins, KIi Creason, Chris Jensen. Stephen Harris, Nllhanlel BolsJolle-Galr, Tomold Fllkuawa, Robert Bloom, Ryan Beattle, 
Jmh Ba~ Emlly Glaver, Kevin Guerra, Nick Ferrell, James Larson. Lauren Hu1hes, Brooke Losey, Mike Agnew, Stevt P1rcel , 
Carl• Thomas, Samantha Hull, Terry Rellly, Ell11beth Klsslln1, Christian Gelzer, Jesse Br1dy, D1mnls Olcott, Gary Osoba, 
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If you want to build a ship, don't drum up people to collect 
wood and don't assign them tasks and work, but rather teach 
them to long for the endless immensity of the sea ... 

- Antoine de Salnt-Exupery 
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